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Abstract: Senile osteoporosis is defined as an age-related bone metabolic disorder, which is char-
acterized by bone loss and decreased bone fragility. Gut microbiota (GM) could regulate the bone
metabolic process and be closely related to senile osteoporosis. Several genus-level GM were found
to increase in osteoporotic animals and patients. However, to reveal the pathogenic bacteria in senile
osteoporosis, further studies are still needed to investigate the complete characteristics of bacteria
species. In the present study, the rats were equally divided into two groups: the control group (Con,
6-month-old) and the osteoporosis group (OP, 22-month-old). Fecal samples were freshly collected
to conduct the shallow shotgun sequencing. Then, we compared the species numbers, microbial
diversity, GM composition at genus and species-level, and functional metabolic pathways in the two
groups. The results showed that the species number was lower in the OP group (1272) than in the
control group (1413), and 1002 GM species were shared between the two groups. The OP group had
the decreased α diversity compared with the control group. As for β diversity, The PCA revealed that
samples in the two groups had distinguishable ecological distance in each coordinate. At the species
level, Bacteroide coprocola (B. coprocola), Acinetobacter baumannii (A. baumannii), Parabacteroides distasonis
(P. distasonis), and Prevotella copri (P. copri) were higher in the OP group, while Corynebacterium stationis
(C. stationis), Akkermansia muciniphila (A. muciniphila), and Alistipes indistinctus (A. indistinctus) were
decreased. Moreover, functional metabolic analysis revealed that metabolic pathways of fatty acid
biosynthesis, valine/isoleucine biosynthesis, GABA biosynthesis, and ubiquinone biosynthesis were
enriched in the senile osteoporotic rats. In conclusion, GM at the species level in senile osteoporotic
rats was significantly altered in structure, composition, and function. The altered GM structure,
increased GM species such as P. copri, and decreased GM species such as A. muciniphila might be
linked with the development of senile osteoporosis.

Keywords: senile osteoporosis; gut microbiota; bacteria species; shallow shotgun; functional metabolic
pathway

1. Introduction

Gut microbiota (GM) are defined as the collection of commensal bacteria living in the
digestive tract, which regulates host metabolism and performs various functions. GM of
humans consist of over 1000 distinct bacterial species, about two-thirds of which are unique
to each individual [1]. GM have an impact on many chronic diseases, such as obesity,
diabetes, neurological disorders, inflammatory bowel disease (IBD), and cardiovascular
disease [2–6]. As a member of the chronic disease category, osteoporosis is also associated
with GM [7].

Senile osteoporosis is a primary, age-related bone metabolic disease, which is character-
ized by bone loss and decreased bone fragility [8]. Commonly, primary osteoporosis mainly
affects postmenopausal females and aged males. Commonly, postmenopausal females have
a higher incidence of fragility fractures, while aged people, especially aged males, have a
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higher rate of mortality related to osteoporosis [9]. Emerging evidence demonstrated that
aging plays a critical role in the development of osteoporosis [10]. With the gradual rise of
an aging population, senile osteoporosis has brought a higher burden on the public health
system [11].

Recent studies suggested that senile osteoporosis was closely related to GM. Several
clinical studies reported that the osteoporotic patients showed altered GM, richness, di-
versity, relative GM abundance, and functional metabolic pathways [12–16]. However,
due to the distinct geographical location, sample size, gender distribution, and dietary
habits of patients, these clinical studies have not reached a consistent conclusion on the
regulation of GM alteration in osteoporotic people. In an animal study, senile osteoporotic
rats showed decreased α diversity, altered β diversity, and increased relative abundance
of Helicobacter, Rothia, Clostridium IV, Alistipes, and H. rodentium using 16S rRNA, and
the whole metagenome sequencing (WMS) [17]. Furthermore, another study found that
GM derived from feces of aged rats led to bone loss, and increased the genus-level rela-
tive abundance of Romboutsia, Faecalibacterium, and Lachnospiraceae_incertae_sedis in young
rats [18]. On the contrary, GM derived from young rats could restore the bone mass of
senile osteoporotic rats and decrease the genus-level relative abundance of Helicobacter and
Prevotella [19]. GM features at the genus level of senile osteoporosis were revealed by 16S
rRNA sequencing using rats model.

