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ARTICLE INFO ABSTRACT
Keywords: Background: Osteoporosis (OP) is a systemic metabolic bone disease characterized by decreased bone mass and
Fecal microbiota transplantation destruction of bone microstructure, which tends to result in enhanced bone fragility and related fractures. The
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postmenopausal osteoporosis (PMOP) has a relatively high proportion, and numerous studies reveal that estrogen-
deficiency is related to the imbalance of gut microbiota (GM), impaired intestinal mucosal barrier function and
enhanced inflammatory reactivity. However, the underlying mechanisms remain unclear and the existing in-
terventions are also scarce.

Methods: In this study, we established a mouse model induced by ovariectomy (OVX) and conducted fecal
microbiota transplantation (FMT) by gavage every day for 8 weeks. Subsequently, the bone mass and micro-
architecture of mice were evaluated by the micro computed tomography (Micro-CT). The intestinal permeability,
pro-osteoclastogenic cytokines expression, osteogenic and osteoclastic activities were detected by the immuno-
histological analysis, histological examination, enzyme-linked immunosorbent assay (ELISA) and western blot
analysis accordingly. Additionally, the composition and abundance of GM were assessed by 16S rRNA sequencing
and the fecal short chain fatty acids (SCFAs) level was measured by metabolomics.

Results: Our results demonstrated that FMT inhibited the excessive osteoclastogenesis and prevented the OVX-
induced bone loss. Specifically, compared with the OVX group, FMT enhanced the expressions of tight junction
proteins (zonula occludens protein 1 (ZO-1) and Occludin) and suppressed the release of pro-osteoclastogenic
cytokines (tumor necrosis factor-o (TNF-a) and interleukin-1f (IL-1p)). Furthermore, FMT also optimized the
composition and abundance of GM, and increased the fecal SCFAs level (mainly acetic acid and propionic acid).
Conclusions: Collectively, based on GM-bone axis, FMT prevented the OVX-induced bone loss by correcting the
imbalance of GM, improving the SCFAs level, optimizing the intestinal permeability and suppressing the release of
pro-osteoclastogenic cytokines, which may be an alternative option to serve as a promising candidate for the
prevention and treatment of PMOP in the future.

Abbreviations: OP, osteoporosis; PMOP, postmenopausal osteoporosis; RANKL, receptor activator for nuclear factor-kB ligand; IL-1p, interleukin-1p; TNF-a, tumor
necrosis factor-a; GM, gut microbiota; FMT, fecal microbiota transplantation; OVX, ovariectomy; BMD, bone mineral density; TRAP, tartrate-resistant acid phos-
phatase; OPN, osteopontin; OPG, osteoprotegerin; RUNX2, recombinant runt related transcription factor 2; ZO-1, zonula occludens protein 1; SCFAs, short chain fatty
acids; TRACP5B, tartrate-resistant acid phosphatase 5B; PCoA, principal coordinates analysis; OTU, operational taxonomic unit; NMDS, non-metric multi-dimensional
scaling; QIIME, quantitative insights into microbial ecology; KEGG, kyoto encyclopedia of genes and genomes; OPLS-DA, orthogonal partial least squares discriminant
analysis.
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The translational potential of this article: This study indicates the ingenious involvement of GM-bone axis in PMOP
and the role of FMT in reshaping the status of GM and ameliorating the bone loss in OVX-induced mice. FMT
might serve as a promising candidate for the prevention and treatment of PMOP in the future.

1. Introduction

Osteoporosis (OP) is a kind of systemic bone disease characterized by
decreasing bone mass and destruction of bone microstructure, which
easily leads to the enhanced bone fragility and associated fractures [1,2].
Therein, the postmenopausal osteoporosis (PMOP) accounts for more
than 80%, and usually accompanied by a high incidence of brittle frac-
tures, as well as the high rates of disability and mortality, which severely
threatens the health of the middle-aged and elderly women and brings an
incrementally heavy burden to the social medical service systems [3].
Currently, the prevention and treatment of PMOP mainly depends on the
lifestyle adjustments and various types of drug interventions [4,5]. On
the basis of this, with the continuous advancement of aging process
around the world, it is still necessary to explore and verify more effective
prevention and treatment strategies for PMOP.

Up to now, the initiation factor of PMOP is considered to be the lack
of estrogen caused by postmenopausal ovarian failure, and the excessive
formation and absorption of osteoclasts are regarded as the vital patho-
logical changes [6,7]. With regard to this, previous research evidence
indicates that receptor activator for nuclear factor-«B ligand (RANKL) is
an essential factor involved in the regulation of osteoclasts, and the main
driving factors of increased osteoclastogenesis are the enhanced pro-
duction of RANKL and pro-osteoclastogenic cytokines, which includes
interleukin-1p (IL-1p), IL-6, tumor necrosis factor-a (TNF-a) [8,9]. On
this basis, RANKL/RANK/OPG pathway plays a critical role in the
regulation of bone resorption and bone formation [3,10-13]. Moreover,
recent emerging evidence have also revealed that the estrogen-deficiency
is able to induce the imbalance of gut microbiota (GM), impaired intes-
tinal mucosal barrier function, and enhanced inflammatory system
reactivity [14-16]. During this process, the metabolites of intestinal
pathogenic bacteria can enter the body through the damaged intestinal
mucosal barrier, further trigger the immune response mediated by
CD4+T cells and generate the pro-osteoclastogenic cytokines, and ulti-
mately promote the activation of osteoclasts, which further highlights the
existence and significance of GM-bone axis [17]. Moreover, in our pre-
vious critical reviews, based on the concept of “brain-gut-bone” axis, we
have also summarized the modulatory effects and implication of GM to
OP [18], as well as the regulative effects and repercussion of probiotics
and prebiotics on OP [19]. Hence, in view of the close relationship be-
tween GM and bone metabolism, it is acknowledged that GM may can be
regarded as a potential target for the prevention and treatment of OP to a
certain extent.

