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�� Systematic Review

The role of gut microbiota in 
bone homeostasis

a systematic review of preclinical animal studies

Aims
The effect of the gut microbiota (GM) and its metabolite on bone health is termed the gut-bone 
axis. Multiple studies have elucidated the mechanisms but findings vary greatly. A systematic 
review was performed to analyze current animal models and explore the effect of GM on bone.

Methods
Literature search was performed on PubMed and Embase databases. Information on the types 
and strains of animals, induction of osteoporosis, intervention strategies, determination of GM, 
assessment on bone mineral density (BMD) and bone quality, and key findings were extracted.

Results
A total of 30 studies were included, of which six studies used rats and 24 studies used mice. 
Osteoporosis or bone loss was induced in 14 studies. Interventions included ten with probiot-
ics, three with prebiotics, nine with antibiotics, two with short-chain fatty acid (SCFA), six with 
vitamins and proteins, two with traditional Chinese medicine (TCM), and one with neuropep-
tide Y1R antagonist. In general, probiotics, prebiotics, nutritional interventions, and TCM were 
found to reverse the GM dysbiosis and rescue bone loss.

Conclusion
Despite the positive therapeutic effect of probiotics, prebiotics, and nutritional or pharmaceu-
tical interventions on osteoporosis, there is still a critical knowledge gap regarding the role of 
GM in rescuing bone loss and its related pathways.
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Article focus
�� In this review, we summarized current 

animal models, interventions, and 
outcome measurements on gut-bone axis 
studies.
�� To identify potential therapeutic targets 

to provide directions for future study and 
experimental design.

Key messages
�� The use of the mouse model is recom-

mended for gut microbiota (GM) studies, 
as there is currently a well-established gut 
metagenome, as well as knowledge on 
gastroenterology, genetics, and immu-
nology in mice.

�� Future studies should not only focus on 
the changes of GM composition at higher 
taxonomic levels, but also the function-
alities carried by each specific bacterial 
flora.
�� Metagenomic techniques serve as a 

useful tool in identifying the key mole-
cules and pathways involved in the gut-
bone axis.

Strengths and limitations
�� Our findings provide valuable infor-

mation for further studies designed 
to explore the gut-bone axis based on 
animal models, and serve as a platform 
to translate these preclinical findings to 
clinical application.
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�� Due to the heterogeneity of the studies, only a quali-
tative analysis was performed.

Introduction
The collection of microbes that inhabit the human gastro-
intestinal tract is termed the gut microbiota (GM), and 
it has been estimated that the total amount of microbes 
can reach up to 1014.1 GM has been shown to play an 
indispensable role in host physiology including nutri-
tion absorption, modulation of the immune system, and 
homeostasis.2 However, the disturbance of the dynamic 
ecosystem of the GM including ageing, prolonged use of 
antibiotics, and alteration of diet can lead to multiple host 
disorders. GM dysbiosis is found to be closely related to 
increased risk of bone loss,3 inflammatory bowel disease,4 
diabetes, and obesity.5

Osteoporosis is a multifactorial skeletal disease that 
is characterized by loss of bone density and quality. The 
condition increases the risk of fragility fractures, which 
commonly occurs in the proximal femur, spine, and distal 
radius, leading to pain, disability, and even mortality.6,7 
The mainstay treatment of osteoporosis includes bisphos-
phonates,8,9 but compliance rates are low and often lead 
to common side effects including gastrointestinal upset 
and even atypical fractures. Therefore, the development 
of novel diagnostics and treatments for bone loss has 
become a priority.10 With this, many studies have inves-
tigated the roles of various parameters including Casein 
kinase 2-interacting protein-1 (CKIP-1) in strengthening 
bone formation,11 angelica polysaccharide in promoting 
mesenchymal stem cell (MSC) proliferation and osteo-
blast differentiation,12 and aminoguanidine and pyri-
doxamine13 in mitigating bone quality deterioration. 
Novel predictors of osteoporosis, including cortical 
bone thickness and the distal femoral cortex index,14 
and rehabilitation methods, have also been explored.15 
Recently, there has been increasing evidence suggesting 
that the GM plays an important role in bone homeo-
stasis, and GM modulation shows promising effects in 
reversing bone loss.3 The emergence of next-generation 
sequencing (NGS) technology has substantially facili-
tated the research on GM. Multiple studies have identi-
fied that GM can regulate bone metabolism with its own 
metabolites or modulate nutritional absorption and the 
immune system.16,17 The relationship between GM and 
bone metabolism has been collectively defined as the 
gut-bone axis.18

