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Abstract: Background: Osteoporosis (OP) has become a major public health issue, threatening the bone health of middle-aged and
elderly people from all around the world. Changes in the gut microbiota (GM) are correlated with the maintenance of bone mass
and bone quality. However, research results in this field remain highly controversial, and no systematic review or meta-analysis
of the relationship between GM and OP has been conducted. This paper addresses this shortcoming, focusing on the difference
in the GM abundance between OP patients and healthy controls based on previous 16S ribosomal RNA (rRNA) gene sequencing
results, in order to provide new clinical reference information for future customized prevention and treatment options of OP.
Methods: According to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA), we comprehensively
searched the databases of PubMed, Web of Science, Embase, Cochrane Library, and China National Knowledge Infrastructure
(CNKI). In addition, we applied the R programming language version 4.0.3 and Stata 15.1 software for data analysis. We also
implemented the Newcastle-Ottawa Scale (NOS), funnel plot analysis, sensitivity analysis, Egger’s test, and Begg’s test to
assess the risk of bias. Results: This research ultimately considered 12 studies, which included the fecal GM data of 2033 people
(604 with OP and 1429 healthy controls). In the included research papers, it was observed that the relative abundance of
Lactobacillus and Ruminococcus increased in the OP group, while the relative abundance for Bacteroides of Bacteroidetes
increased (except for Ireland). Meanwhile, Firmicutes, Blautia, Alistipes, Megamonas, and Anaerostipes showed reduced relative
abundance in Chinese studies. In the linear discriminant analysis Effect Size (LEfSe) analysis, certain bacteria showed statistically
significant results consistently across different studies. Conclusions: This observational meta-analysis revealed that changes in
the GM were correlated with OP, and variations in some advantageous GM might involve regional differences.
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1 Introduction

As the global issue of population aging is becom-
ing increasingly prominent, the comprehensive preva-
lence of osteoporosis (OP) has grown to 21.7%. In par-
ticular, its value has reached 24.3% among the Asian
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population. As a result, OP can be considered a major
public health crisis that is severely threatening the
bone health of middle-aged and elderly people world-
wide (Anonymous, 1993; Salari et al., 2021). More-
over, osteoporotic fractures cause patients to suffer
from high treatment costs, severe lifelong disability,
and a heightened risk of death. Therefore, the preven-
tion and treatment of OP has become of particular con-
cern and must be urgently addressed.

Tens of thousands of gut microbiota (GM) evolve
along with their host organism, creating a mutually
beneficial symbiotic relationship (Danne et al., 2017;
Wei et al., 2019). GM comprise a complicated and
large microbial metabolic system that participates
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in regulating the stability of the internal and exter-
nal environment, and also has a key role in healthy
human physiological processes and disease develop-
ment (Juarez-Fernandez et al., 2020; Shi et al., 2020).
If the homeostasis between the human body and GM
is damaged, it could lead to many types of human
chronic diseases such as metabolic, mental, neurode-
generative, cardiovascular, and cancer diseases (Baker
et al., 2011; Li et al., 2017; Hou et al., 2021). In recent
years, researchers have established that changes in the
GM are also related to the maintenance of bone mass
and quality, while GM impact the dynamic balance
between bone formation maintained by osteoblasts and
bone resorption maintained by osteoclasts, which relies
on the gut-bone axis (Liang et al., 2018). Sjogren et al.
(2012) found that the bone mass of germ-free mice
was abnormally high. When implanting GM into these
mice, they were able to induce and activate cluster of
differentiation-positive (CD") T cells. GM triggered the
excretion of several cytokines in the bone to promote
osteoclast activation and initiate the bone resorption
mechanism, and normalized the bone mass of ovariec-
tomized (OVX) mice. Since 2017, five clinical ran-
domized controlled trials have shown that replenish-
ing probiotics can prevent and treat OP as well as
improve bone quality in OP, and fecal microbiota trans-
plantation (FMT) could become a new therapeutic
standard for OP (Jafarnejad et al., 2017; Lambert et al.,
2017; Nilsson et al., 2018; Takimoto et al., 2018; Jans-
son et al., 2019). However, as different populations
have unique GM abundance characteristics, applying
beneficial and customized GM-mixed preparations
may be a safer and more effective choice (Tyagi et al.,
2018). As a result, identifying advantageous bacterial
strains or metabolites with positive bone effects, as
well as constructing customized and precise GM ther-
apies based on different OP, may provide new, safe,
and effective OP treatment options.

