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Abstract
The gut microbiome comprises a vast community of microbes inhabiting the 
human alimentary canal, playing a crucial role in various physiological functions. 
These microbes generally live in harmony with the host; however, when dysbiosis 
occurs, it can contribute to the pathogenesis of diseases, including osteoporosis. 
Osteoporosis, a systemic skeletal disease characterized by reduced bone mass and 
increased fracture risk, has attracted significant research attention concerning the 
role of gut microbes in its development. Advances in molecular biology have 
highlighted the influence of gut microbiota on osteoporosis through mechanisms 
involving immunoregulation, modulation of the gut-brain axis, and regulation of 
the intestinal barrier and nutrient absorption. These microbes can enhance bone 
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mass by inhibiting osteoclast differentiation, inducing apoptosis, reducing bone resorption, and promoting 
osteoblast proliferation and maturation. Despite these promising findings, the therapeutic effectiveness of targeting 
gut microbes in osteoporosis requires further investigation. Notably, gut microbiota has been increasingly studied 
for their potential in early diagnosis, intervention, and as an adjunct therapy for osteoporosis, suggesting a 
growing utility in improving bone health. Further research is essential to fully elucidate the therapeutic potential 
and clinical application of gut microbiome modulation in the management of osteoporosis.
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Core Tip: Gut microbiota significantly influences bone health, with dysbiosis linked to osteoporosis. Emerging research 
highlights the potential of microbiota-targeted therapies, including probiotics and fecal microbiota transplantation, for 
osteoporosis management. However, challenges like mechanistic understanding and translation to human applications 
persist. Future research should focus on personalized approaches and multi-omics integration to develop effective 
microbiome-based treatments for bone health.
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INTRODUCTION
Osteoporosis, as defined by the World Health Organization, is a multifactorial systemic skeletal disease characterized by 
decreased bone mass and deterioration of bone tissue, leading to increased bone fragility and susceptibility to fractures[1,
2]. This complex condition is influenced by a myriad of factors, including genetic determinants, diet, micronutrient 
intake, and environmental influences[3–5]. These elements collectively play crucial roles in bone metabolism, highlighting 
the need for a comprehensive understanding of the diverse contributors to the pathogenesis of osteoporosis[2,6].

In recent years, the role of gut microbiota in human health has garnered significant attention, particularly concerning 
its influence on bone health. Early studies, such as Di Stefano et al[7], provided pioneering evidence of a connection 
between bacterial overgrowth in the small intestine and the development of osteoporosis. This observation laid the 
groundwork for subsequent research into the intricate relationship between gut microbiota and bone health. Over the 
past five years, the exploration of gut microbiota alterations and their implications for bone metabolism has gained 
considerable momentum, driven by advances in microbiome research and an increasing recognition of the gut-bone axis 
as a critical area of study in osteoporosis[8–12]. This review aims to provide a comprehensive analysis of the current 
understanding of the relationship between gut microbiota and osteoporosis. Specifically, it seeks to (1) To elucidate the 
mechanisms by which gut microbiota influence bone metabolism, including their roles in osteoclastogenesis and 
osteoblast activity; (2) To discuss the functional significance of taxonomic shifts in gut microbiota associated with 
osteoporosis; (3) To evaluate the potential of microbial interventions in the prevention and treatment of osteoporosis; and 
(4) To identify the challenges and future prospects in translating microbiome research into clinical applications for bone 
health.

THE HUMAN GUT MICROBIOTA AND ITS INFLUENCE ON BONE HEALTH
The human gut microbiota is a vast and diverse community of microorganisms, including bacteria, fungi, and viruses, 
which inhabit the gastrointestinal tract. This complex ecosystem comprises more than 1000 microbial species, collectively 
housing over a trillion microbes, outnumbering the human genome by a factor of 100[13–15]. The composition and 
function of the gut microbiota are influenced by a multitude of factors, beginning with the method of birth—whether 
vaginal delivery or cesarean section—continuing with infant feeding practices, and further shaped by host factors such as 
age, gender, and genetics, as well as environmental influences including diet, lifestyle, medications, and exposure to 
antibiotics[16]. By the age of three, the gut microbiota typically stabilizes, establishing a relatively consistent microbial 
population that interacts with the host throughout life.

The gut microbiota plays a vital role in numerous physiological processes, influencing gut physiology and function, 
modulating the endocrine system, facilitating the production and absorption of essential nutrients[17-21], contributing to 
energy extraction, and providing protection against pathogenic organisms through its impact on immune 
function[22–24]. The gut microbiota's ability to maintain homeostasis is crucial for the host's overall health; however, 
alterations in this microbial population, known as dysbiosis, can lead to a loss of these protective functions. Recent 
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research has increasingly focused on the link between dysbiosis and various diseases, revealing that disruptions in gut 
microbiota composition are associated with a wide range of metabolic, inflammatory[25], and degenerative 
conditions[26–30]. In particular, dysbiosis has been implicated in the pathogenesis of metabolic syndrome, including type 
2 diabetes[31,32], obesity[27,33], and cardiovascular diseases[34,35], as well as inflammatory bowel diseases[36,37]. 
Importantly, there is growing evidence that dysbiosis may also contribute to the development and progression of 
osteoporosis.