As of now, few clinical studies on the beneficial effect 
of probiotics have been performed in an attempt to 
reverse bone loss, and the exact mechanisms are still 
unknown.19,20 With the current knowledge gap in the 
pathophysiology, animal experiments remain the most 
powerful means to explore the gut-bone interaction 
comprehensively. Furthermore, selecting an appropriate 
animal model that mimics common clinical scenarios, 
including postmenopausal osteoporosis (PMO) and 
senile osteoporosis, would allow the study of novel 

interventions and potentially treat our ageing popu-
lation. The purpose of this study was to identify and 
analyze existing animal models, intervention strategies, 
outcome measures, and potential therapeutic targets to 
provide recommendations for future study and experi-
mental design.

Methods
Search strategy.  PubMed and Embase (date last accessed 
7 June 2020) were searched. Keywords used for search 
criteria were “(microbiota* OR microbiome*) AND bone”.
Search criteria.  The inclusion criteria were: 1) preclinical 
studies; 2) use of animal model; and 3) study on the gut-
bone axis. The exclusion criteria were: 1) lack of analysis 
on bone mineral density (BMD); 2) review articles; and 3) 
abstract or conference paper.
Selection of studies.  Two independent reviewers (JL and 
CL) performed the selection process on two databases. 
Each reviewer screened the titles and abstracts of all pub-
lished studies. Articles were selected based on inclusion 
and exclusion criteria. Each article was reviewed, and any 
disagreement was solved by consensus and discussion.
Data extraction.  For eligible studies, the two reviewers 
extracted information on: 1) types and strains of animal 
used; 2) osteoporosis or bone loss induction approaches; 
3) intervention protocols; 4) methods of GM determina-
tion; 5) assessment methodology; and 6) key findings.
Statistical analysis.  Due to large heterogeneity in ani-
mal models and methodology, a qualitative review was 
performed.

Results
Characteristics of the papers.  A total of 1,750 and 1,053 
studies were identified from Embase and PubMed, re-
spectively. All duplicate entries were removed, leaving 
1,476 records. Each title and abstract was reviewed, and 
1,434 records were excluded. Upon detailed review of full 
text, an additional 12 studies were excluded: three lacked 
the analysis on BMD;21-23 five were performed to study 
the role of GM on rheumatoid arthritis and osteoarthri-
tis;24-28 three were unrelated to gut-bone axis;29-31 and one 
concerned bone marrow transplantation.32 A total of 30 
studies were included for our systematic review, which 
were published from 2012 to 2020 (Supplementary Table 
i and Figure 1).
Animals.  Mice were used in 23 studies including C57BL6 
in 15 studies,33-47 CB6F1 in one study,48 BALB/c in three 
studies,39,48,49 Swiss Webster in one study,17 ddY in 
one study,50 senescence-accelerated mouse prone 6 
(SAMP6) and senescence-accelerated mouse resistant 
1 (SAMR1) in two studies,51,52 and Institute of Cancer 
Research (ICR) mice in two studies.53,54 Germ-free mice 
were used in six studies33,34,36,38,45,48 and rats were used in 
six studies, including four Sprague-Dawley55-58 and two 
Wistar.59,60 Genetically modified animals were used in five 
studies.35,36,39,42,61
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Fig. 1

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart of study selection.

Induction of osteoporosis or bone loss.  Ovariectomy was 
performed on mice in three studies,44,49,50 and rats in 
five studies.55-58,62 Other methods included high-fat diet 
(HFD),60 tenofovir disoproxil fumarate (TDF),40 and gluco-
corticoid (GC) in two studies.46,53 One study performed 
sex steroid depletion by leuprolide.34 Six studies induced 
bone loss by GM dysbiosis following broad-spectrum 
antibiotic treatment.35,41,42,47,48,63 Two studies used SAMP6 
mice as the age-related bone loss model.51,52 One study 
used D-galactose (D-gal) and sodium nitrite (NaNO2) to 
induce age-related bone loss.54