The 16S ribosomal RNA (rRNA) genes are pres-
ent in the genome of all bacteria. Consequently, 16S
rRNA gene sequencing has become widely applied in
the research on microbial phylogeny and accurate spe-
cies classifications. In addition, it has significant value
when explaining the relationship between GM and
disease. Several clinical studies based on populations
have used GM 16S rRNA gene sequencing to ana-
lyze the abundance of GM in patients (Rettedal et al.,
2021; Wang ZX et al., 2021; Xu et al., 2021). These

results verified that changes occurred in the relative
abundance of several species of microorganisms, which
may be related to GM impacting the bone metabolism.
However, these 16S rRNA gene sequencing results
were dispersed and inconsistent, lacked systematic
reviews and summaries, and were unable to provide
new reference values for current and future large-scale
clinical trials. Prompted by this deficiency, in this
paper, we conducted a systematic review and meta-
analysis of the differences in GM abundance between
OP and healthy control (HC) from previous 16S rRNA
gene sequencing results, to more effectively explain
the role of GM in OP, and to provide new clinical ref-
erence information for customized OP prevention and
treatment.

2 Results
2.1 Search flow and overview of studies

A total of 103 items of data were selected through
database retrieval. Among them, 35 repetitive studies
were excluded, 29 studies with inconsistent data were
excluded, and the remaining 39 articles were evalu-
ated. After carefully reading the titles and abstracts,
26 articles were excluded because they did not meet
the inclusion criteria. Two articles were excluded as
they did not provide relevant data on the relative
abundance of GM, including one with a sample size
fewer than ten patients. Two articles were excluded
for not providing sufficient data on analyses of alpha
diversity. One study on Bacteroides was excluded as
it had high heterogeneity. One article was included
by the combination of manual retrieval and literature
tracking. After reading the full texts carefully and com-
paring the selection criteria, 12 studies were finally
included (Fig. 1) (Das et al., 2019; Li C et al., 2019;
Li LS, 2019; He et al., 2020; Palacios-Gonzalez et al.,
2020; Xu et al., 2020; Ling et al., 2021; Lyu et al.,
2021a, 2021b; Rettedal et al., 2021; Wang ZX et al.,
2021; Wei et al., 2021). The basic data and sequencing
methods of the population are shown in Table S1. The
meta-analysis included studies covering a period from
2019 to 2021, including 604 OP patients and 1429
HC. Among them, five studies included all female
participants (He et al., 2020; Palacios-Gonzalez et al.,
2020; Lyu et al., 2021b; Rettedal et al., 2021; Wang
ZX et al., 2021), while all participants in another
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Fig. 1 Search and selection procedures of the literature for the systematic review, described in detail by Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart. CNKI: China National Knowledge

Infrastructure; LDA: linear discriminant analysis.

were exclusively male (Lyu et al., 2021a). The total
proportion of female participants was 67.8%, except
that Li et al. (2019) did not adjust for gender-related
confounding factors. The results of other included
studies showed significant differences in the intesti-
nal flora among different groups after adjusting for
sex-related confounding factors. As for population
areas, one study was conducted in Ireland (Das et al.,
2019), one in Mexico (Palacios-Gonzalez et al., 2020),
one in New Zealand (Rettedal et al., 2021), and nine
in China (Li C et al., 2019; Li LS, 2019; He et al.,
2020; Xu et al., 2020; Ling et al., 2021; Lyu et al.,
2021a, 2021b; Wang ZX et al., 2021; Wei et al., 2021).
All studies measured bone mineral density (BMD)
using dual-energy X-ray (DXA), and all of them used