Shallow shotgun sequencing is a high-accuracy microbiological technology, which
could annotate the microbial taxonomy to the species level [20,21]. In addition, it could
reach nearly the same sequencing depth and accuracy as WMS technology with fewer
data [22]. To date, studies based on 16S rRNA sequencing about GM and senile osteoporosis
only revealed genus-level GM taxonomic features. Although some GM strains such as
H. rodentium were found to increase in the osteoporotic rats [17], the complete species-level
characteristics of GM were still unknown.

Our study aimed to provide further insights into the pathogenic bacteria, especially at
the species level, in senile osteoporosis. In the present study, we compared the GM richness
and diversity of senile osteoporotic rats and young rats, and analyzed the GM composition
at the species levels. Furthermore, we analyzed the GM composition at the genus level to
verify whether the alteration in GM species was in accordance with that in the GM genus.
In addition, we revealed the functional metabolic pathways markedly expressed in the
fecal samples of senile osteoporosis.

2. Materials and Methods
2.1. Experimental Design

The experiment was approved by the Ethical committee of experimental animal care
in the Shanghai Ninth People’s Hospital (Grant no. SH9H-2019-A17-1). According to
the previous study, we purchased 6 young (six-month-old) and 6 aged (22-month-old)
female Sprague Dawley (SD) rats from Shanghai Slac Laboratory Animal Company (Slac.,
Shanghai, China, SCXK2012-0002). These rats were equally divided into the control group
(Con, 6-month-old, n = 6) and the osteoporosis group (OP, 22-month-old, n = 6) [22]. All
rats were raised under 12-h-light-dark photoperiod with 2/per cages in the SPF condition.
We fed rats with a pelleted rodent diet and autoclaved water [23]. Fecal samples of the two
groups were freshly collected from each rat and were frozen immediately before they were
stored at −80 ◦C.

2.2. Bone Mineral Density Detection

After being sacrificed by cervical dislocation, Bilateral femurs of each rat were removed
and collected. Then, we used dual-energy X-ray absorptiometry (DXA, Hologic Discovery
A, Boston, MA, USA) to detect the bone mineral density.
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2.3. HE Staining of Femoral Sections

All femurs were embedded in paraffin after they were fixed in 4% paraformaldehyde
(PFA), and then adequately decalcified. Then, the femurs were sliced into 4 µm to 7 µm
sections longitudinally. After that, femur sections were stained with hematoxylin and
eosin, and digital pictures of trabecular bones were acquired by Olympus optical inverted
microscope (Olympus, Tokyo, Japan).

2.4. Shallow Shotgun Sequencing

We extracted microbial DNA by QIAamp DNA Stool Mini Kit (QIAGEN, Germantown,
MD, USA) from the fecal samples. Then, microbial DNA was fragmented into 400 bp reads
before being constructed by NEXTflex™ DNA Sequencing Kit compatible with the Biomek®

FXp (Bio Scientific, Phoenix, AZ, USA) for shallow shotgun sequencing. After cluster
generation, we generated the 2 × 300 base pairs (bp) paired-end reads on the Illumina
HiseqTM2500 platform. Then, Raw FASTQ files were filtered using FASTX-Tool kit. All
reads were spliced after filtration, and then were assembled to form contigs using Mothur.
According to the contigs sequence, we constructed scaffolds and set the main splicing
parameter Kmer value to 55–85. All the scaffolds of more than 500 bp were counted for
bioinformatics [24].

2.5. Bioinformatics

The sequence was trimmed to a quality score of more than 20, and the trimmed
sequence was shorter than 80 bases. We mapped query reads against representative and
reference genomes from the RefSeq database (version 82) using a 95% identity threshold.
Then, we labeled reads that mapped to reference genomes with the NCBI taxonomic
annotation. All reads that mapped to multiple reference genomes were labeled as the last
common ancestor (LCA) of each label, and only species-level assignments are retained.
To agree for species annotation, we used confidence-adjusted LCA that needs at least
80% of all tied best matches. α diversity indexes (ACE, Chao) were analyzed by Mothur
(version 1.44.1). The commands are as follows: ACE estimator (http://www.mothur.org/
wiki/Ace (accessed on 21 August 2020)), Chao1 estimator (http://www.mothur.org/wiki/
Chao (accessed on 21 August 2020)). We performed principal component analysis (PCA) to
visualize the ecological distance of the two groups. Microbial taxonomy was annotated and
calculated by MEtaGenome Analyzer (MEGAN, version 5.2.3). Heatmaps were created
by the Pheatmap package (version 1.0.12) of R Software. We combined Kruskal–Wallis
test with linear discriminant analysis (LDA) value for LEfSe analysis. LEfSe analysis was
performed based on two situations: an α significance level of 0.05 and threshold on the
logarithmic LDA score for discriminative features equaling to 2.0. Based on KEGG ontology
group (KO) annotation, we performed functional analysis of RefSeq derived genes in
exhaustive gap alignment directly observed in shallow shotgun sequencing [25].