Interventions.  The most common intervention was probi-
otics including Lactobacillus rhamnosus GG (LGG),34,39,40,46 
Lactobacillus reuteri (LR),42,46,49,63 Lactobacillus para-
casei,44,60 Lactobacillus plantarum,44 and Lactobacillus 
bulgaricus and Lactococcus lactis.51 Prebiotics included 
xylooligosaccharide,60 fructooligosaccharide (FOS), glu-
comannan,52 and acid-hydrolyzed high amylose corn 
starch (AH-HAS).50 One study had Escherichia coli as the 
intervention.63 Five studies performed colonization of 
germ-free (GF) mice with faeces from conventionally 
raised (CONV-R) animals,33,34,38,48 humans,38 and a single 
strain of bacteria.45 Nine studies had antibiotics treatment 
with different protocols.35,41-43,46-48,61,63 Other supplements 
include short-chain fatty acid (SCFA),39,48 sialoglycopro-
tein (SGP),59 nitrate,56 vitamin D,37 vitamin E,54 Duck Egg 
White-Derived Peptide VSEE (Val-Ser-Glu-Glu),57 and 
tuna bone powder (TBP).53 Two studies used traditional 
Chinese medicine (TCM) herb including Eclipta prostrata51 

and Fructus Ligustri Lucidi (FLL).54 One study had neuro-
peptide Y1 receptor (Y1R) antagonist intervention.58 Two 
studies had a high-weight polymer (MDY) mucus supple-
ment to repair the intestinal barrier function.46,63

Measurement and analysis.  Gut microbiota was determined 
in 24 studies, and 19 studies performed 16S ribosomal RNA 
(rRNA) sequencing.35,38-40,42,43,45,46,49-51,53,54,56-59,61,63 One study 
performed metagenomic analysis.41 Two studies used 
culture-dependent analysis,52,55 and six studies performed 
quantitative polymerase chain reaction (qPCR) analysis to 
quantify bacteria load.35,37,47,48,59,61

For bone assessment, a total of 25 studies performed 
micro-CT to measure BMD and microstructural parame-
ters.33-40,42,44-51,53-58,61,63 Two studies performed peripheral 
quantitative CT (pQCT).33,44 Six performed dual-energy 
X-ray absorptiometry (DXA).37,43,50,56,59,61 One study 
performed X-rays,52 one used Raman spectroscopy,41 
and another study performed Fourier-transform infrared 
spectroscopy (FTIR).54 In total, 14 studies performed 
static and dynamic bone histomorphometry anal-
ysis.33,34,38-40,46-49,55,56,60,61,63 Eight studies performed 
mechanical testing.35,37,42,46,54,55,57,63 Nine studies had 
bone histology including haematoxylin and eosin (H&E), 
tartrate-resistant acid phosphatase (TRAP), and toluidine 
blue and safranin O/fast staining.33,40,45-48,54,55,58

Regarding screening for inflammation, seven studies 
performed serum inflammatory cytokines assay including 
tumour necrosis factor (TNF)-α, CRP, and interleukin (IL)-
17.34,40,45,47,52,54,61 In total, 17 studies performed polymerase 
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chain reaction (PCR) test to quantify gene expression of 
inflammatory cytokines including IL-1, IL-6, IL-10, IL-17, TNF-α, 
and bone-related markers including alkaline phosphatase 
(ALP), osterix, collagen alpha-1 type I (Col-α1), and osteo-
calcin (OC). The studies also quantified the expression of 
the nuclear factor kappa-B (NF-κB) pathway and Wnt/β-cat-
enin pathway in the bone tissue,33,34,36,39,44-50,53,55,56,61,63 
colon,33,34,38,50,53,61 liver,48 and spleen.53

A total of 20 studies tested serum markers including 
calcium, vitamin D, parathyroid hormone (PTH), sero-
tonin, type 1 collagen fragments, OC, TRAP5b, N-terminal 
propeptide of type I procollagen (P1NP), insulin-like 
growth factor 1 (IGF-1), glucose, triglyceride, and choles-
terol levels.33,34,37,39,42-45,47-49,52,54-58,60,61,63 Three studies 
performed urine analysis,44,50,52 two had calcium concen-
trations analysis of faeces and femoral bone,52,53 three had 
western blot to test the osteogenic protein expression 
in bone marrow,39,51,54 three had intestinal permeability 
assay,34,40,63 and one had serum endotoxin measurement 
for barrier function assessment.46 Nine studies performed 
flow cytometry to quantify CD4+, CD8+, CD11b+, and 
Foxp3+ cells in bone marrow,33,38,39,44-47,49,55 spleen, 
and small intestine.34,35,55 Four studies had faecal SCFA 
measurement.39,43,48,53