sequencing schemes, including 16S rRNA sequencing,
to evaluate intestinal flora samples. One study uti-
lized 16S rRNA to measure the V3-V5 regions (Das
et al., 2019), two studies measured the V4 region (Li,
2019; Palacios-Gonzalez et al., 2020), and seven studies
measured the V3 and V4 regions (Li et al., 2019;
He et al., 2020; Xu et al., 2020; Ling et al., 2021; Lyu
et al., 2021a, 2021b; Wei et al., 2021). One study did
not specify the sequencing region (Rettedal et al.,
2021). Two studies defined patients as people with
low BMD (Li et al., 2019; Palacios-Gonzalez et al.,
2020). Nine studies reported data on the relative abun-
dance of microflora (Das et al., 2019; Li, 2019; He
et al., 2020; Palacios-Gonzalez et al., 2020; Xu et al.,
2020; Lyu et al., 2021a, 2021b; Wang ZX et al., 2021;
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Wei et al., 2021), and ten studies reported data on the
linear discriminant analysis (LDA) scores (Li C et al.,
2019; Li LS, 2019; He et al., 2020; Palacios-Gonzalez
et al., 2020; Xu et al., 2020; Ling et al., 2021; Lyu et al.,
2021a, 2021b; Rettedal et al., 2021; Wang ZX et al.,
2021). Seven studies reported the alpha diversity data
(Das et al., 2019; Li, 2019; Palacios-Gonzalez et al.,
2020; Xu et al., 2020; Ling et al., 2021; Rettedal et al.,
2021; Wei et al., 2021). Two studies reported the
specific value of Firmicutes and Bacteroidetes (F/B)
(Li et al., 2019; Palacios-Gonzalez et al., 2020). Three
studies used Spearman’s correlation analysis to eva-
luate the correlation between GM at the phylum and
genus levels and the BMD measurements (Li et al.,
2019; Xu et al., 2020; Wei et al., 2021). The average
overall quality score of these studies was eight stars
(Table S2).

2.2 Alpha diversity and Firmicutes/Bacteroidetes
(F/B) ratio

Alpha diversity can reflect the richness and diver-
sity of microbial communities in samples. We ana-
lyzed the alpha diversity indices (Chao and Shannon)
between OP and HC, and found that the two indices
did not significantly differ between the Western and the
Chinese populations, within the Chinese population,
or within the Western population (Fig. 2). The contents
of F/B play a dominant role in intestinal microbial
composition, and the F/B ratio was associated with
the dietary intake, energy metabolism, and GM imbal-
ance (Rinaldi et al., 2019; Zhao et al., 2019). Of the 12
included studies, two studies reported the F/B ratios,
and our analysis showed no significant difference in
F/B ratios between OP and HC (Fig. 3).

2.3 Bacterial phyla

As shown in Table 1, the relative abundance of
Firmicutes in the OP group was decreased in five
groups (Li et al., 2019; Xu et al., 2020; Lyu et al.,
2021a, 2021b; Wei et al., 2021). It should be noted that
in the Irish and Mexico results, the relative abundance
of Firmicutes increased in the OP group. Meanwhile,
the relative abundance of Bacteroidetes increased in
the OP group in China and Mexico (Li, 2019; Palacios-
Gonzalez et al., 2020; Xu et al., 2020; Lyu et al.,
2021a, 2021b; Wei et al., 2021). We found that the
relative abundance of Bacteroidetes decreased only in
the OP group in Ireland, but not in China or Mexico.