This connection is of significant interest, as it suggests that interventions targeting the gut microbiota could potentially 
offer novel therapeutic strategies for osteoporosis management. Furthermore, the unusual associations between dysbiosis 
and neurological disorders such as Parkinson's disease[38-40], Alzheimer's disease[41-43], autism spectrum disorder[44-
46], and various cancers[47-51] underscore the systemic impact of gut microbiota[52] on human health and highlight the 
need for further exploration of these relationships.

Despite the advances in understanding the role of gut microbiota in health and disease, several knowledge gaps 
remain in the context of osteoporosis. The precise mechanisms by which gut microbiota influence bone metabolism are 
not yet fully elucidated, and the specific microbial species or communities that contribute to bone health or disease are 
still being identified. Moreover, the interaction between gut microbiota and other known risk factors for osteoporosis, 
such as genetic predisposition and dietary intake, requires further investigation. The potential for gut microbiota 
modulation as a therapeutic intervention in osteoporosis is a promising area of research that warrants more compre-
hensive exploration. This review aims to discuss the relationship between gut microbiota and osteoporosis, focusing on 
the mechanisms by which dysbiosis may contribute to bone loss and fracture risk.

ASSOCIATION OF GUT MICROBIOTA WITH BONE METABOLISM
The intricate relationship between gut microbiota and bone metabolism has been an area of burgeoning research since the 
early 2000s. Following the initial observations by Di Stefano et al[7] in 2001, which suggested an association between 
small intestine bacterial overgrowth and osteoporosis, subsequent studies have provided more definitive evidence 
supporting the role of gut microbiota in regulating bone mass[7]. A seminal study by Sjögren et al[53] in 2012 provided 
the first experimental in vivo evidence in mice, demonstrating that gut microbiota significantly influence bone mass 
formation, thus cementing the link between gut microbiota and bone metabolism.

IMPACT OF SPECIFIC BACTERIAL GENERA ON BONE CELLS
Specific bacterial genera have been identified to influence bone cell activities, particularly osteoclastogenesis (the 
formation of osteoclasts) and osteoblast activity (bone-forming cells)[8,54–56]. For instance, Lactobacillus strains have been 
shown to inhibit osteoclast differentiation by reducing pro-inflammatory cytokines such as tumour necrosis factor-alpha 
(TNF-α) and interleukin (IL)-1β, which are critical for osteoclast formation[57,58]. Additionally, Limosilactobacillus reuteri (
L. reuteri) maintains the Wnt signaling pathway, essential for osteoblast proliferation and differentiation, thereby 
promoting bone formation[59,60]. On the other hand, Bacteroides species have been implicated in modulating the immune 
system, which indirectly affects osteoclast activity and bone resorption[61].

FUNCTIONAL SIGNIFICANCE OF TAXONOMIC SHIFTS
While changes in the Firmicutes/Bacteroidetes ratio and other taxonomic shifts have been observed in osteoporotic versus 
healthy individuals, the functional significance of these shifts lies in their impact on metabolic and immune pathways 
that regulate bone health. A lower Firmicutes/Bacteroidetes ratio has been associated with increased inflammation and 
reduced short-chain fatty acid (SCFA) production, both of which can lead to enhanced bone resorption[62-65]. 
Additionally, an increase in Proteobacteria has been linked to oxidative stress and inflammatory responses that negatively 
affect bone density[66,67].

POTENTIAL OF MICROBIAL INTERVENTIONS
Given the association of specific microbial taxa with bone health, microbial interventions such as probiotics, prebiotics, 
and fecal microbiota transplantation (FMT) hold potential for preventing or treating osteoporosis[68-71]. By restoring a 
healthy balance of gut microbiota, these interventions may enhance SCFA production, improve calcium and vitamin D 
absorption, and modulate the immune system to reduce bone resorption[64,66,72,73]. However, the efficacy of these 
interventions requires further investigation through well-designed clinical trials.
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TAXONOMIC DIFFERENCES BETWEEN OSTEOPOROTIC AND HEALTHY INDIVIDUALS
Research into the gut microbiota of osteoporotic versus healthy individuals has revealed significant taxonomic 
differences, particularly at the phylum level. The human gut microbiota predominantly consists of four principal phyla: 
(1) Bacteroidetes (Bacteroidota); (2) Firmicutes (Bacillota); (3) Proteobacteria (Pseudomonadota); and (4) Actinobacteria (Actinomy-
cetota)[74-76]. Of these, Bacteroidetes and Firmicutes comprise approximately 90% of the healthy gut microbiota. In 
osteoporotic patients, however, the Firmicutes/Bacteroidetes ratio is notably lower compared to healthy individuals, 
suggesting a dysbiotic state[77]. Moreover, Actinobacteria have been positively correlated with bone mineral density 
(BMD)[78,79], while Proteobacteria have been negatively correlated with bone mass[80]. These taxonomic differences 
extend to the family and genus levels as well. At the family level, changes in the Lachnospiraceae family, which includes 
the Clostridium cluster XIVa, have been observed. At the genus level, several genera have been implicated in osteoporosis 
risk, particularly in individuals with lower BMD and bone loss. Notably, the genera Bacteroides, Lactobacillus, Eggerthella, 
Dialister, Rikenellaceae, Enterobacter, Klebsiella, Citrobacter, Pseudomonas, Succinivibrio, Desulfovibrio, and Eisenbergiella have 
been found in higher abundance in osteoporotic patients[68,81–83]. Conversely, other microbiota genera, though present 
in lower numbers, have also been associated with osteoporosis.