2.6. Statistical Analysis

We performed two independent-sample t-tests to analyze the statistical differences in
relative abundances between the two groups by Graphpad prism (version 9.0) and STAMP.
p < 0.05 was considered statistically significant. The significant difference of functional
metabolic pathway abundances was defined by FDR-corrected p-value.

3. Results
3.1. Aged Rats Had Markedly Decreased BMD and Deteriorated Bone Microstructure

The BMD of 22-month old rats in the OP group was markedly lower than the control
group (p < 0.01; Figure 1A). Moreover, as revealed by HE staining, the trabecula thickness
was narrower and the trabeculae were fewer in the OP group. (Figure 1B). These results
proved that aged rats had markedly decreased BMD and deteriorated bone microstructure.

http://www.mothur.org/wiki/Ace
http://www.mothur.org/wiki/Ace
http://www.mothur.org/wiki/Chao
http://www.mothur.org/wiki/Chao
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Figure 1. Aged rats had markedly decreased BMD and deteriorated bone microstructure: (A) The
senile osteoporotic group had markedly lower BMD than the control group. # p < 0.01. (B) HE
staining showed the femoral section in senile osteoporotic group had narrower trabecula thickness
and fewer trabeculae number.

3.2. Senile Osteoporotic Rats Showed the Altered Microbial Structure

The results of the Venn diagram showed that the species number was lower in the OP
group (1272) than in the control group (1413). The GM shared 1002 species between the two
groups. A total of 411 species were quantified only in the control group, and 270 species
were quantified only in the OP group (Figure 2A). PCA analysis was performed to calculate
the ecological distance to analyze the β diversity of the samples in the two groups. PCA
showed that samples in the control group (n = 6) and the OP group (n = 6) were well
clustered and could be distinguished in each coordinate (Figure 2B). The results of PCA
demonstrated that the structure of GM in senile osteoporotic rats was distinct from the
young rats. The results of α diversity showed that ACE and Chao indexes of the OP group
were lower than those in the control group (no significance; Figure 2C,D).
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Figure 2. Senile osteoporotic rats showed the altered microbial structure: (A) Comparison of species
numbers by Venn diagram; (B) PCA showed distinct β diversity between the OP group and the
control group. (C) ACE indexes were decreased in the OP group. (D) Chao indexes were decreased
in the OP group (ns: p > 0.05, no significance).
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3.3. Senile Osteoporotic Rats Showed the Altered Microbial Component at the Genus Level

At the genus level, the percentage stacked column chart showed that the relative abun-
dance of Bacteroide, Parabacteroides, Escherichia, and Prevotella were more abundant in the OP
group, while Corynebacterium and Akkermansia were more abundant in the control group
(Figure 3A). Furthermore, the heatmap revealed that Bacteroides, Lactobacillus, Sanguibac-
teroides, Acinetobacter, Prevotella, and Blautia were enriched in the OP group. Akkermansia,
Corynebacterium, and Butryricimonas were enriched in the control group (Figure 3B).
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Figure 3. Senile osteoporotic rats showed the altered microbial component at the genus level:
(A) Relative abundance of GM at the genus level. (B) Heat map revealed the differentially
enriched genus.