To date, the treatment strategies of intervening GM mainly include
antibiotic use, diet adjustments, probiotic supplementation and fecal
microbiota transplantation (FMT) [20,21]. Therein, FMT, as an emerging
kind of “organ transplantation”, has gradually attracted more and more
attention from the scholars. Briefly, FMT treatment is a novel method to
transplant the flora in donor feces to recipient by the means of gavage or
oral administration, which is committed to altering the composition and
abundance of the GM in recipient's intestine [22]. In this process, FMT
treatment remodels the intestinal microecology and also improves the
inflammatory, immune and metabolic status of the recipient, providing
an emerging therapeutic concept and approach for several intestinal and
non-intestinal diseases [23,24]. Up to now, FMT treatment has been
verified to be effective in various intestinal diseases, such as ulcerative
colitis, Crohn's disease and colon cancer. Meanwhile, it also been widely
explored and applied in several metabolic and immune diseases, such as
obesity, diabetes mellitus, arthritis, and so on [25-31]. However, to the
best of our knowledge, there is still no evidence of FMT treatment on the
PMOP currently, and none is known about its feasibility and
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effectiveness. Hence, we conducted this current study and hypothesized
that FMT treatment from healthy mice into the mice with ovariectomy
(OVX)-induced OP may remodel the GM and ameliorate the bone loss to a
certain extent.

2. Materials and methods
2.1. Preparation of animals and PMOP models establishment

Overall animal experimental designs and schemes were approved by
Institutional Animal Care and Use Committee (IACUC) in the School of
Medicine, Southeast University (No. 20210510012). Eight-week-old fe-
male C57BL/6 mice were purchased from Payi Organism Co., Lrd.
(Nanjing, Jiangsu, China), housed under the specific pathogen-free (SPF)
conditions, and maintained under standard laboratory conditions (tem-
perature, 25 + 2 °C; humidity, 50 + 5%), with a 12h:12h light/dark
cycle. The food and water were available ad libitum. The detailed
operation procedures of OVX were conducted as described in previous
report [32]. In brief, after being anesthetized with 1% sodium pento-
barbital solution (40 mg/kg), the mice were placed in the prone position
and a single longitudinal incision at midline dorsal skin (approximately 1
cm) was made. Subsequently, the muscle fibers were separated by the tip
of tissue scissors, and bilateral ovaries were further located, identified
and removed in turns. Subsequently, the cotton swabs were used to stop
bleeding, and the incision was further closed layer by layer with
absorbable sutures.

2.2. Animals experimental design

The schematic representation of the experiments was exhibited in
Fig. 1. As shown in Fig. 1A, after 1-week environment acclimatization,
the mice were randomly assigned to four groups, including Sham group,
OVX group, OVX + normal saline (NS) group, and OVX + FMT group,
with a total of 20 mice (5 mice in each group). Simple size was deter-
mined based on “4R” principles advocated by animal protection and
animal welfare organizations and prompted by previous reports [15,33].
For Sham group, except reserving ovaries, the mice underwent the same
procedures as above. The mice in OVX group underwent the ovariectomy
and were treated as the vehicle. On the basis of OVX, the mice in the OVX
+ NS group and OVX + FMT group received the gavage of NS and donor
FMT materials once a day for the consecutive 8 weeks, starting at the 1
week after OVX/Sham operation and until 1 day before sacrifice. The
body weight of mice in each group was also monitored every two weeks.
After finishing the last gavage at 1 day before sacrifice, the mice were
deprived of food for 12h, and fecal samples were then collected and
stored at —80 °C. At the end of whole experiments, the mice were
weighed and sacrificed, and the femurs, serum and colonic tissues (1 cm
next to the cecocolic junction) of mice [34] in all groups were collected
for further corresponding analysis (Fig. 1B).