The alterations in gut microbiota at these three taxonomic levels—phylum, family, and genus—are critical in 
understanding the role of gut microbiota in bone health. The phylum level changes primarily involve shifts in the 
Firmicutes/Bacteroidetes ratio, as well as the levels of Actinobacteria and Proteobacteria. At the family level, the Lachnos-
piraceae family, particularly the Clostridium cluster XIVa, plays a significant role. At the genus level, alterations in the 
populations of Bacteroides, Dialister, Eggerthella, Bifidobacterium, Veillonella, and Escherichia/Shigella are noteworthy[84,85].

MECHANISMS LINKING GUT MICROBIOTA AND BONE HOMEOSTASIS
The regulation of bone metabolism by gut microbes in the host is facilitated through several key mechanisms, including 
interactions with host metabolism, gut function, the immune system, and the endocrine system[86,87]. The gut possesses 
a unique permeable barrier that plays a critical role in these processes. Modulation of this barrier can significantly 
influence post-metabolism activities, such as nutrient absorption and digestion. This barrier also serves as a defense 
against harmful bacteria and metabolites. The proper functioning of the gut epithelium is largely dependent on the 
microbiota within the gut. When dysbiosis occurs, it can lead to alterations in the gut barrier, subsequently triggering 
bone resorption.

SCFAS AND BONE HEALTH
This complex sequence of events begins with the production of SCFAs by gut microbiota, which lowers the pH in the gut, 
thereby enhancing calcium absorption. SCFAs, including butyrate, propionate, and acetate, are metabolic byproducts of 
dietary fiber fermentation by symbiotic bacteria like Bifidobacterium and Lactobacillus[88–90]. These SCFAs not only play a 
pivotal role in enhancing calcium absorption but also support the integrity and function of the gut mucosal barrier. For 
instance, butyrate has anti-inflammatory properties and serves as a crucial energy source for colonocytes[91]. An increase 
in SCFA levels is directly linked to greater bone mass, as demonstrated in various in vivo studies that correlate higher 
SCFA levels with the prevention of bone loss. A healthy intestinal microbiome promotes bone formation by influencing 
the differentiation of mesenchymal stromal cells toward the osteoblastic lineage, while simultaneously reducing 
osteoclast activity[8,92]. In contrast, a dysbiotic microbiome, characterized by an imbalance in microbial populations, 
leads to increased bone resorption and ultimately osteoporosis. This process is further illustrated in Figure 1.

SCFAs play a crucial role in maintaining an optimal environment for calcium absorption. The abundance of SCFAs in 
the gut lowers the pH of the intestinal lumen, which increases mineral solubility and inhibits the formation of calcium 
complexes like calcium phosphate[93]. This, in turn, enhances the bioavailability and absorption of calcium. Additionally, 
SCFAs promote paracellular calcium transport by influencing the intestinal epithelium, further contributing to bone 
mineralization and formation[94,95].

VITAMIN D AND VITAMIN K METABOLISM
Vitamin D, in its active form (1,25-dihydroxyvitamin D), is essential for calcium absorption in the gut, thereby playing a 
crucial role in maintaining calcium homeostasis[96]. Osteoblasts, the bone-forming cells, have vitamin D receptors (VDR) 
on their surfaces. When vitamin D binds to these receptors, it promotes bone formation. Conversely, a deficiency in 
vitamin D can lead to bone loss, increasing the risk of fractures. The regulation of vitamin D metabolism involves the 
fibroblast growth factor 23 (FGF23), which is influenced by gut microbiota[97]. Inflammation in the colon, often 
associated with dysbiosis, has been shown to elevate FGF23 levels, subsequently reducing the availability of vitamin D
[98]. Although the exact mechanisms underlying this process are not yet fully understood, the relationship between gut 
health and vitamin D metabolism is becoming increasingly evident.

In addition to vitamin D, vitamin K production is significantly influenced by gut microbiota, particularly by species 
such as Bacteroides. Up to 50% of vitamin K production is modulated by these microorganisms[99,100]. Vitamin K is 
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Figure 1 Mechanism of healthy and dysbiotic microbiome resulting in osteogenesis and osteoclastogenesis respectively. Transforming 
growth factor-β from the healthy microbiome promotes proliferation and early differentiation of bone marrow derived mesenchymal stromal cells (BM-MSCs) and 
matrix production. Interleukin-10 from the healthy microbiome inhibits differentiation and maturation of osteoclasts through upregulation of osteoprotegerin. Tumour 
necrosis factor-α from the T cells of dysbiotic microbiome results in the secretion of chemokines by BM-MSCs that increases the recruitment of monocytes into the 
bone marrow. Active differentiation of the monocytes into osteoclasts resulting in enhanced bone resorption and osteoclastogenesis. BM-MSCs: Bone marrow 
derived mesenchymal stromal cells; IgA: Immunoglobulin A; IL: Interleukin; LPS: Lipopolysaccharide; TGF-β: Transforming growth factor-β.

crucial for bone health as it promotes osteoblast activity and inhibits the differentiation of osteoclasts, the cells responsible 
for bone resorption[101,102]. Moreover, vitamin K acts as a co-factor in the production of osteocalcin, a bone-specific 
protein essential for bone mineralization[103]. Dysbiosis, or the imbalance of gut microbiota, can impair vitamin K 
production, potentially disrupting bone homeostasis. While this hypothesis is promising, further research is needed to 
confirm the exact impact of dysbiosis on vitamin K production and bone health.