3.4. Senile Osteoporotic Rats Showed the Altered Microbial Component at the Species Level

At the species level, the relative abundance analysis showed that B. coprocola, A. baumannii,
P. distasonis, and Lachnospiraceae bacterium A4 were more abundant in the OP group, while
C. stationis, A. muciniphila, and A. indistinctus were more abundant in the control group
(Figure 4A). The heatmap showed that B. coprocola, Lachnospiraceae bacterium A4, and Bac-
teroides vulgatus were enriched in the OP group. C. stationis and A. muciniphila were
enriched in the control group (Figure 4B).
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3.5. Significantly Enriched GM at the Species Level

We performed LEfSe analysis to ascertain the markedly enriched GM at the species
level. The LEfSe evolutionary branching graph indicated that the abundance of Prevotella
of Prevotellaceae family and Acinetobacter of Moraxellaceae family were markedly more
abundant in the OP group (Figure 5A). Furthermore, LDA value distribution histogram
showed that Prevotella, Acinetobacter, and Salinispora at the genus level and A. baumannii,
Lachnospiraceae bacterium M18 1, and P. copri at the species level were significantly increased
in the OP group (Figure 5B).
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Figure 5. Linear discriminant effect size (LEfSe) analysis in senile osteoporotic group and the
control group: (A) The evolutionary bifurcation graph showed that the abundance of Prevotella of
Prevotellaceae family and Acinetobacter of Moraxellaceae family were enriched in the senile osteoporotic
group. (B) LDA value distribution histogram showed that Prevotella, Acinetobacter, and Salinispora at
the genus level and A. baumannii, Lachnospiraceae_bacterium_M18_1, and P. copri at the species level
were enriched in the senile osteoporotic group.

3.6. Significant Differences in the Functional Metabolic Pathways

We found four significantly different expressed KEGG metabolic pathways between
the two groups (all corrected p < 0.05). Metabolic pathways of fatty acid biosynthesis,
Valine/isoleucine biosynthesis, GABA biosynthesis, and ubiquinone biosynthesis were
significantly expressed in the OP group (Figure 6).
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4. Discussion

To the best of our knowledge, our study revealed the complete species-level GM
information in senile osteoporosis for the first time. Using shallow shotgun sequencing
technology, we found that the senile osteoporotic rats showed decreased species numbers,
distinct β diversity, and low α diversity. Furthermore, the senile osteoporotic rats had
markedly distinct GM compositions at the genus and species levels. At the genus level,
Prevotella, Acinetobacter, and Salinispora significantly increased in osteoporotic group. At
the species level, A. baumannii, Lachnospiraceae bacterium M18 1, and P. copri significantly
increased in the osteoporotic group. In addition, KEGG functional pathways analysis
found that fatty acid biosynthesis, Valine/isoleucine biosynthesis, GABA biosynthesis, and
ubiquinone biosynthesis were enriched in the osteoporotic rats.

The GM structure was markedly changed between senile osteoporotic rats and young
rats, which could be revealed by the distinct ecological distance in β diversity. Furthermore,
the OP group had fewer unique species numbers than the control group, reflecting a
decreased GM richness at the species level in the OP group. Several studies reported
that disease statuses were related to decreased α diversity, such as type II diabetes and
Alzheimer’s disease [26,27]. In our study, though there was no significant difference, ACE
and Chao indexes suggested that the senile osteoporotic rats had lower α diversity, which
was consistent with the previous study [17]. These results suggested that the species-level
GM structure and richness markedly changed in the senile osteoporotic rats.

The relative abundance of GM could reflect the GM composition at the different taxo-
nomic levels. At the genus level, the proportions of Bacteroide, Parabacteroides, Escherichia,
and Prevotella were higher in the osteoporotic group, while the proportions of Corynebac-
terium and Akkermansia were higher in the control group. The increased proportion of
Prevotella was consistent with the previous study [19]. At the species level, the proportion
of B. coprocola, A. baumannii, P. distasonis, and Lachnospiraceae bacterium A4 were higher in
the OP group, while C. stationis, A. muciniphila, and A. indistinctus were more abundant
in the control group. To identify significantly different GM, we performed LEfSe analysis
and found that Prevotella, Acinetobacter, and Salinispora at the genus level and A. bauman-
nii, Lachnospiraceae bacterium M18 1, and P. copri at the species level were enriched in the
osteoporotic group. These results suggested that altered GM species were in accordance
with the alteration of GM genus. Some GM species such as P. copri and A. muciniphila were
proved to be linked to bone metabolism.