Key findings.  Three studies reported increased BMD in 
GF mice compared with CONV-R mice,33,34,36 and two 
studies showed decreased BMD after colonization of 
GM from CONV-R donor mice.33,45 Yan et al48 reported 
increased C-terminal telopeptide-1 (CTX-1) and procol-
lagen I N-terminal propeptide (PINP), and reduced tra-
becular bone volume at one month after colonization 
with specific-pathogen-free (SPF) microbiota. However, 
at eight months following intervention, colonized mice 
had increased periosteal and endosteal area, and simi-
lar bone volume compared with GF siblings.48 However, 
Quach et al38 performed gavage on GF mice to introduce 
microbiota originated from human or CONV-R mice and 
found no change of GM and bone mass despite success-
ful colonization. One study reported gavage with control 
or glucocorticoid-treated (GC-Tx) mice faecal slurry (3 
× 105 colony-forming units (CFUs)) for eight weeks, and 
recipient mice showed a significant decrease of bone vol-
ume fraction (BV/TV) compared to the control group.46 
Li et al34 compared the effect of leuprolide on bone in GF 
mice, CONV-R mice, and recolonized GF mice, and found 
that GF mice are protected against trabecular bone loss 
induced by sex steroid depletion.

Treatment of probiotics including LGG, LR, L. para-
casei, Bifidobacterium longum, or prebiotic were found 
to prevent osteoporosis induced by ovariectomy 
(OVX),44,49,55 GC,46 HFD,60 and TDF.40 One study found that 
four-week supplementation with LGG or Bifidobacterium 
and Lactobacillus preparation could completely protect 
against the loss of BV/TV induced by OVX.34 Ohlsson 
et al44 started six-week supplementation of L. paracasei 
from two weeks before OVX and found that probiotics 
reduced the expression of TNF-α and IL-1β, and prevented 

OVX-induced cortical bone loss.44 Briton et al49 found that 
LR decreased the osteoclastic bone resorption markers 
TRAP5 and receptor activator of nuclear factor kappa-Β 
ligand (RANKL), suppressed OVX-induced increase of 
CD4+ T lymphocytes, and protected OVX mice from bone 
loss. Schepper et al46 found that LR treatment reversed the 
GM alteration featured by decreased levels of Verrucomi-
crobiales and Bacteriodales and increased Clostridiales, 
enhanced the intestinal barrier function, and ameliorated 
the decrease in both bone volume and trabecular bone 
microstructure induced by GCs. Eaimworawuthikul et al60 
found that 12-week supplementation with L. paracasei or 
the prebiotic xylooligosaccharide improved the obese-
insulin resistance and systemic inflammation, as well as 
improving trabecular thickness induced by HFD. Another 
study found that LGG treatment could prevent BMD 
decrease and microarchitecture deterioration induced by 
TDF through increasing intestinal barrier integrity and 
immunomodulating effect.40