2.3. Preparation of donor fecal transplant materials and FMT treatment

The overall preparation of donor fecal transplant materials was
referred to previous experimental researches with the similar assay [21].
In brief, 20 healthy C57BL/6 mice raised in the same environment, with
same weeks old and sex, were considered as the fecal donors. In the
experimental cycle, at 9:00 a.m. every day, the anal stimulation method
was used to induce the healthy mice to excrete fresh feces (20-30 pel-
lets), and the NS was further added, mixed and dissolved evenly (1 pel-
let/1 ml NS, vortexed for about 0.5 min until there was no visible fecal
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Figure 1. The schematic representation of experiments, effects of the FMT treatment on the body weight and serum E2 concentrations in mice with OVX-induced OP.
(A-B) The schematic representation of the overall experiments (C) The body weight of mice in all groups, and the different letters represented significant differences
compared with OVX + FMT group; (D) Weight gain of mice in all groups (E) Serum concentration of E2. Data were expressed as mean =+ SD (n = 5). One-way ANOVA
procedure followed by the Tukey test and Pearson's correlation were used to assess statistical significance. Different letters represented significant differences between
different groups, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the corresponding group.

particles in solution). Next, the obtained samples were then centrifuged
at 2000 rpm and 4 °C for 10 min, the fecal residue was discarded, and the
supernatant was taken. The supernatant was then centrifuged again at
8000 rpm and 4 °C for 5 min to obtain the total bacteria, then mixed with
NS and prepared for further implementation of FMT treatment [35].
Moreover, for the mice in OVX + FMT group, 200 pl of bacterial sus-
pension (108 CFU/ml) [21] was transplanted to the recipient mice by
gavage once a day for consecutive 8 weeks. For the mice in OVX + NS
group, the recipient mice received 200 pl of NS by gavage once a day for
consecutive 8 weeks.

2.4. Micro-computed tomography (CT) scanning

The micro-CT scanning device (SkyScan 1176, Bruker, Karlsruhe,
Germany), with the parameters (voltage: 70 kV, current: 200 pA, reso-
lution: 9 pm), was used to assess the femoral structure of mice. During the
process of scanning, a 0.5 mm thick aluminum filter was applied to
reduce the beam hardening. Images were then reconstructed using
NRecon software (Bruker, Karlsruhe, Germany) and conducted three-
dimensional (3D) model visualization in CTVol software (Bruker, Karls-
ruhe, Germany). Furthermore, the quantitative morphometric analysis
was conducted on the region of interest (ROI) of 50 cross-sectional planes
(0.5 mm) below the femoral growth plate, so as to further analyze 200
cross-sectional planes with height (2 mm) for trabecular bone. Then, the
structural parameters of the region of femur were further analyzed using
program CTAn (Bruker, Karlsruhe, Germany), which included bone
mineral density (BMD, g/cc), bone surface area/total volume (BS/TV, 1/
mm), bone volume/total volume (BV/TV, %), trabecular number (Tb.N,
1/mm), trabecular space (Tb.Sp, mm), and trabecular thickness (Tb.Th,
mm).
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2.5. Histological and histomorphometric analysis

After the detection of micro-CT scanning, femurs and colonic tissues
of mice in all groups were fixed in the 4% paraformaldehyde (Servicebio,
Wuhan, Hubei, China) for 24 h, and then the 12.5% ethylene diamine
tetraacetic acid (EDTA, Servicebio, Wuhan, Hubei, China) was applied
for femoral decalcification for another 3-4 weeks. Moreover, the tissues
were embedded in the paraffin, and the histological sections with 5 pm
thick were made. Then, the sections of femurs and colonic tissues un-
derwent the hematoxylin and eosin (H&E) staining, and the tartrate-
resistant acid phosphatase (TRAP) staining was further applied to
assess the osteoclastogenesis of femurs. Furthermore, the number of os-
teoclasts were quantified using the Image J software (National Institutes
of Health, Bethesda, MD, USA).

2.6. Immunohistological analysis

In terms of immunohistological analysis, the femoral and intestinal
sections were initially equilibrated in the 0.1 M Tris-buffered saline for
10 min. Then, after blocking with 10% normal goat serum in phosphate
buffer saline (PBS) for an hour, the femoral sections were incubated
overnight at 4 °C with primary antibodies against osteopontin (OPN)
(dilution 1:50, Proteintech, 22952-1-AP, USA), osteoprotegerin (OPG)
(dilution 1:200, Abcam, ab183910, USA), RANKL (dilution 1:200, Pro-
teintech, 23408-1-AP, USA), TNF-a (dilution 1:200, Proteintech, 60291-
1-Ig, USA), recombinant runt related transcription factor 2 (RUNX2)
(dilution 1:200, Beyotime, AF2593, China). The intestinal sections were
also incubated overnight at 4 °C with primary antibodies against
Occludin (dilution 1:200, Proteintech, 27260-1-AP, USA), zonula occlu-
dens protein 1 (ZO-1) (dilution 1:200, Abcam, ab190085, USA), IL-1p
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(dilution 1:50, Proteintech, 16806-1-AP, USA), and TNF-a (dilution
1:200, Proteintech, 60291-1-Ig, USA). After washing carefully in PBS for
15 min, the femoral and intestinal sections were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies (dilution
1:500, Servicebio, GB23303, China) for an hour at room temperature.
3,3'-diaminobenzidine (DAB) was used to visualize the OPN, OPG,
RANKL, TNF-o, RUNX2, Occludin, ZO-1 and IL-1f. The positive signals
were enumerated by the Image J software (National Institutes of Health,
Bethesda, MD, USA) in six random and high-power fields (HPF) for the
quantitative assessment.