P. copri, which belongs to the Prevotella genus that also increased, was associated
with a number of autoimmune diseases, such as colitis and rheumatoid arthritis [28–30].
Furthermore, P. copri was correlated with an increase in trimethylamine oxide (TMAO),
a byproduct caused by dietary choline, which has an impact on cardiovascular disease
and chronic kidney disease [31]. In addition, an increased level of TMAO has a negative
correlation with the degree of bone mineral density (BMD) in osteoporosis patients [32].
In our work, P. copri was also found to be significantly enriched in the senile osteoporotic
rats. A. muciniphila is a newly identified beneficial species in the phylum Verrucomicrobia.
Previous studies reported that the abundance of A. muciniphila was reduced in aged humans
and mice [33,34]. In an animal study, A. muciniphila was found to restore the bone mass
of osteoporotic mice [35]. Consistently, we identified that A. muciniphila was decreased
in the senile osteoporotic rats. Therefore, we suggested that the increased abundance of
P. copri and decreased amount of A. muciniphila were closely related to the pathogenesis
of senile osteoporosis. Furthermore, A. baumannii, which belongs to the Acinetobacter
genus, is a major pathogenic factor of nosocomial infections [36]. Salinispora is a marine
actinomycete genus that produces structurally diverse and biologically active secondary
metabolites [37]. Lachnospiraceae bacterium M18 and Lachnospiraceae bacterium A4 belong
to the Lachnospiraceae family, which could produce short-chain fatty acids and were
beneficial for bone health [38]. The increase in these bacteria in aged rats could be attributed
to the dysbiosis of gut microbiota. However, the association of these bacteria with the
pathogenesis of senile osteoporosis needs further study.
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KEGG functional pathway analysis found that metabolic pathways of fatty acid biosyn-
thesis, Valine/isoleucine biosynthesis, GABA biosynthesis, and ubiquinone biosynthesis
were enriched in the senile osteoporotic rats. Fatty acids metabolism and oxidative stress
and production of ROS may impact each other and further influence bone metabolism [39].
As reported, oxidative stress was closely associated with aging [40]. Therefore, the en-
richment of fatty acids biosynthesis might be related to aging-induced oxidative stress.
Furthermore, GABA treatment could positively regulate osteogenic differentiation [41].
The enriched GABA biosynthesis in senile osteoporotic rats might be due to a compen-
satory effect after bone loss. These results suggested that fatty acid biosynthesis, Va-
line/isoleucine biosynthesis, GABA biosynthesis, and ubiquinone biosynthesis were related
to senile osteoporosis.

5. Conclusions

We first manifested the complete information of species-level GM in senile osteoporotic
rats. GM was significantly altered in structure and composition in senile osteoporotic rats.
B. coprocola, A. baumannii, P. distasonis, and Lachnospiraceae bacterium A4 and P. copri were
higher in the senile osteoporotic group, while C. stationis, A. muciniphila, and A. indistinctus
were decreased. Furthermore, KEGG function analysis revealed that metabolic pathways of
fatty acid biosynthesis, Valine/isoleucine biosynthesis, GABA biosynthesis, and ubiquinone
biosynthesis were enriched in the senile osteoporotic rats.

Author Contributions: L.F. designed the experiments and supervised the project.; N.W. performed
the experiments and acquired the data; S.M. analyzed the data; N.W. wrote the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by National Natural Science Foundation of China (Grant
no. 82172456), Seeds Fund of Engineering Research Center of Digital Medicine of the Ministry of
Education (Grant no. 20210407), Shanghai Clinical Medical Center (Grant no. 2017ZZ01023), and
Shanghai Municipal Key Clinical Specialty (Grant no. shslczdzk06701).

Institutional Review Board Statement: The animal study protocol was approved by the Ethical
committee of experimental animal care in the Shanghai Ninth People’s Hospital (Grant no. SH9H-
2019-A17-1).

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset generated during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: This study was supported by National Natural Science Foundation of China
(Grant no. 82172456), Seeds Fund of Engineering Research Center of Digital Medicine of the Ministry
of Education (Grant no. 20210407), Shanghai Clinical Medical Center (Grant no. 2017ZZ01023), and
Shanghai Municipal Key Clinical Specialty (Grant no. shslczdzk06701).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nagpal, R.; Yadav, H.; Marotta, F. Gut Microbiota: The next-Gen Frontier in Preventive and Therapeutic Medicine? Front. Med.