Dietary supplementation, including SGP, VSEE, 
AH-HAS, Y1R antagonist, or TBP were found to reverse 
the GM dysbiosis and rescue osteoporosis induced by 
OVX50,57-59 or GC.53 Wang et al59 found that SGP treat-
ment significantly reversed the increase of E. coli and 
Bacteroides fragilis, and the decrease of Clostridium 
leptum, Faecalibacterium prausnitzii, and Lactobacillus, 
and offset the decreased BMD by 16.9% induced by 
OVX. Guo et al57 reported that VSEE improved BMD and 
inhibited dyslipidaemia in an OVX model through the 
regulation of intestinal microbiota and the Wnt/β-cat-
enin pathway.57 Tousen et al50 found that AH-HAS 
treatment increased the abundance of Bifidobacterium 
spp., downregulated the expression of osteoclasto-
genic cytokine RANKL and interleukin-7 receptor (IL-7R) 
genes in the bone marrow, and attenuated bone loss 
in OVX mice.50 Xie et al58 reported that Y1R antago-
nist lowered Firmicutes versus Bacteroidetes ratio and 
increased the abundance of Lactobacillus in the OVX 
model, and these changes were found to be signifi-
cantly associated with the bone microstructure and 
serum Ca2+ levels.58 Li et al53 found that TBP increased 
the abundance of Bacteroidetes and Proteobacteria and 
decreased Firmicutes in a glucocorticoid-induced osteo-
porosis (GIOP) model, and low dosage of TBP alleviated 
BMD and bone microarchitecture through reversing 
the GM alteration, repairing the intestinal barrier, and 
increasing Wnt/β-catenin pathway in the bone.53 Li 
et al54 reported that FLL could reverse the abnormal 
changes of Bifidobacterium and the ratio of Firmicutes/
Bacteroidetes, which resulted in increased oxidative 
stress in the serum and ageing-related osteoporosis 
triggered by D-gal and NaNO2. Tanabe et al52 reported 
that FOS and glucomannan treatment increased levels 
of Lactobacillus and Bacteroides, decreased the levels of 
Clostridium, reduced serum TNF-α and CRP levels, and 
restored the bone area and the calcium content in the 
femur in SAMP6 mice.52 Zhao et al51 treated SAMP6 mice 
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with 12 weeks of E. prostrata, which promoted Lacto-
bacillus growth that enhanced the femur bone volume 
and trabecular bone structure.51

Yan et al48 found that SCFA supplementation 
increased IGF-1 levels, and reduced bone mass in 
antibiotic-treated mice to normal levels.48 Tyagi et al39 
found that LGG treatment increased the production of 
SCFA, which could promote bone formation via regu-
latory T cell (Treg cell)-mediated regulation of CD8+ T 
cell Wnt 10b production.39 One study found that TBP 
treatment increased the SCFA-producing bacteria and 
calcium concentration, and promoted bone forma-
tion.53 Interestingly, Villa et al37 found that dietary 
vitamin D affects Bacteroides in male offspring only, 
which was positively correlated with BMD.37

Six studies reported that antibiotics-induced GM dysbi-
osis led to bone loss.35,41,42,47,48,63 Guss et al35 found that 
12 weeks of antibiotic treatment depleted Bacteroidetes 
and enriched Proteobacteria, and decreased cortical BMD 
and femur bending strength.35 Yan et al48 found that one-
month antibiotic intervention decreased SCFA produc-
tion, decreased serum IGF-1 levels, and inhibited bone 
formation.48 Rios-Arce et al42 reported successful deple-
tion of GM by two weeks of ampicillin/neomycin treat-
ment.42 Four weeks after intervention, GM repopulation 
with reversed Firmicutes versus Bacteroidetes ratio and 
reduced trabecular BMD was observed. Furthermore, 
Schepper et al63 found that LR treatment could reverse 
the above GM alteration, increase the intestinal barrier 
integrity, and rescue postantibiotic bone loss. Hathaway-
Schrader et al47 found that antibiotic treatment from six to 
12 weeks caused an increase in γ-proteobacteria in males 
and Firmicutes in females, respectively, altering trabec-
ular bone mass in both sexes.47 Conversely, Cho et al43 
examined the effects of seven weeks of antibiotics from 
weaning, and found that antibiotic treatment elevated 
Firmicutes to bacteria ratio, and increased BMD at three 
weeks after intervention.43 Tavakoli and Xiao61 found that 
seven weeks of antibiotic treatment depleted GM and 
rescued the decreased BMD in SCD mice.61

Discussion
In our review, 24 out of 30 studies used mice, while six 
studies used rats. The preference of mice as an animal 
model for GM studies is related to a well-established gut 
metagenome, as well as robust knowledge on gastroen-
terology, genetics, and immunology in mice.64 Notably, 
a recently published study had constructed a mouse gut 
microbial biobank that contains 126 species, represented 
by 244 strains, which provides valuable information for 
future study of microbe-host interactions.65 Among the 
24 studies on mice, 15 chose the C57BL6 strain.33-46 The 
C57BL6 mouse is currently the most widely used inbred 
strain in biomedical research. This strain is easy to breed 
and is characterized by low BMD.66 The mice are also a 
commonly used background strain for genetic modifi-
cation. Using genetically modified C57BL6 mice, four 

studies have identified the pathways involved in the gut-
bone axis, including nucleotide-binding oligomerization 
domain-containing protein 1 (NOD1) and NOD2 signal-
ling,36 and immune cell (lymphocyte, Treg cell) mediated 
regulation.35,39,42 Although a previous study comparing 
the gut metagenomes between mice and humans found 
that GM showed high functional similarity, there is still 
a substantial difference at the gene level.67 Hence, the 
translation of findings into clinical practice still needs 
further research. The germ-free mice raised in an aseptic 
isolating environment also serve as an ideal animal 
model for negative control or recipient of GM transplan-
tation. Despite the altered immune systems and physio-
logical abnormalities of GF mice compared with CONV-R 
mice, GM colonization is a useful approach as it mimics 
the natural process of gaining microbial communities at 
birth as in humans.