Another critical factor in bone metabolism is the interaction between vitamin D metabolism and bile acids. Primary bile 
acids are produced in the liver from cholesterol and are secreted into the small intestine to facilitate the absorption of 
dietary fats. Approximately 90% to 95% of these primary bile acids are reabsorbed in the intestine, while the remainder 
are transported to the colon, where they are converted into secondary bile acids by gut microbiota through a process 
known as deconjugation. Both primary and secondary bile acids can enter the systemic circulation and influence bone 
metabolism. Primary bile acids, through the activation of the farnesoid X receptor, promote bone formation and inhibit 
bone resorption[104,105]. However, secondary bile acids, particularly lithocholic acid (LCA), can have a detrimental effect 
on bone health. LCA binds to VDR, interfering with vitamin D metabolism and diminishing its beneficial effects on 
osteoblasts[106]. This interaction deprives the body of the full benefits of vitamin D, potentially leading to weakened 
bone formation and an increased risk of osteoporosis.

DYSBIOSIS AND BONE RESORPTION
Dysbiosis refers to an imbalance in the gut microbiota composition, which can lead to altered metabolic and immune 
functions that negatively impact bone health. Specific microbial taxa and their metabolites play distinct roles in bone 
resorption and formation. For example, increased abundance of Proteobacteria and Desulfovibrio species is associated with 
heightened inflammatory responses and oxidative stress, promoting osteoclastogenesis and bone resorption[107]. 
Conversely, beneficial taxa such as Bifidobacterium and Clostridium cluster XIVa produce SCFAs that support osteoblast 
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activity and inhibit osteoclast differentiation, thereby enhancing bone formation[82,93,108,109].

ABSORPTION OF MINERALS: MODULATION BY GUT MICROBIOTA
Bone homeostasis is intricately regulated by gut microbiota, primarily through the absorption of micronutrients and the 
production of essential vitamins. While calcium is a critical mineral for bone health, other minerals such as magnesium 
and phosphate also play vital roles.

Magnesium is essential for the structural development of bone and influences the activities of osteoblasts and 
osteoclasts. Gut microbiota enhances magnesium absorption by producing SCFAs, which lower intestinal pH and 
increase the solubility of magnesium salts, thereby improving their bioavailability[110]. Similarly, phosphate absorption 
is facilitated by SCFAs, which enhance the expression of phosphate transporters in the intestinal epithelium[111]. 
Dysbiosis can impair the absorption of these minerals, leading to deficiencies that contribute to bone loss and increased 
fracture risk (Figure 2).

MICROBIAL-RELATED THERAPEUTICS FOR PREVENTION OF OSTEOPOROSIS
To counteract osteoporosis, the primary treatment options include antiresorptives and anabolics. Additional therapeutic 
measures, such as hormone replacement therapy and raloxifene, are also commonly used[112]. However, none of these 
treatments are foolproof in completely reversing bone loss. Despite the advances in pharmacological therapies, including 
the latest anabolic agent, romosozumab, which offers a dual mode of action for both prevention and treatment, significant 
limitations remain in fully restoring bone health.

With the growing understanding of the relationship between gut microbiota and bone metabolism, research has 
increasingly focused on the clinical application of microbial-related strategies for the prevention and treatment of 
osteoporosis. Over the past decade, there has been a significant shift towards the development of new "functional foods" 
based on gut microbes, with emerging options that promote bone health. These include probiotics, prebiotics, synbiotics, 
and fermented foods, all of which have shown promise in supporting bone health and potentially offering new avenues 
for osteoporosis management[113-116].

PROBIOTICS
Probiotics, defined as "live microorganisms that, when administered in adequate amounts, confer a health benefit on the 
host", have gained attention for their potential role in bone health[117]. Among the probiotics, Lactobacillus strains have 
been particularly prominent in research, especially for their ability to modulate the immune system and prevent bone loss
[118]. L. reuteri, known for its anti-inflammatory properties, has been shown to reduce intestinal inflammation and 
decrease the production of the pro-inflammatory cytokine TNF-α, which is involved in bone resorption[119]. 
Additionally, L. reuteri helps maintain the Wnt signaling pathway, crucial for bone formation in vivo[60]. This strain has 
demonstrated the ability to prevent trabecular bone loss associated with conditions such as estrogen deficiency, type 1 
diabetes, and glucocorticoid-induced osteoporosis[120]. Human trials have further validated these findings, showing that 
daily oral administration of L. reuteri for 12 months prevented bone loss in osteoporotic women over the age of 75 years
[121].