2014, 1, 15. [CrossRef] [PubMed]
2. Abenavoli, L.; Scarpellini, E.; Colica, C.; Boccuto, L.; Salehi, B.; Sharifi-Rad, J.; Aiello, V.; Romano, B.; De Lorenzo, A.;

Izzo, A.A.; et al. Gut Microbiota and Obesity: A Role for Probiotics. Nutrients 2019, 11, 2690. [CrossRef] [PubMed]
3. Gurung, M.; Li, Z.; You, H.; Rodrigues, R.; Jump, D.B.; Morgun, A.; Shulzhenko, N. Role of Gut Microbiota in Type 2 Diabetes

Pathophysiology. EBioMedicine 2020, 51, 102590. [CrossRef] [PubMed]
4. Morais, L.H.; Schreiber, H.L.; Mazmanian, S.K. The Gut Microbiota-Brain Axis in Behaviour and Brain Disorders. Nat. Rev.

Microbiol. 2021, 19, 241–255. [CrossRef]
5. Schirmer, M.; Garner, A.; Vlamakis, H.; Xavier, R.J. Microbial Genes and Pathways in Inflammatory Bowel Disease. Nat. Rev.

Microbiol. 2019, 17, 497–511. [CrossRef]
6. Liu, F.; Fan, C.; Zhang, L.; Li, Y.; Hou, H.; Ma, Y.; Fan, J.; Tan, Y.; Wu, T.; Jia, S.; et al. Alterations of Gut Microbiome in Tibetan

Patients with Coronary Heart Disease. Front. Cell. Infect. Microbiol. 2020, 10, 373. [CrossRef]

http://doi.org/10.3389/fmed.2014.00015
http://www.ncbi.nlm.nih.gov/pubmed/25767799
http://doi.org/10.3390/nu11112690
http://www.ncbi.nlm.nih.gov/pubmed/31703257
http://doi.org/10.1016/j.ebiom.2019.11.051
http://www.ncbi.nlm.nih.gov/pubmed/31901868
http://doi.org/10.1038/s41579-020-00460-0
http://doi.org/10.1038/s41579-019-0213-6
http://doi.org/10.3389/fcimb.2020.00373


Genes 2022, 13, 619 9 of 10

7. Hernandez, C.J.; Guss, J.D.; Luna, M.; Goldring, S.R. Links between the Microbiome and Bone. J. Bone Miner. Res. 2016, 31,
1638–1646. [CrossRef]

8. Akkawi, I.; Zmerly, H. Osteoporosis: Current Concepts. Joints 2018, 6, 122–127. [CrossRef]
9. Laurent, M.R.; Dedeyne, L.; Dupont, J.; Mellaerts, B.; Dejaeger, M.; Gielen, E. Age-Related Bone Loss and Sarcopenia in Men.

Maturitas 2019, 122, 51–56. [CrossRef]
10. Almeida, M.; Han, L.; Martin-Millan, M.; Plotkin, L.I.; Stewart, S.A.; Roberson, P.K.; Kousteni, S.; O’Brien, C.A.; Bellido, T.; Parfitt,

A.M.; et al. Skeletal Involution by Age-Associated Oxidative Stress and Its Acceleration by Loss of Sex Steroids. J. Biol. Chem.
2007, 282, 27285–27297. [CrossRef]

11. Khosla, S.; Hofbauer, L.C. Osteoporosis Treatment: Recent Developments and Ongoing Challenges. Lancet Diabetes Endocrinol.
2017, 5, 898–907. [CrossRef]

12. Das, M.; Cronin, O.; Keohane, D.M.; Cormac, E.M.; Nugent, H.; Nugent, M.; Molloy, C.; O’Toole, P.W.; Shanahan, F.;
Molloy, M.G.; et al. Gut Microbiota Alterations Associated with Reduced Bone Mineral Density in Older Adults. Rheumatology
2019, 58, 2295–2304. [CrossRef] [PubMed]