To explore the conventional roles of GM in bone 
homeostasis, germ-free33,34,36,38,45,48 and antibiotic-
induced35,41,42,47,48,63 GM dysbiosis models were widely 
utilized. Bone loss occurred in many conditions, and 
various animal models emerged.68 In humans, the most 
common primary osteoporosis types were postmeno-
pausal and age-related osteoporosis. OVX,44,49,50,55-58,62 
leuprolide-induced sex steroid depletion animal 
models,34 SAMP6,51,52 and ageing models induced by 
D-gal and NaNO2

54 corresponded to the above clinical 
definitions, respectively. Hypercortisolism was one of 
the secondary osteoporosis causes,69 and high daily dose 
of GC use significantly increased the risks of fracture.70 
This review included two studies based on GC-induced 
models.46,53 Previous studies also suggested that HFD 
disrupted bone remodelling,71 so the diet-fed model was 
involved.60 TDF is an effective antiviral medicine, however 
it also accelerates bone loss.72 One study executed TDF 
animal model to investigate the prevention methods.40 
Due to the diverse pathogenic mechanisms of bone loss, 
it is essential to study the effects and potential pathways 
of GM and interventions in the relevant animal models 
separately. Translation and treatment to clinical patients 
would be the future target.

Eight studies performed ovariectomy to generate 
PMO models.44,49,50,55-58,62 OVX animal models have been 
shown to have altered immune status and increased bone 
inflammation and resorption.73 These features match the 
intervention with probiotics due to their immunomod-
ulating effects. Nevertheless, the majority of studies 
applied interventions before OVX,44,49,58 or immediately 
or four weeks after OVX,50,59 which shows a preventive 
effect on PMO. Future studies should focus on the effect 
of probiotics treatment on established osteoporosis. 
Interestingly, a shift of GM profile characterized by the 
increase of Firmicutes, E. coli, and B. fragilis, and the 
decrease of Bacteroidaceae, Alcaligenaceae, C. leptum, 
F. prausnitzii, and Lactobacillus were observed after OVX 
in two studies,56,59 which was reversed by sialoglycopro-
tein of Carassius auratus (Ca-SGP) treatment.59 However, 
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it remains unanswered how these GM profile alterations 
in OVX model rats induce bone inflammation and result 
in bone loss. In the study by Li et al,34 osteoporosis 
was induced by steroid depletion with gonadotropin-
releasing hormone (GnRH) agonist leuprolide adminis-
tration, which was reversed by LGG supplementation.34

Additionally, SAMP6 mice were used in two studies to 
investigate the effect of probiotics or TCM on senile osteo-
porosis.51,52 One study utilized SAMR1 as a control group 
and found that the GM profile in ageing-accelerated P6 
mice differed from the R1 strain in the abundance of 
decreased Firmicutes and Actinobacteria, and increased 
Bacteroidetes.51 Notably, the authors found that the 
effects of E. prostrata on osteoporosis were mediated 
by GM, which was evidenced by increased Lactobacillus 
and Lactococcus and reversed GM profile alteration in 
P6 mice after treatment. Decreased Firmicutes versus 
Bacteroidetes ratio in their study was also identified in 
the GIOP mice model.53 This ratio was reportedly related 
to ageing and weight loss, but its implication in osteo-
porosis has not been specified.74,75 Additionally, Li et al54 
used D-gal and NaNO2 injection to induce age-related 
osteoporosis.54 They observed an increased abundance 
of pro-ageing microbiota including Clostridium, Clostrid-
iaceae SMB53, and Oscillospira in ageing mice, which led 
to increased circulating trimethylamine and TMAO levels, 
and subsequent bone loss.