2.7. Engyme-linked immunosorbent assay (ELISA)

According to manufacturer's directions, serum 17p-Estradiol (E2)
concentrations, the inflammation levels of IL-1 and TNF-a, and the
levels of bone turnover markers, including OPG, RANKL and tartrate-
resistant acid phosphatase 5B (TRACP5B) were measured using com-
mercial ELISA kits (eBioscience, Shanghai, China).

2.8. Western blot analysis

In all groups of mice, the sections of colonic tissues were collected,
and the total protein was further prepared in the lysis buffer (Beyotime,
Shanghai, China) by lysing the tissue homogenates for an hour, and then
centrifuged at 12,000 rpm and 4 °C for 10 min. Next, the protein assay kit
(Beyotime, Shanghai, China) was applied to detect the protein content of
supernatant, and the supernatant was collected and mixed with 5 x
loading buffer. The crude proteins were heated for 10 min at 100 °C for
denaturation. Then, the equal amounts of protein were separated using
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto the polyvinylidene difluoride (PVDF)
membranes. Subsequently, after blocking with 5% non-fat skim milk in
tris-buffered saline with 0.05% Tween-20 (TBST) for an hour, the
membranes were incubated with primary antibodies against Occludin
(dilution 1:1000, Proteintech, 27260-1-AP, USA), ZO-1 (dilution 1:500,
Abcam, ab190085, USA), IL-1p (dilution 1:1000, Proteintech, 16806-1-
AP, USA), and TNF-a (dilution 1:1000, Proteintech, 60291-1-Ig, USA)
at 4 °C overnight. p-Actin (1:5000, Bioworld Technology, AP0060, USA)
was applied as the internal control. Ultimately, after the membranes were
washed for 10 min each of three times with TBST, membranes were then
incubated with proper HRP-conjugated secondary antibodies (dilution
1:5000, Servicebio, GB23303, China) for 2 h at the room temperature.
The blotted protein bands were visualized by enhanced chem-
iluminescence (ECL) detection kit (MilliporeSigma, Burlington, MA,
USA), and the relative band intensities were then analyzed by Image J
software (National Institutes of Health, Bethesda, MD, USA).

2.9. Fecal 16S rRNA sequencing and bioinformatics analysis

Fecal samples were freshly collected and stored at —80 °C before use.
The HiPure Stool DNA Kits (Magen, Guangzhou, Guangdong, China)
were used to extract the total DNA based on the manufacturer's in-
structions. The specific primers with barcode were used to amplify the
samples DNA to enrich the bacterial 16S V3-V4 rRNA regions (V3: 341F,
CCTACGGGNGGCWGCAG and V4: 806R, GGACTACHVGGGTATC-
TAAT). The polymerase chain reaction (PCR) amplification products
were then recovered and quantified using QuantiFluorTM Quabit 3.0
(Thermo Fischer Scientific, Waltham, MA, USA) and ABI StepOnePlus
Real-time PCR System (Life Technologies, Carlsbad, CA, USA). Subse-
quently, the purified amplified products were mixed in equal amounts
and connected to the sequencing adapters to construct sequencing li-
brary. The established library was then sequenced on the HiSeq2500
system using the paired-end 250 (PE250) platform (Illumina, San Diego,
CA, USA).
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Furthermore, reads were filtered by the quantitative insights into
microbial ecology (QIIME) quality filters [36]. Representative sequences
were picked for each operational taxonomic unit (OTU), and the taxo-
nomic information for each representative sequence was then annotated
via the ribosomal database project (RDP) Classifier (version 2.2) [37]. In
terms of the taxonomic classification, the tag reads were grouped into the
OTUs at a sequence similarity level of 97% using Uparse software
(version 9.2.64). Moreover, the taxonomic ranks, in descending order of
size, were the domain, phylum, class, order, family, genus and species,
and the differences between four groups of the samples were further
identified. On this basis, the rarefaction analysis, a-diversity (including
the ACE index, Chaol index, Shannon index and Simpson index) and the
rank abundance curve were calculated by QIIME software FLASH
(version 1.2.11), Euclidean distance matrix and models (version 2.16.2)
and Mothur (version 1.39.1). The f-diversity, including the principal
coordinates analysis (PCoA) and the non-metric multi-dimensional
scaling (NMDS) were conducted in accordance with the abundance of
OTUs by the R packages GUniFrac (version 1.0) and Muscle (version
3.8.31). The linear discriminant analysis effect size (LEfSe, version 1.0)
was conducted to identify the significant differences between four groups
[38]. Ultimately, the PICRUSt software was also used to conduct the
targeted community function prediction analysis, combining kyoto
encyclopedia of genes and genomes (KEGG) pathways information of
genes to predict the pathway status of the overall community.