2.4 Bacterial genera

A total of eight studies reported the relative abun-
dance data at the genus level, as shown in Table 2 (Das
et al., 2019; Li, 2019; He et al., 2020; Xu et al., 2020;
Lyu et al., 2021a, 2021b; Wang ZX et al., 2021; Wei
et al., 2021). Blautia were decreased in five Chinese
OP groups (Li, 2019; He et al., 2020; Xu et al., 2020;
Lyu et al., 2021b; Wei et al., 2021); research by He
et al. (2020) also indicated that Blautia was directly
correlated with lumbar BMD in postmenopausal osteo-
penia patients, and was negatively correlated with
metabolite L-lysine. The relative abundance of Alis-
tipes was decreased in four Chinese OP groups (L1,
2019; He et al., 2020; Wang ZX et al., 2021; Wei et al.,
2021), and increased in an Irish OP group (Das et al.,
2019). The relative abundance of Megamonas was
decreased in two OP groups in China (Li, 2019; Xu
et al., 2020). The relative abundance of Anaerostipes
was increased in one Irish OP group (Das et al., 2019)
and decreased in two Chinese OP groups (Li, 2019;
Wei et al., 2021). The relative abundance of Lacto-
bacillus and Ruminococcus was increased in the OP
groups (Das et al., 2019; Li, 2019; Lyu et al., 2021a,
2021b; Wei et al., 2021). Li (2019) found that Lactoba-
cillus was positively correlated with BMD, while Bac-
teroides was negatively correlated with BMD (Fig. S1).
The relative abundance of Bacteroides was increased
in seven OP groups (Li et al., 2019; He et al., 2020;
Xu et al., 2020; Lyu et al., 2021b; Rettedal et al., 2021;
Wang ZX et al., 2021; Wei et al., 2021), and decreased
in an Irish OP group (Das et al., 2019).

2.5 Controversial results

For certain bacteria, contradictory results were
found in studies from the same or different countries;
however, these bacteria were still associated with bone
health (Table 3). For example, Xu et al. (2020) indi-
cated that the OP changes were related to Faecalibac-
terium and found a negative correlation between Bifi-
dobacterium and BMD, while Li et al. (2019) found a
positive correlation between Bifidobacterium and Rose-
buria and BMD (Fig. S1). A Chinese study by Wang
ZX et al. (2021) revealed that Prevotella was less
abundant in postmenopausal women with OP.

2.6 Linear discriminant analysis (LDA)

LDA Effect Size (LEfSe) analysis can be used
to compare the statistical differences between the
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Fig. 2 Forest map of alpha diversity differences by Chao index (a) and Shannon index (b). WMD: weight mean
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Fig. 3 Forest plot of Firmicutes/Bacteroidetes (F/B) ratio. WMD: weight mean difference; CI: confidence interval.

Table 1 Changes at the taxonomic level in phyla associated with intestinal flora

Higher in osteoporosis

Higher in healthy control

Phylum - - -
Reference Ratio (%)’ Reference Ratio (%)’
Firmicutes Das et al., 2019 79.13 Wei et al., 2021 54.51
Palacios-Gonzalez et al., 2020% 38.01 Xuetal., 2020 84.14
Lyu et al., 2021b 75.70
Li, 2019 61.90
Lyuetal.,, 2021a 67.86
Bacteroidetes Li, 2019 29.57 Das et al., 2019 15.32
Wei et al., 2021 38.93
Xu et al., 2020 12.03
Palacios-Gonzalez et al., 2020% 52.79
Lyu et al., 2021b 12.81
Lyuetal., 2021a 10.36

* Approximation proportion of relative abundance histogram. ¢ Patients characterized by low bone mineral density (BMD). " The difference was

statistically significant.

OP and HC groups, to find the microflora with sig-
nificant differences between groups. From the 12
studies included, ten reported the LDA scores of the
OP and HC groups (Li C et al., 2019; Li LS, 2019;
He et al., 2020; Palacios-Gonzalez et al., 2020; Xu
et al.,, 2020; Ling et al., 2021; Lyu et al., 2021a,
2021b; Rettedal et al., 2021; Wang ZX et al., 2021).
Here, we describe the strains that have been reported
more than twice. In the OP group, g Bacteroides,
f Bacteroidaceae, o Bacteroidales, ¢ _Bacteroidia, p_
Bacteroidetes, o Lactobacillales, and ¢ Bacilli were
significantly different microflora, whereas in the HC
group, f Lachnospiraceae, g_Turicibacter, and g_Col-
linsella were the significantly different microflora.
Contradictory results were reported for the remain-
ing strains (Fig. 4). Among them, g_Lachnospira was
considered as significantly different microflora in low-
BMD postmenopausal women in Mexico and signifi-
cantly different microflora in the HC group in China
(He et al., 2020; Palacios-Gonzalez et al., 2020; Wang
ZX et al., 2021). f Peptostreptococcaceae was con-
sidered as significantly different microflora in the

OP group in China and significantly different micro-
flora in the HC group in New Zealand (Lyu et al.,
2021b; Rettedal et al., 2021).