Other Lactobacillus strains have also shown promise in combating osteoporosis. For instance, Lacticaseibacillus paracasei 
has been found to inhibit osteoclastogenesis and prevent cortical bone loss in ovariectomized (OVX) mice, partly by 
reducing the production of pro-inflammatory markers TNF-α and IL-1β during a six-week regimen[122]. Similarly, 
Levilactobacillus brevis has demonstrated comparable effects[123]. Lacticaseibacillus rhamnosus GG has been noted for its 
ability to prevent the production of pro-inflammatory cytokines involved in bone resorption and for promoting the 
expression of tight junction proteins, which enhance gut barrier function[121]. This strain also increases the production of 
SCFAs, thereby promoting bone formation and reducing inflammation in postmenopausal osteoporosis[121]. In addition 
to their effects on inflammation and bone resorption, these Lactobacillus strains also influence calcium and vitamin D 
metabolism. For example, Lactobacillus acidophilus, Lacticaseibacillus casei, and Bifidobacterium species have been shown to 
significantly increase serum calcium levels[124]. L. casei and Bacillus coagulans are particularly effective in raising serum 
levels of 1,25-(OH)_2-vitamin D, while L. reuteri has been demonstrated to increase both serum 1,25-(OH)_2-vitamin D 
and 25-hydroxyvitamin D levels in humans[125].

Beyond Lactobacillus species, other probiotics such as Bifidobacterium longum (B. longum) have shown efficacy in 
preventing bone loss induced by estrogen deficiency in OVX rats, while also improving bone strength and BMD in vivo
[126,127]. Similarly, Bifidobacterium lactis BL-99 has been effective in preventing colitis-induced osteoporosis in vivo[128]. 
The combination of Lactiplantibacillus plantarumas and B. longum has also been observed to enhance bone formation in 
OVX mice, improving levels of calcium, phosphorus, and osteocalcin while reducing TNF-α expression and downregu-
lating microbial lipopolysaccharides[129]. The use of probiotics extends to other species as well. Phocaeicola vulgatus has 
been shown to mitigate dysbiosis in OVX mice, while Bacillus subtilis, over a 24-week regimen in postmenopausal women, 
has demonstrated the ability to increase BMD by inhibiting bone resorption[130]. This effect is achieved by decreasing the 
abundance of Fusobacterium and increasing the population of Bifidobacterium[131].
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Figure 2 Mechanisms of bone homeostasis as maintained by healthy microbiome.

PREBIOTICS
Prebiotics are defined as "non-digestible food ingredients that promote the growth and/or activity of specific bacteria, 
thereby benefiting the host's health"[132]. These complex carbohydrates, found naturally in plant-based foods or 
synthesized, are resistant to digestion in the stomach and small intestine. Instead, they are fermented by gut microbiota in 
the colon, particularly stimulating the proliferation of beneficial probiotic microorganisms such as Bifidobacteria and 
Lactobacillus. This fermentation process leads to the production of SCFAs, enhances mineral bioavailability and 
absorption, and reduces inflammation, collectively contributing to improved bone health[133].

One example is galacto-oligosaccharides (GOS), a prebiotic known for promoting the growth of Bifidobacteria, which in 
turn enhances calcium absorption and prevents bone loss, as observed in OVX rats[134]. Similar effects on calcium 
absorption and bone resorption inhibition have been noted in postmenopausal women[135]. Yacon flour, rich in fructo-
oligosaccharides (FOS), has been shown to improve bone strength in vivo, while dietary soluble corn fiber has 
demonstrated potential for increasing bone calcium absorption in postmenopausal women[136,137]. Nondigestible 
oligosaccharides found in tofu by-products, which include GOS, stachyose, and inulins, stimulate the growth of lactic 
acid bacteria in the gut. Inulin-type fructans, another prebiotic, have been shown to enhance mineral absorption and 
decrease markers of bone resorption in both animal models and postmenopausal women[138,139].

SYNBIOTICS
Synbiotics refer to the combined use of prebiotics and probiotics, which work together to enhance the proliferation of 
beneficial probiotics[140,141]. The dual application of GOS with B. longum and Bifidobacterium bifidum has been shown to 
significantly increase calcium absorption in vivo[142,143]. Similarly, combining FOS from yacon flour with B. longum 
positively impacts bone mineral content and bone strength, more effectively than prebiotics alone. In postmenopausal 
women, a regimen of fermented milk combined with inulin-type fructan prebiotics and additional calcium over two 
weeks has been found to reduce bone resorption while simultaneously increasing calcium absorption[143]. Overall, 
synbiotics have demonstrated greater efficacy in promoting bone health compared to the use of prebiotics or probiotics 
alone.
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FERMENTED FOODS
Fermented foods, which naturally contain probiotics and prebiotics, have also been explored for their bone health 
benefits. Fermented dairy products, such as yogurt and kefir, are rich in Lactobacillus and Bifidobacterium strains, which 
contribute to enhanced calcium and vitamin D absorption[144,145]. Additionally, fermented soy products like tempeh 
and miso contain isoflavones that, in combination with probiotics, may synergistically promote bone health by reducing 
inflammation and enhancing BMD[146,147].