13. He, J.; Xu, S.; Zhang, B.; Xiao, C.; Chen, Z.; Si, F.; Fu, J.; Lin, X.; Zheng, G.; Yu, G.; et al. Gut Microbiota and Metabolite Alterations
Associated with Reduced Bone Mineral Density or Bone Metabolic Indexes in Postmenopausal Osteoporosis. Aging 2020, 12,
8583. [CrossRef] [PubMed]

14. Li, C.; Huang, Q.; Yang, R.; Dai, Y.; Zeng, Y.; Tao, L.; Li, X.; Zeng, J.; Wang, Q. Gut Microbiota Composition and Bone Mineral
Loss-Epidemiologic Evidence from Individuals in Wuhan, China. Osteoporos. Int. 2019, 30, 1003–1013. [CrossRef] [PubMed]

15. Wang, J.; Wang, Y.; Gao, W.; Wang, B.; Zhao, H.; Zeng, Y.; Ji, Y.; Hao, D. Diversity Analysis of Gut Microbiota in Osteoporosis and
Osteopenia Patients. PeerJ 2017, 5, e3450. [CrossRef] [PubMed]

16. Xu, Z.; Xie, Z.; Sun, J.; Huang, S.; Chen, Y.; Li, C.; Sun, X.; Xia, B.; Tian, L.; Guo, C.; et al. Gut Microbiome Reveals Specific
Dysbiosis in Primary Osteoporosis. Front. Cell. Infect. Microbiol. 2020, 10, 160. [CrossRef]

17. Ma, S.; Qin, J.; Hao, Y.; Fu, L. Association of Gut Microbiota Composition and Function with an Aged Rat Model of Senile
Osteoporosis Using 16S RRNA and Metagenomic Sequencing Analysis. Aging 2020, 12, 10795. [CrossRef]

18. Wang, N.; Ma, S.; Fu, L. Gut Microbiota Dysbiosis as One Cause of Osteoporosis by Impairing Intestinal Barrier Function. Calcif.
Tissue Int. 2021, 110, 225–235. [CrossRef]

19. Ma, S.; Wang, N.; Zhang, P.; Wu, W.; Fu, L. Fecal Microbiota Transplantation Mitigates Bone Loss by Improving Gut Microbiome
Composition and Gut Barrier Function in Aged Rats. PeerJ 2021, 9, e12293. [CrossRef]

20. Jovel, J.; Patterson, J.; Wang, W.; Hotte, N.; O’Keefe, S.; Mitchel, T.; Perry, T.; Kao, D.; Mason, A.L.; Madsen, K.L.; et al.
Characterization of the Gut Microbiome Using 16S or Shotgun Metagenomics. Front. Microbiol. 2016, 7, 459. [CrossRef]

21. Xu, W.; Chen, T.; Pei, Y.; Guo, H.; Li, Z.; Yang, Y.; Zhang, F.; Yu, J.; Li, X.; Yang, Y.; et al. Characterization of Shallow Whole-
Metagenome Shotgun Sequencing as a High-Accuracy and Low-Cost Method by Complicated Mock Microbiomes. Front.
Microbiol. 2021, 12, 678319. [CrossRef] [PubMed]

22. Ma, S.; Qin, J.; Hao, Y.; Shi, Y.; Fu, L. Structural and Functional Changes of Gut Microbiota in Ovariectomized Rats and Their
Correlations with Altered Bone Mass. Aging 2020, 12, 10736–10753. [CrossRef] [PubMed]

23. Fu, L.; Wu, W.; Sun, X.; Zhang, P. Glucocorticoids Enhanced Osteoclast Autophagy through the PI3K/Akt/MTOR Signaling
Pathway. Calcif. Tissue Int. 2020, 107, 60–71. [CrossRef] [PubMed]

24. Hillmann, B.; Al-Ghalith, G.A.; Shields-Cutler, R.R.; Zhu, Q.; Gohl, D.M.; Beckman, K.B.; Knight, R.; Knights, D. Evaluating the
Information Content of Shallow Shotgun Metagenomics. mSystems 2018, 3, e00069-18. [CrossRef] [PubMed]

25. Wang, N.; Meng, F.; Ma, S.; Fu, L. Species-Level Gut Microbiota Analysis in Ovariectomized Osteoporotic Rats by Shallow
Shotgun Sequencing. Gene 2022, 817, 146205. [CrossRef]
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