2.7 Publication bias

We assessed the risk of bias for each of the in-
cluded articles, and Begg’s and Egger’s regression
tests indicated that there was no significant bias in the
results of these meta-analyses (Fig. S2).

3 Discussion

Changes in the GM have an important impact on
the physiological processes and disease prognosis of
many organisms, and these changes differ between
developed and developing countries (Vangay et al.,
2018). As a result, assessing the correlation between
GM and OP has a definite reference value for discover-
ing the potential targets of GM regulating OP. Cur-
rently, research on the relationship between GM and
bone health has become extremely popular. Based on
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Table 2 Differences in the relative abundance of gut bacteria at the genus level between osteoporosis patients and

healthy control
Genus Higher in osteoporosis Higher in healthy control
Reference Ratio (%)’ Reference Ratio (%)
Blautia Wei et al., 2021 7.63
Lyuetal., 2021b 9.36
Li, 2019 14.46
Xu et al., 2020° 4.21
He et al., 2020™
Alistipes Das et al., 2019 1.23 Wang ZX et al., 2021 2.71
Wei et al., 2021 2.05
He et al., 2020 0.95
Li, 2019 1.65
Megamonas Xu et al., 2020 5.14
Li, 2019 3.10
Anaerostipes Das et al., 2019 2.21 Li, 2019 2.69
Wei et al., 2021 1.63
Lactobacillus Das et al., 2019 8.60
Li, 2019 1.65
Lyuetal., 2021a 8.75
Lyu et al., 2021b 5.94
Ruminococcus Wei et al., 2021 2.86
Das et al., 2019 3.68
Bacteroides He et al., 2020 46.74 Das et al., 2019 16.42
Wei et al., 2021 29.63
Xu et al., 2020 6.36
Lyu et al., 2021b 7.76
Wang ZX et al., 2021 48.12

Lietal., 2019¢
Rettedal et al., 2021

* Approximation proportion of relative abundance histogram. * The difference was statistically significant. ™ The difference was significant in
postmenopausal osteopenia. “ Patients characterized by low bone mineral density (BMD).

Table 3 Contradictory results of differences in the relative abundance of gut bacteria at the genus level between osteoporosis
patients and healthy control

Genus Higher in osteoporosis Higher in healthy control
Reference Ratio (%)’ Reference Ratio (%)’
Bifidobacterium Lyuetal., 2021b 27.40 Xu et al., 2020 4.66
Wei et al., 2021 3.41 Li, 2019 4.96
Lyuetal., 2021a 13.51
Das et al., 2019 2.45
Faecalibacterium Lyu et al., 2021b 16.90 Li, 2019 4.55
Xu et al., 2020 32.71 Lyuetal,202la 19.29
He et al., 2020 1.87
Wei et al., 2021 6.81
Das et al., 2019 19.12
Wang ZX et al., 2021 3.14
Roseburia Wei et al., 2021 1.50 He et al., 2020 1.08
Wang ZX et al., 2021 1.92 Das et al., 2019 12.75
Prevotella Das et al., 2019 4.41 Wang ZX et al., 2021 26.81
Wei et al., 2021 341

* Approximation proportion of relative abundance histogram. * The difference was statistically significant.
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I:l Significantly higher in osteoporosis
- Significantly higher in healthy controls

Number of studies

Fig. 4 Number of studies with statistically differences in
the key microflora of the osteoporosis group or healthy
control group.