POTENTIAL SIDE EFFECTS OF MICROBIAL THERAPEUTICS
While microbial-related therapeutics offer promising avenues for osteoporosis management, potential side effects must be 
considered. Probiotics are generally considered safe for most populations; however, in immunocompromised individuals, 
there is a risk of infections. Prebiotics can cause gastrointestinal discomfort, such as bloating and gas, particularly when 
consumed in large quantities. Synbiotics, which combine both probiotics and prebiotics, may exacerbate these side effects. 
Additionally, the long-term safety of FMT remains under investigation, with concerns about the transmission of 
pathogens and the stability of the transplanted microbiome[148-150]. Therefore, careful consideration and rigorous 
clinical testing are essential before widespread adoption of these therapies.

CLINICAL TRIALS AND EVIDENCE
Several clinical trials have been conducted to evaluate the efficacy of microbial-related therapeutics in osteoporosis 
management. For instance, a randomized controlled trial demonstrated that daily intake of L. reuteri significantly 
improved BMD in osteoporotic women over a 12-month period[121]. Another study involving postmenopausal women 
showed that supplementation with Bifidobacterium lactis BL-99 reduced bone resorption markers and improved BMD
[128]. However, many studies are limited by small sample sizes, short durations, and lack of standardized protocols, 
highlighting the need for more robust clinical trials to establish the efficacy and safety of these interventions. Table 1 
provides a summary of various microbial-related therapeutics, the specific microbial strains involved, their mechanisms 
of action, and the observed clinical outcomes related to bone health.

PREAMBLE OF GUT MICROBIOME FOR COMBATING OSTEOPOROSIS
Osteoporosis is influenced by a variety of factors, including genetic predisposition, lifestyle choices, and diet. Pharmaco-
logical interventions play a crucial role in improving bone health under both physiological and pathological conditions. 
However, recent research has increasingly focused on the role of gut microbiota in the development and management of 
osteoporosis. Gut microbes have been implicated in triggering inflammation in bone marrow and other tissues, either 
through direct modifications of the bacteria or via their metabolites. These microbes undergo complex processes to exert 
beneficial effects on bone health, and restoring and maintaining a balanced intestinal flora has been proposed as a 
therapeutic strategy for various conditions, including osteoporosis.

One approach to achieving this balance involves altering dietary habits and administering probiotics or their 
metabolites. This strategy helps restore the equilibrium of the intestinal flora. Key components in this process include 
dietary fibers, carbohydrates, SCFAs, and oligosaccharides, which collectively promote the growth of beneficial intestinal 
microbes and activate anti-inflammatory responses. As a result, calcium absorption from the intestine is enhanced, 
leading to an increase in BMD. Dairy products, which are rich in oligosaccharides, can also contribute to increased BMD. 
Specific strains of Lactobacillus and Bifidobacterium have been identified for their anti-inflammatory properties and their 
ability to enhance vitamin D absorption. These probiotics reduce osteoclast differentiation and have been shown to 
prevent bone loss in OVX mice.

A particularly innovative therapeutic approach that has gained attention is the technique of FMT. This involves the 
transplantation of gut microbiota to restore a healthy microbial balance, which has been shown to improve bone health 
and address various diseases in animal models. In humans, this technique has already been successfully employed in the 
management of drug-resistant bacterial colitis. However, further research is needed to fully understand the mechanisms 
involved and to validate the therapeutic efficacy of this technique in the management of bone mineral diseases like 
osteoporosis. If proven effective, FMT could play a pivotal role in osteoporosis treatment.

An interesting development in osteoporosis research has been the analysis of gut microflora in the feces of female 
osteoporosis patients, which has shown a correlation with their estrogen levels. Changes in estrogen levels appear to be 
proportionate to changes in gut microbial species, leading to osteoporosis. This discovery has opened up new avenues for 
the prevention of osteoporosis. For example, oral administration of probiotics combined with red clover extract, which is 
enriched with isoflavone aglycone, has been shown to significantly reduce bone loss caused by estrogen deficiency. This 
combination not only improves osteoporosis but also stimulates the production of beneficial estrogen metabolites, 
contributing to increased estrogen levels.

Moreover, the use of probiotics combined with red clover extract, alongside magnesium, calcium, and calcitonin, has 
proven to be more effective than using the clover complex alone. This multifaceted approach enhances bone health by 
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Table 1 Summary of microbial-related therapeutics and their effects on bone health

Therapeutic 
type Microbial strains Mechanisms of action Clinical outcomes

Probiotics Lactobacillus reuteri, Lactobacillus 
paracasei, B. longum

Inhibit osteoclastogenesis, promote osteoblast 
activity, enhance calcium and vitamin D absorption

Increased BMD, reduced bone resorption, 
prevention of bone loss in clinical trials

Prebiotics Galacto-oligosaccharides, fructo-
oligosaccharides, Inulin-type 
fructans

Stimulate growth of Bifidobacteria and Lactobacillus, 
increase short-chain fatty acid production, enhance 
mineral absorption

Improved calcium absorption, increased 
bone strength, reduced markers of bone 
resorption

Synbiotics Combination of prebiotics and B. 
longum, Bifidobacterium bifidum

Enhanced probiotic proliferation, increased calcium 
absorption, reduced inflammation

Greater improvement in bone mineral 
content and strength compared to 
prebiotics or probiotics alone

Fermented 
foods

Lactobacillus, Bifidobacterium strains 
in yogurt, kefir, tempeh

Natural source of probiotics and prebiotics, enhanced 
nutrient absorption

Improved calcium and vitamin D 
absorption, increased BMD in consumers

B. longum: Bifidobacterium longum; BMD: bone mineral density.

leveraging the synergistic effects of probiotics, nutritional supplements, and plant-based compounds. As research 
progresses, these strategies may offer new, more effective options for managing and preventing osteoporosis, 
highlighting the critical role of gut health in bone metabolism.