The role of GM in secondary osteoporosis has also 
been investigated, including studies on GIOP,46,53 bone 
loss induced by HFD,60 and TDF.40 It has been shown that 
GIOP is the most common form of secondary osteopo-
rosis.76 Schepper et al46 were first to report GM alteration 
with increased Clostridiales and decreased Bacteroidales, 
Verrucomicrobiales, and intestinal barrier dysfunction 
in a GIOP mouse model.46 This was comparable with 
the changes observed in patients with GIOP.77 Further-
more, probiotics LR or MDY treatment were found to 
enhance barrier function, reduce serum endotoxin levels, 
and rescue bone loss, which indicates the intestinal 
barrier function as a potential novel therapeutic target 
in treating GIOP. Notably, transplantation of GC-treated 
mouse faecal material into untreated wild-type (WT) 
mice caused bone loss.45 Li et al53 also found that TBP 
treatment could rescue GIOP, modulate GM, and slightly 
increase SCFA production in the gut.53 Another study 
used HFD to induce bone loss with insulin resistance 
and systemic inflammation, and found that probiotics 
and prebiotics treatment improved bone structure and 
ameliorated bone resorption.60

Bacteria culture and CFU counting is the traditional 
method for GM quantification.52,55 The major pitfall 
of this method is the difficulty in culturing obligate 
anaerobes species, as well as the limited capacity to 
cover the huge amount of intestinal flora. Quantita-
tive PCR was performed to count bacterial load in six 
studies.35,37,47,48,59,61 This approach allows quantification 
of the total commensal bacteria,37,48 or target microbe 

flora.37 In recent years, NGS including 16S rRNA and 
metagenomic gene sequencing techniques have 
become the mainstream approach in determining the 
GM. The most commonly used approach for GM anal-
ysis is 16S rRNA sequencing, which has been applied in 
19 studies.35,38-40,42,43,45,46,49-51,53,54,56-59,61,63 The main advan-
tage of 16S rRNA sequencing is that the entire micro-
biota within one sample could be determined based on 
quantitative PCR amplification. More recently, metag-
enomic approach has been used, which can provide 
additional information on the potential links between 
the GM and bone due to its versatile functional analysis 
and increased sequencing depth.41 The authors recom-
mend the 16S rRNA and metagenomic sequencing 
techniques for future research, which would allow 
functional analysis.

Micro-CT is the fundamental approach for assessing 
BMD and microarchitecture in both trabecular and cortical 
bone,33-40,42,44-51,53-58,61,63 whereas DXA was performed 
in six studies.37,43,50,56,59,61 DXA enables body composi-
tion analysis but can only provide 2D images with rela-
tively low resolution, and without 3D bone structure 
information. Bone histomorphometry analysis was also  
common.33,34,38-40,47,48,55,56,60,61,63 This is important in gut-
bone analysis, as the change of the GM composition and 
function is a dynamic process. Meanwhile, mechanical test 
was applied in eight studies,35,37,42,46,54,55,57,63 which is a well-
established standard for bone quality.