our understanding, our work is the first meta-analysis
to identify the correlation between GM and OP, includ-
ing the population data of a total of 2033 individuals.
Our results showed that, in the Chinese studies, the
relative abundance of Firmicutes in the intestine of
patients with OP was lower than that of healthy people.
At the same time, we found that the relative abun-
dance of Blautia, Alistipes, Megamonas, and Anaero-
stipes decreased in the intestine of patients with OP.
Blautia is an anaerobic bacterium with probiotic prop-
erties that can promote the secretion of short-chain
fatty acids (SCFAs) from intestinal dietary fiber. It can
also impact the immune response of regulatory T cells
(Tregs). Tregs can stimulate the bone marrow to gen-
erate CD8" T cells, upregulate the expression of the
protein Wnt family member 10b (Wnt10b), secrete
interleukin-10 (IL-10), and maintain the homeostasis
of the host’s immune system, which can in turn in-
crease bone mass (Rey et al., 2010; Juanola et al.,
2018; Tyagi et al., 2018; Liu XM et al., 2021). Alis-
tipes, which belongs to the Bacteroidetes phylum, can
produce SCFAs and reduce intestinal inflammation.
Moreover, the decrease of its abundance can reduce the
amount of SCFAs, impacting intestinal homeostasis
(Wang BK et al., 2021). Both of our included studies
with data on Megamonas, which were two original

studies, came from China. A report indicated that
Megamonas was difficult to find among European and
North American populations, but could be detected
among Chinese populations, and thus may be endemic
to Asian populations (Yachida et al., 2019). Therefore,
further research is needed to confirm whether Megam-
onas is a potential marker of GM among Chinese or
Asian OP populations. The most recent study reported
that, under certain conditions, a portion of Anaerostipes
strains could generate propionate, butyrate, and SCFAs
(Bui et al., 2021).

In all the studies we included, we found that the
relative abundance of the Firmicutes, Ruminococcus
and Lactobacillus, increased in the case group. Rumi-
nococcus is a key bacterial genus for the degradation
of resistant starch (RS) (Suzuki and Ley, 2020). RS
can promote equol production, and research has shown
that a diet supplemented with RS can reduce bone loss
in OVX mice (Tousen et al., 2019). Other studies
found that Lactobacillus reuteri can inhibit the base
level of tumor neurosis factor-o (TNF-o) messenger
RNA (mRNA) in the intestine, increase the bone mass
of healthy male mice (Mccabe et al., 2013), and guard
against bone loss in OVX mice (Britton et al., 2014).
One study found that Lactobacillus salivarius, Leuco-
nostoc lactis, and Lactobacillus paracasei were pro-
biotics that inhibited gut pathogenic bacteria (Liu ZJ
et al., 2021). More in-depth research is needed to ex-
plain the relationship between the bone protection
mechanism of Lactobacillus and its increased relative
abundance in OP.

We found that the relative abundance of Bacteroi-
detes increased in the OP group in China and Mexico.
Bacteroidetes is composed of various kinds of Gram-
negative bacteria found in the gastrointestinal tract, and
its two most commonly seen types are Bacteroides and
Prevotella. Bacteroides is a vitamin K-synthesizing
strain (Mandatori et al., 2021). Vitamin K2 can impact
bone metabolism through the y-carboxylation of osteo-
calcin (OC) (Atkins et al., 2009). An animal model
using a combination of vitamin K2 and teriparatide
found enhanced osteoblast function and increased
serum levels of carboxylated osteocalcin (Gla-OC),
a specific marker of bone formation, in OVX rats
(Nagura et al., 2015; Akbari and Rasouli-Ghahroudi,
2018). Prevotella includes more than 50 different spe-
cies (Tett et al., 2021), such as Prevotella histicola.
Wang ZX et al. (2021) found that this species inhibited
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osteoclast activity, changed the expression of IL-1p,
TNF-0, and other osteoclastic cytokines, and reduced
bone loss in OVX mice.

We found that different studies had contradict-
ory results for Bifidobacterium, Faecalibacterium, and
Roseburia. Bifidobacterium belongs to Actinobacteria,
which can mediate lipopolysaccharide (LPS)-induced
inflammatory responses (Khokhlova et al., 2012). One
study found that, when a low concentration of LPS
induces bone mesenchymal stem cells (BMSCs), they
could differentiate into osteoblasts, but a high concen-
tration of LPS would reduce their differentiation ability
(Ding, 2017). As a result, further research is needed
to confirm how Bifidobacterium impacts bone quality.
Faecalibacterium and Roseburia can generate buty-
rate bacteria (Crespo-Piazuelo et al., 2021). Butyrate
can upregulate the expression of Wnt10b and enhance
the osteogenic differentiation ability of BMSCs.