2.10. Fecal short chain fatty acids (SCFAs) detection

The SCFAs in the feces of all groups were detected in accordance with
the methods previously described by Chen et al. [39]. Briefly, the
appropriate amount of feces was extracted and mixed with 5 times vol-
ume of water by vortexing and centrifuging, and the supernatant was
mixed with one-tenth of the volume of formic acid. Then, the mixed
solution was filtrated through a 0.45 pm microporous membrane, and the
filtrate was injected into a gas chromatograph (Agilent 7820A, Palo Alto,
CA, USA). The SCFAs were then separated using a fused silica capillary
column (Agilent, Palo Alto, CA, USA), with the injection temperature at
240 °C and the ion source temperature at 200 °C. The helium was used as
the carrier gas with a constant blow rate of 1 ml/min, and an injection
volume of 1 pl without shunting. Furthermore, the column temperature
program started at 50 °C and increased to 120 °C at a rate of 15 °C/min,
then increased to 170 °C at a rate of 5 °C/min, then increased to 210 °C at
a rate of 15 °C/min, and ultimately held at 210 °C for 3 min. The peak
areas of target compounds were quantified, and the standard curves of
the acetic acid, propionic acid, iso-butyric acid, butyric acid, iso-valeric
acid, valeric acid and caproic acid were analyzed and obtained.

2.11. Statistical analysis

The overall quantified data in this current study were analyzed by
GraphPad Prism 8 software (GraphPad, San Diego, CA, USA) and pre-
sented as the form of mean + standard deviation (SD). Moreover, the
statistical differences were analyzed by the one-way ANOVA followed by
Tukey test, and the Pearson's correlation was used to make the compar-
isons between groups. P value < 0.05 was regarded as statistically sig-
nificant. Each experiment consisted of at least three replicates.

3. Results

3.1. Effects of FMT treatment on the body weight and serum E2
concentrations in mice with OVX-induced OP

As exhibited in Fig. 1C-E, the mice in OVX group and OVX + NS
group gained more weight than the mice in Sham group, and the serum
E2 concentrations of mice in OVX group, OVX + NS group and OVX +
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FMT group were significantly lower than that in Sham group. After the
FMT treatment, the body weight of mice in OVX + FMT group signifi-
cantly reduced (compared with the mice in OVX group and OVX + NS
group), and there was no significant difference in weight gain between
the mice in OVX + FMT group and Sham group.

3.2. FMT treatment prevented the bone loss in mice with OVX-induced OP

In order to investigate the effects of FMT treatment on bone loss in the
mice with OVX-induced OP, the bacterial suspension was transplanted to
the recipient mice by gavage. The effects of FMT treatment on the
structure of distal femur trabecular bone were analyzed by Micro-CT
(Fig. 2A) and the femoral HE staining indicated a reduced trabecular
bone area of the mice in OVX group and OVX + NS group, and retention
in the distal femur of mice in OVX + FMT group (Fig. 2B). Moreover, FMT
treatment significantly increased the distal femoral BMD, BS/TV, BV/TV,
Tb.N and Tb.Th, and decreased the Tb.Sp relative to OVX group
(Fig. 2C-H).

As for the immunohistological analysis, the results suggested that the
expressions of OPN, RUNX2 and OPG decreased after OVX, and FMT
treatment enhanced the expressions of OPN, RUNX2 and OPG relative to
that in OVX group and OVX + NS group (Fig. 3A-F). Meanwhile, the
results demonstrated that the expression of RANKL enhanced after OVX,
and FMT treatment decreased the expression of RANKL relative to that in
OVX group and OVX + NS group (Fig. 4A, D). TRAP staining also showed
the apparent enhancement in the total number of TRAP" osteoclasts
along the trabecular bone in mice with OVX-induced OP, whereas FMT
treatment decreased the number of TRAP™ osteoclasts per bone surface
area (Fig. 4B, E). In addition, the expression of TNF-a was also measured
in the femoral tissue, and the results revealed the enhanced expression of
TNF-a in mice with OVX-induced OP, whereas the FMT treatment
decreased the expression of TNF-a in the femoral tissue (Fig. 4C, F).
Furthermore, the serum bone turnover markers were also measured, and
the results indicated that the mice in OVX + FMT group exhibited a
declined trend in the levels of RANKL and TRACP5B (Fig. 4G-H), and an
increased tendency in the level of OPG (Fig. 3G). Collectively, these data
revealed that FMT treatment was able to prevent the bone loss in the mice
with OVX-induced OP, and FMT treatment might be involved in the bone
regulation by inhibiting the levels of pro-osteoclastogenic cytokines, so
as to further decrease bone resorption and increase bone formation.

3.3. FMT treatment maintained the integrity of intestinal barrier in mice
with OVX-induced OP

Next, in order to explore the effects of FMT on the integrity of in-
testinal barrier in mice with OVX-induced OP, we conducted the further
exploration. On one hand, as shown in Fig. 5A, the colon HE staining
suggested that the intestinal cavity of the mice with OVX-induced OP was
relatively sparse and the intestinal gap was significantly enlarged. After
FMT treatment, the mice in OVX + FMT group and Sham group exhibited
similar but not equivalent result in terms of the integrity of intestinal
barrier. On the other hand, as demonstrated by the results of immuno-
histological analysis and western blot analysis (Fig. 5B-H), the expres-
sions of Occludin and ZO-1 were relatively low in OVX group, which may
result in high intestinal permeability. However, after FMT treatment, the
mice in OVX + FMT group exhibited higher expressions of tight junction
proteins (Occludin and ZO-1). In general, these results suggested that
OVX-induced OP can jeopardize the integrity of intestinal barrier and
increase the intestinal permeability, while FMT treatment was able to
restore the integrity of intestinal barrier and decrease the intestinal
permeability.