CHALLENGES
The relationship between gut microbiota and osteoporosis has garnered significant interest, yet several challenges impede 
a comprehensive understanding and application of this knowledge in clinical settings.

Heterogeneity of gut microbiota composition
One of the primary challenges lies in the inherent heterogeneity of gut microbiota composition across individuals. This 
diversity, influenced by a multitude of factors such as diet, lifestyle, genetics, and environmental exposures, results in 
substantial variability in microbiota profiles among different populations. The variation complicates efforts to identify 
specific microbial signatures associated with bone health or disease, thus hindering the development of universal 
therapeutic strategies.

Mechanistic ambiguity
Another significant challenge is the mechanistic ambiguity surrounding the influence of gut microbiota on bone 
metabolism. Despite advances in microbiome research, the precise mechanisms through which gut microbiota impact 
bone health remain poorly understood. Proposed pathways include modulation of the immune system, production of 
SCFAs, and alteration of intestinal permeability. However, the relative contributions of these mechanisms in different 
contexts, such as age, sex, and comorbidities, are unclear. The time-dependent effects of gut microbiota on bone health, as 
observed in various studies, suggest a complex interplay of factors that has not been fully elucidated, making it 
challenging to predict outcomes of microbiota-targeted interventions.

Translational gap between animal models and humans
Much of the current understanding of the gut microbiota-osteoporosis link is derived from animal studies, particularly in 
rodents. While these models provide valuable insights, they also have limitations due to physiological differences 
between animals and humans. The gut microbiota composition and its interactions with the host immune system and 
bone metabolism can differ significantly across species. This translational gap poses a challenge in extrapolating findings 
from animal models to human populations, potentially leading to overestimation or underestimation of the microbiota's 
role in osteoporosis.

Confounding factors in research
Confounding factors further complicate research in this area. The gut microbiota is highly sensitive to external influences 
such as diet, medications (especially antibiotics), and lifestyle, all of which can confound study results. For instance, 
antibiotic use is known to cause significant alterations in gut microbiota, which can, in turn, affect bone health. 
Disentangling the direct effects of microbiota from those of these confounding variables remains a significant challenge in 
both observational and interventional studies.

Lack of longitudinal data
The lack of longitudinal data presents a major obstacle in understanding the dynamics of gut microbiota over time and its 
long-term impact on bone health. Most studies investigating the gut microbiota's role in osteoporosis are cross-sectional, 
providing only a snapshot of microbiota composition at a single time point. Longitudinal studies, which are essential to 
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track changes over time, are resource-intensive and logistically challenging, leading to a scarcity of data on how gut 
microbiota changes correlate with the progression of osteoporosis.

Therapeutic application challenges
Therapeutic application of microbiota-based interventions is another area fraught with challenges. The potential of 
probiotics, prebiotics, and synbiotics as therapeutic interventions is promising, yet their efficacy in osteoporosis remains 
inconclusive. Variability in individual responses to these interventions adds another layer of complexity. Furthermore, 
the optimal strains, doses, and duration of probiotic or prebiotic supplementation for bone health have not been clearly 
established, leading to inconsistent results across studies. Ethical and practical considerations in human studies, partic-
ularly those involving vulnerable populations like the elderly, pose additional challenges. Manipulating the gut 
microbiota through interventions such as FMT raises ethical concerns, and the long-term safety and potential side effects 
of such interventions are not yet fully understood. These concerns necessitate caution and further research before these 
approaches can be widely applied in clinical settings.

FUTURE PROSPECTS
The exploration of the gut microbiota's role in osteoporosis is a rapidly evolving field with significant implications for 
future research and clinical applications. Several promising avenues of investigation are emerging, each with the 
potential to deepen our understanding of the gut-bone axis and improve therapeutic strategies for osteoporosis.

Development of microbiome-targeted therapies
One major area of interest is the development of microbiome-targeted therapies. As the connection between gut 
microbiota and bone health becomes clearer, probiotics, prebiotics, and synbiotics are being explored for their potential to 
modulate the gut microbiota in ways that could prevent or treat osteoporosis. Future research will likely focus on 
identifying specific microbial strains that are most beneficial for bone health, as well as optimizing the delivery and 
dosage of these therapies to maximize their efficacy. Additionally, the use of FMT to restore a healthy gut microbiome in 
osteoporotic patients represents a novel therapeutic approach that warrants further investigation.

Integration of multi-omics data
The integration of multi-omics data, including genomics, proteomics, metabolomics, and microbiomics, will be crucial for 
advancing our understanding of the gut microbiota's role in osteoporosis. By combining these datasets, researchers can 
gain a more comprehensive view of the molecular mechanisms through which the gut microbiome influences bone 
metabolism. This holistic approach could lead to the identification of new biomarkers for early diagnosis and the 
development of more precise and personalized treatments.