Ethnic or regional differences may be important
factors affecting the composition and structure of GM.
In this meta-analysis, the relative abundance of Firmi-
cutes, Bacteroidetes, Alistipes, Anaerostipes, and Bac-
teroides in the gut of Irish OP patients showed incon-
sistent alterations compared with other regions. In the
future, more population studies and meta-analyses are
needed to explain this regional difference. Although
the overall quality of the included original studies was
good, we should not overlook the important fact that
drugs can also influence GM composition and struc-
ture. It is well known that depression is one of the
high-risk factors of OP. Wan et al. (2022) found that
the new antidepressant drug R-ketamine can alleviate
bone loss in OVX mice through the anti-inflammatory
effect of GM, which reveals the potential therapeutic
targets of OP based on the pathogenesis of GM. Thus,
individualized treatment for specific patients can be
achieved, which is expected to be beneficial for the
treatment of OP. In addition, it should be noted that,
although we were unable to incorporate GM metabo-
lites into this systematic review and meta-analysis, clin-
ical studies exploring the relationship between specific
gut microbial-derived metabolites and OP may consti-
tute valuable future research directions.

Currently, the exact relationship between GM and
OP is complicated and remains unclear. The numerous
changes in GM abundance may be unable to directly
explain the impact of GM on bone health. However, we

look forward to the application of this meta-analysis
to provide reference information for future research
designs. Applying GM as a target to improve bone
health involves an enormous amount of potential, and
research focusing on specific advantageous strains may
be a direction worth exploring for improved diagnos-
tic and treatment options for OP.

4 Limitations

In this work, we relied on established inclusion
standards to comprehensively search for all of the
studies that matched our requirements, and strictly
implemented a systematic review according to the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guide (Moher et al., 2009).
However, some limitations of this study could not be
avoided. First, most of the included studies had a high
level of heterogeneity. Different from the meta-analysis
of randomized controlled trials, heterogeneity is a
widely known and unavoidable problem of observa-
tional studies (Stroup et al., 2000). The included studies
had a considerably large clinical and methodological
heterogeneity, while specific situations among different
individuals also exhibited relatively large differences.
For instance, differences between factors such as the
participants’ sample size, ethnicity, place of residence,
season, diet, medications, age and gender, physical
exercise, and stress tend to impact the composition
and structure of their GM (Gupta et al., 2017). The
researchers’ DNA extraction methods used to targe
the 16S rRNA gene area for sequencing, the sequenc-
ing platform, and sequencing depth were all rea-
sons that could cause inconsistent results (Duvallet,
2018). We could not guarantee that the meta-analysis
results display all of the strains correlated with OP.
Furthermore, we were only able to identify the correla-
tion between changes in GM and OP. However,
neither does this definitively indicate that the two are
causally related, nor can it conclusively verify that a
particular advantageous bacterium can protect bones.
At the same time, changes in relative abundance can-
not always accurately react variations in absolute abun-
dance (Smets et al., 2016). Furthermore, although 16S
rRNA analysis is a powerful technique, it cannot pro-
vide reliable in-depth identification (Ravi et al., 2018).
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5 Conclusions

Our meta-analysis results indicated no signifi-
cant difference in alpha diversity (Chao and Shannon)
indices or the F/B ratio between OP and HC. In the
included research papers, it was observed that, com-
pared with the HC group, the relative abundance of
Lactobacillus and Ruminococcus increased, while the
relative abundance for Bacteroides of Bacteroidetes
increased (except for Ireland) in the OP group. Mean-
while, Firmicutes, Blautia, Alistipes, Megamonas, and
Anaerostipes had reduced relative abundance in the
included Chinese studies. In the LEfSe analysis, cer-
tain bacteria showed statistically significant results con-
sistently across different studies. In addition, there may
have been regional differences in the changes in some
intestinal flora. The pathogenicity of GM is still con-
troversial, while more basic and clinical research is
needed to explain the role of microbes in bone micro-
biology, to help explore new strategies for using GM
to prevent and treat OP.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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