3.4. FMT treatment inhibited the OVX-induced inflammation

Furthermore, in order to further investigate the effects of FMT on
inflammation, we assessed the changes in intestinal and humoral pro-
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osteoclastogenic cytokines. As demonstrated by the results of immuno-
histological analysis and western blot analysis (Fig. 6A-G), the expres-
sions of IL-1p and TNF-« increased after the OVX-induced OP, which was
suppressed by FMT treatment. After FMT treatment, the mice in OVX +
FMT group and Sham group exhibited similar but not equivalent result in
terms of the intestinal inflammation. Consistently, compared with Sham
group, the results revealed that OVX augmented the serum concentra-
tions of TNF-a and IL-18, and FMT treatment was able to defy this
augment of pro-osteoclastogenic cytokines (Fig. 6H-I).

3.5. FMT treatment modulated the imbalance of GM in mice with OVX-
induced OP

Subsequently, in order to examine whether FMT had modulated GM,
we conducted 16S V3-V4 rRNA regions sequencing to analyze the bac-
terial taxonomic composition following the FMT treatment in the mice
with OVX-induced OP. As for the a-diversity, significant differences were
existed in the ACE and Chaol indexes between the Sham group and OVX
group (Fig. 7A-B), which suggested that OVX-induced OP may have a
marked influence on the richness of microbiota. After the FMT treatment,
the mice in OVX + FMT group and Sham group exhibited similar but not
equivalent result in terms of the richness of microbiota. Moreover, the
rank abundance curve revealed the consistent results (Fig. S1A). How-
ever, no significant difference was observed in terms of the Shannon and
Simpson indexes (Fig. 7C-D). Furthermore, in order to detect the degree
of similarity between the different microbial communities, the p-di-
versity was analyzed by the means of PCoA and NMDS. As exhibited in
Fig. 7E-F, PCoA and NMDS showed a distinct clustering of the microbiota
composition for each group and revealed that the microbial communities
of mice in OVX group were significantly different from that in Sham
group and OVX + FMT group, which suggested that FMT treatment
improved the OVX-induced OP possibly by modulating the imbalance of
GM.

Next, in order to evaluate the specific changes of GM, the relative
abundance (top 10) of predominant taxa was further analyzed in this study
(Figs. S1B-D). At the phylum level, Cyanobacteria, Actinobacteria, Proteo-
bacteria, Firmicutes and Bacteroidetes exhibited significant differences among
different four groups (Fig. S1B). At the class level, the content of Bacteroidia
was decreased and the content of Melainabacteria was increased in OVX
group, while FMT treatment regained this imbalance (Fig. S1C). At the
order level, the microbiota of four groups was mainly dominated by Bac-
teroidales, Clostridiales, Erysipelotrichales, Lactobacillales and Gastranaer-
ophilales (Fig. S1D). Furthermore, in order to identify the bacterial
taxonomic markers relevant to OVX-induced OP, the LEfSe analysis was
further conducted and presented in Fig. 7G. The cladogram was further
generated and the significant differences in bacterial taxonomic composi-
tion were occurred in the different four group (Fig. 7H.). In OVX + FMT
group, s unclutured bacterium f Prevotellaceae, g unclutured bacter-
ium f Prevotellaceae, s unclutured bacterium f Lachnospiraceae, f Lachnospir-
aceae, f Ruminococcaceae, g unclutured bacterium f Lachnospiraceae were
identified. Collectively, these data indicated that FMT treatment could
modulate the GM in mice with OVX-induced OP. Furthermore, the species
phylogenetic tree and species correlation network were also exhibited in
Figs. SIE-F.

3.6. The prediction of potential metabolic functions of GM

Moreover, in accordance with the changes of GM among these groups,
we further used PICRUSt to predict the potential metabolic functions of
GM, and also inferred the functional contents of metagenome. As shown
in Fig. S2A, the functional contribution of bacteria was predicted through
the compositions and difference analysis of KEGG metabolic pathways,
and the comparisons between OVX + FMT group and other groups was
also exhibited in Figs. S2B-D. Specifically, most of the results were
enriched in terms of metabolism, including global and overview maps,
carbohydrate metabolism, energy metabolism, amino acid metabolism,
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Figure 2. FMT treatment prevented the bone loss in mice with OVX-induced OP. (A) The Micro-CT images of the structures of distal femur trabecular bone (B) HE
staining of the trabecular bone area. Scale bars represented 200 pm and 100 pm; (C) BMD (D) BS/TV, (E) BV/TV (F) Tb.N, (G) Tb.Sp and (H) Tb.Th on the distal femur
trabecular bone were analyzed by the Micro-CT. Data were expressed as mean + SD (n = 5). One-way ANOVA procedure followed by the Tukey test and Pearson's
correlation were used to assess statistical significance. The different letters represented significant differences between the different groups, *P < 0.05, **P < 0.01, and
**%P < 0.001 compared with the corresponding group.