Gut-brain-bone axis
Emerging research suggests that the gut microbiota may influence bone health not only through direct metabolic 
interactions but also via the gut-brain axis. This complex communication network between the gut, brain, and bone is 
thought to play a role in regulating bone density and overall skeletal health. Understanding how changes in the gut 
microbiome affect brain function and, in turn, influence bone metabolism could open up new therapeutic possibilities, 
particularly for conditions like postmenopausal osteoporosis, which are associated with hormonal changes and 
neurological factors.

Characterization of microbial metabolites
Recent studies have highlighted the importance of microbial metabolites, such as SCFAs, bile acids, and indole propionic 
acid, in bone metabolism. These metabolites can modulate inflammation, enhance calcium absorption, and influence the 
differentiation of osteoblasts and osteoclasts. Future research will likely focus on characterizing these metabolites more 
precisely and understanding their mechanisms of action in the context of bone health. Such insights could lead to the 
development of new dietary supplements or pharmacological agents that target these pathways.

Personalized medicine approaches
The variability in gut microbiota composition among individuals suggests that personalized medicine approaches could 
be highly effective in treating osteoporosis. By analyzing a patient’s microbiome profile, clinicians could tailor treatments 
to their specific microbial makeup, thereby enhancing the effectiveness of interventions. This approach could also help 
identify individuals who are at higher risk of developing osteoporosis due to dysbiosis, allowing for earlier and more 
targeted prevention strategies.

Longitudinal studies and dynamic microbiota changes
To fully understand the long-term effects of gut microbiota on bone health, longitudinal studies involving large and 
diverse populations are needed. These studies would track changes in the gut microbiome over time and correlate them 
with bone density, fracture risk, and other clinical outcomes. Such research could provide robust data on how gut 
microbiota interventions affect bone health across different stages of life and in various demographic groups. 
Additionally, dynamic changes of gut microbiota in osteoporosis, differentiating roles during early versus late disease 
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stages, should be investigated to tailor interventions appropriately.

Practical challenges in optimizing therapies
Practical challenges in optimizing the delivery and dosage of probiotics or prebiotics must be addressed. Factors such as 
microbial strain stability, survivability through the gastrointestinal tract, and patient adherence to supplementation 
regimens are critical for the success of microbiome-based therapies. Developing encapsulation technologies and 
controlled-release formulations could enhance the efficacy of these interventions.

Ethical and regulatory considerations
As research progresses, ethical and regulatory considerations will become increasingly important, particularly with 
regard to interventions like FMT and the use of genetically modified probiotics. Ensuring the safety and efficacy of these 
treatments, as well as addressing issues related to consent and accessibility, will be critical for their successful 
implementation in clinical practice. Table 2 outlines key future research directions, their focus areas, and potential 
outcomes in the field of gut microbiota and osteoporosis.

Table 2 Future research directions in gut microbiota and osteoporosis

Research direction Focus areas Potential outcomes

Microbiome-targeted therapies Identification of beneficial strains, optimal delivery methods Effective prevention and treatment strategies

Multi-omics integration Combining genomics, proteomics, metabolomics, microbiomics Comprehensive understanding of gut-bone 
mechanisms

Gut-brain-bone axis Interaction between gut microbiota, brain function, bone 
metabolism

Novel therapeutic targets and interventions

Characterization of metabolites Detailed study of short-chain fatty acids, bile acids, indole 
propionic acid

Development of targeted supplements or drugs

Personalized medicine Microbiome profiling for tailored treatments Enhanced efficacy and personalized prevention

Longitudinal studies Tracking microbiota and bone health over time Robust data on causality and intervention effects

Optimization of therapies Delivery mechanisms, dosage, adherence strategies Improved therapeutic outcomes and patient 
compliance

Ethical and regulatory 
frameworks

Safety, consent, accessibility of microbiota-based therapies Safe and regulated clinical applications

CONCLUSION
The relationship between gut microbiota and bone health represents a rapidly advancing field, offering significant 
insights into the pathogenesis and potential treatment of osteoporosis. Emerging evidence underscores the critical role of 
gut microbiota in bone metabolism, influencing processes such as calcium and other mineral absorption, immune 
modulation, and vitamin synthesis. Dysbiosis, or an imbalance in gut microbiota, has been increasingly linked to bone 
loss and the progression of osteoporosis, highlighting the gut-bone axis as a pivotal area of study.

While the therapeutic potential of microbiota-targeted interventions such as probiotics, prebiotics, and FMT is 
promising, several challenges remain, including the need for a deeper mechanistic understanding and the translation of 
findings from animal models to human populations. Future research focusing on personalized medicine approaches, 
multi-omics integration, and the long-term effects of microbiota on bone health will be crucial. Additionally, addressing 
practical challenges in therapy optimization and navigating ethical and regulatory landscapes will facilitate the successful 
implementation of microbiome-based therapies in clinical practice. As the field progresses, the development of precise, 
microbiome-based therapies holds the potential to revolutionize osteoporosis management, offering new strategies to 
enhance bone health and prevent fractures.
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