The most commonly used treatment was probiotics 
supplementation, including LGG,34,39,40,46 LR,42,46,49,63 
L. paracasei,44,60 Bifidobacteria,55 and other strains of 
Lactobacillus.44,51 These probiotics have been collectively 
shown to modify the GM profile and functional activities, 
regulate the immune responses in the host, augment 
epithelial barrier function, and positively impact BMD 
and structure, thereby exerting a beneficial effect on 
bone health.34,35,39,40,42,44,46,49,50,53,55,60,63,78 The review by 
Villa et al78 showed that the bacterial genus with the 
greatest potential for future clinical trials was Lactoba-
cillus. However, there is still controversy regarding the 
effective dose, timing, and duration of treatment.78 
Prebiotics including FOS, GM, and AH-HAS were applied 
in three studies.50,52,60 These prebiotics could yield a 
similar beneficial effect on bone including GM regula-
tion, altering the immune status, and relieving systemic 
inflammation. Additionally, other nutritional interven-
tions including various protein extracts and vitamin D 
were also applied.37,39,53,57,59 These supplementations 
were found to reverse the GM alteration induced by 
OVX59 and increase SCFA-producing bacteria in the 
GIOP model,53 thereby rescuing bone loss. Interestingly, 
Villa et al37 observed increased Bacteroides in male adult 
offspring following maternal vitamin D supplemen-
tation, which was negatively correlated with systemic 
inflammation and positively correlated with bone 
strength and structure.37 Despite the current evidence, 
there is still a lack of translation to clinical trials.
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SCFA produced by intestinal flora is the best-studied 
group of microbial metabolites, which has been reported 
to regulate bone homeostasis through direct inhibition 
of bone resorption, stimulation of calcium absorption, 
and the immunomodulatory effect.18 In our review, Yan 
et al48 found that long-term antibiotic treatment reduced 
SCFA production and increased bone mass, whereas 
SCFA supplementation reduced bone mass to normal 
levels.48 Tyagi et al39 revealed the effect of SCFA-induced 
bone formation through Treg cell-mediated regulation 
of CD8+ T cell Wnt10b production.39 Similarly, Lucas et 
al79 indicated the crucial role of SCFAs as potent regula-
tors of osteoclast metabolism and bone homeostasis.79 
Ovariectomized mice treated with SFCA significantly 
increased bone mass and prevented postmenopausal 
and inflammation-induced bone loss due to the down-
regulation of essential osteoclast genes including tumour 
necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) 
and nuclear factor of activated T cells 1 (NFATc1).79 Posi-
tive results were also seen in steady-state conditions. This 
reinforces the theory that supplements of SFCA or diets 
increasing the production of SFCA could be a powerful 
therapeutic. One study also reported that SCFA producers 
increased following TBP supplementation.53 Meanwhile, 
the SCFA production in the gut is reportedly affected 
by antibiotic treatment or colonization.43,48 These find-
ings further confirm the critical role of SCFA in the gut-
bone axis, which also serves as a potential therapeutic 
target for GM manipulation. The central role of SCFA on 
the gut-bone axis has been extensively reviewed in the 
study of Zaiss et al.18 The mechanisms including creating 
a tolerogenic immune environment in the gut epithelium 
and directly downregulating the osteoclastic genes of 
osteoclast precursors have been summarized.18 Notably, 
the advantage of SCFA is that its production could be 
modified by prebiotics and probiotics, which may serve 
as an effective, safe, and cost-effective therapeutic option 
for treating osteoporosis.

There are some limitations in this review. Due to the 
heterogeneity of the animal strains, interventions, and 
outcome measurements, the meta-analysis was not 
performed. Also, indirect mechanisms including the 
effects of GM on lipid metabolism and adiposity were not 
discussed, which could also contribute to the systemic 
inflammation and subsequent bone loss.

In this review, we have summarized the current animal 
models, intervention protocols, and outcome measure-
ments on gut-bone axis studies. Our findings provide 
valuable information for further studies designed to 
explore the gut-bone axis based on animal models, and 
hopefully shed light on translating these preclinical find-
ings to clinical application. Mice are the preferred animal 
model for GM studies due to their well-established gut 
metagenome, and complement the robust knowledge of 
gastroenterology, genetics, and immunology. The germ-
free mice are the ideal animal model for negative control. 
Treatment of probiotics including LGG, LR, L. paracasei, 

B. longum, or prebiotic were found to prevent osteopo-
rosis induced by OVX. With the ageing population, future 
studies should focus on the effect of treatment on estab-
lished osteoporosis as these patients are at high risk of 
fragility fractures and subsequent mortality.

In conclusion, future studies should not only focus 
on the changes of GM composition at higher taxonomic 
levels but also the functionalities carried by each specific 
bacterial flora. Metagenomic techniques could serve as a 
useful tool in identifying the key molecules and pathways 
involved in the gut-bone axis. In addition to the immu-
nomodulating effects of probiotics, intervention targets 
including intestinal barrier function and SCFA production 
enable future studies to explore the gut-bone interaction 
from new perspectives. Regarding the effect of antibi-
otics on bone, the GM depletion by chronic treatment 
should be distinguished from the GM dysbiosis induced 
by short-term antibiotic treatment. GM transplantation is 
of important clinical interest; however, its effects on bone 
homeostasis are still disputable, which entails further 
validation to obtain more generalized results. Close 
attention should also be paid to avoid the potential bias 
caused by disparities in experimental settings, animal 
strains, and sex, as well as the timepoint and duration of 
intervention.

Supplementary material
‍ ‍Table showing a summary of the characteristics 

shown in the 30 studies included in this systemat-
ic review.
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