51



Y.-W. Zhang et al.

A
=z
o
o
B
~
x
=z
2
x
A
ey e
C o
V]
&
o
D
~ o
o ns % 8+ ns
£ 104 i e s
2 2 6
:
N 4
3 ['4
2 s 27
0- 0
& &
& ot & S Ry
) gF ¢ ) &F ¢
S & s o

Journal of Orthopaedic Translation 37 (2022) 46-60

OVX+NS

OVX+FMT

2 5

0

p:aﬁ%v"(. 5

g * .
3
s
£
S
5
H
g
€
:
5
3
& & & &
& " +"‘§9 ol & & & +"®
o &F S &

Figure 3. FMT treatment promoted osteogenesis. (A) OPN (B) RUNX2, and (C) OPG stained the sections of distal femur. Scale bars represented 50 pm; (D) No. OPN*
cells (E) No. RUNX2" cells; (F) No. OPG™ cells (G) The serum concentration of OPG. Data were expressed as the mean + SD (n = 5). One-way ANOVA procedure
followed by the Tukey test and Pearson's correlation were used to assess statistical significance. The different letters represented significant differences between
different groups, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with corresponding group.

nucleotide metabolism, endocrine system, metabolism of cofactors and
vitamins, lipid metabolism, and so on. Notably, the terms of the repli-
cation and repair, infectious diseases: bacterial, membrane transport, cell
motility, drug resistance: antimicrobial, cellular community-prokaryotes,
and signal transduction in OVX + FMT group were significantly different
with those of OVX group and OVX + NS group.

3.7. FMT treatment restored the fecal SCFAs in mice with OVX-induced OP

Based on the above findings, it was acknowledged that FMT treatment
could modulate the GM in mice with OVX-induced OP and the potential
metabolic functions were synchronously predicted. Moreover, as one of
the most significant metabolites of GM, the SCFAs were the effective
regulators of osteoclast metabolism and bone homeostasis, and also
played a critical role in the prevention and treatment of systemic meta-
bolic diseases. Thus, we detected the contents of fecal SCFAs to further
explore the potential mechanisms of FMT treatment against PMOP.
Specifically, the QC overlapping chromatogram was shown in Fig. 8A to
evaluate the stability of evaluation method. As exhibited in Fig. 8B, the
acetic acid, propionic acid and butyric acid were the main fermentation
products in the feces of mice in all groups, and the contents of acetic acid,
propionic acid and total acids of the mice in OVX + FMT group were
significantly higher than those of mice in OVX group. However, no sig-
nificant difference was observed in terms of butyric acid. Taken together,
the total acids, especially the acetic acid and propionic acid in the feces of
mice with OVX-induced OP decreased significantly, while enhanced
significantly after the FMT treatment.
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Furthermore, Fig. 8C-E exhibited the orthogonal partial least squares
discriminant analysis (OPLS-DA) between the OVX + FMT group and
other groups, and it was also intuitively observed that the fecal samples
of mice in OVX + FMT group were more clustered and less discrete than
those in OVX group and OVX + NS group (Fig. 8D-E). Notably, we also
observed that the mice in OVX + FMT group and Sham group exhibited
similar but not equivalent result (Fig. 8C). Moreover, Fig. 8F-H showed
the correlation analysis of differential metabolites between OVX + FMT
group and other groups, which revealed that there were significant dif-
ferences in the consistency of the variation trends of metabolites in the
feces of mice between OVX + FMT group and other groups. On the basis
of obtaining differential metabolites, we further used receiver operating
characteristic (ROC) curve to assess and screen potential biomarkers
between the OVX + FMT group and other groups, and the relevant results
were presented in Fig. S3.

4. Discussion

With the prolongation of the life-span of global population and
growing number of elderly individuals, the burden caused by OP and
osteoporotic fractures is increasingly heavy-laden [40]. As an indis-
pensable part of OP, the bone health and PMOP of middle-aged and
elderly women is of particular concern [41]. Currently, accumulating
evidence suggests that GM dysbiosis is involved in the pathogenesis and
clinical manifestations of PMOP [19,42]. In this current study, our data
suggested that FMT treatment could reshape the status of GM and
ameliorate the bone loss in mice with OVX-induced OP. The relevant
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Figure 4. FMT treatment suppressed osteoclastogenesis. (A) RANKL (B) TRAP, and (C) TNF-«a stained the sections of distal femur. Scale bars represented 50 pm; (D)
No. RANKL" cells (E) No. TRAP™ cells; (F) No. TNF-a* cells (G) Serum concentration of RANKL; (H) The serum concentration of TRACPSB. Data were expressed as
mean + SD (n = 5). One-way ANOVA procedure followed by the Tukey test and Pearson's correlation were used to assess statistical significance. The different letters
represented significant differences between different groups, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the corresponding group.

mechanism was to inhibit excessive osteoclastogenesis by correcting the
imbalance of GM, improving the fecal SCFAs level, optimizing the in-
testinal permeability, and suppressing the release of pro-osteoclastogenic
cytokines. During this process, the blood circulation also provided a
bridge between pro-osteoclastogenic cytokines, GM, SCFAs and bone.
Meanwhile, the overall experimental flow chart and mechanism patterns
were presented in Fig. 9. Hence, on this basis, FMT treatment may be an
alternative option to serve as a promising candidate for the prevention
and treatment of PMOP in the future.

As a newly emerging treatment approach in recent years, FMT mainly
refers to the transplantation of bacteria from healthy donors to GM
dysregulated recipients, with the purpose of restoring intestinal
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microbial homeostasis and improving GM dysbiosis [22]. Currently, FMT
is gradually applied to the treatment of numerous diseases, while there is
still no relevant report on the treatment of PMOP, and there are also no
standardized treatment strategies for FMT [23]. Nevertheless, the effects
of FMT on mineral metabolism have been gradually proceed and
observed in an orderly way. With regard to this, Sjogren et al. [17]
suggested that compared with the normal mice, the bone mass of
germ-free (GF) mice increased and the CD4+T cells in bone marrow and
the level of TNF-a decreased, while the bone mass, CD4-+T cells and level
of TNF-a of GF mice returned to normal after the transplantation of
bacteria from normal mice. Schepper et al. [43] transplanted the bacteria
of glucocorticoid-induced osteoporosis (GIO) mice to the mice treated
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Figure 5. FMT treatment maintained the integrity of intestinal barrier in the mice with OVX-induced OP. (A) HE staining of colonic tissues. Scale bars represented
100 pm and 50 pm (B) Occludin and (D) ZO-1 stained the sections of colonic tissue. Scale bars represented 50 pm and 20 pm; (C) No. Occludin™ cells (E) No. ZO-1*
cells; (F-H) The representative western blots and the quantifications of Occludin and ZO-1. Data were expressed as mean + SD (n = 5). One-way ANOVA procedure
followed by the Tukey test and Pearson's correlation were used to assess statistical significance. The different letters represented significant differences between the
different groups, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the corresponding group.

with antibiotics for one week, and observed that the bone mass of
recipient mice decreased, indicating that the effects of glucocorticoid on
bone mass were able to be transferred by FMT. Ma et al. [44] also
revealed that the GM transplanted from young rats could alleviate the
bone loss in aged rats with senile osteoporosis by improving the
composition of GM and function of intestinal mucosal barrier. Wang et al.
[45] also revealed that GM dysbiosis by transferring the feces from senile
osteoporotic rats to young rats can induce OP, and the changed GM and
impaired intestinal mucosal barrier contributed to the pathogenesis of
OP. Collectively, these relevant studies have jointly exhibited the po-
tential bone protective effects of FMT, which demonstrates its application
value in protecting bone mass and regulating bone metabolism. Herein,
we applied the FMT treatment to OVX mice that mimicked post-
menopausal estrogen-deficiency, and indicated that FMT treatment
might intervene the bone loss via the GM-bone axis.

In addition, on one hand, it was demonstrated that estrogen-
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deficiency was related to the intestinal mucosal barrier disruption and
was able to undermine various kinds of bone properties through the
modulation of GM-bone axis [46,47]. On the other hand, PMOP is inti-
mately relevant to the systemic chronic inflammation and accompanied
with the augment of various kinds of pro-osteoclastogenic cytokines
(including TNF-q, IL-1B, IL-6 and so on), which acts as the stimulators of
osteoclastogenesis and plays a crucial role in the process of osteoclast
overgeneration [48,49]. With regard to this, the function of intestinal
mucosal barrier is critical for maintaining systemic inflammatory re-
sponses. After the intestinal mucosal barrier is damaged, the “inflamed
and leaky gut” may cause the bacterial translocation and toxin invasion,
which further results in the intestinal inflammatory response [50].
Meanwhile, the tight barriers are mainly formed by tight junction pro-
teins between epithelial cells (involving Claudin family of proteins, ZO-1
and Occludin) to selectively restrict the diffusion of luminal toxins and
antigens through mucous membranes [51]. In this current study, our data
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were used to assess statistical significance. Different letters represented the significant differences between the different groups, *P < 0.05, **P < 0.01, and

0.001 compared with the corresponding group.

showed that intestinal permeability enhanced after estrogen withdrawal,
which might be a vital factor for the augment of pro-osteoclastogenic
cytokines after the estrogen-deficiency. Intriguingly, we observed that
FMT treatment restored the decline of expressions of tight junction
proteins (ZO-1 and Occludin), which guarded the intestinal mucosal
barrier, caused a lower intestinal permeability, and then reduced the
release of pro-osteoclastogenic cytokines (IL-1p and TNF-a). As a result, it
is recognized that the gut is a non-negligible and particularly significant
source of pro-osteoclastogenic cytokines after the estrogen-deficiency,
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and it is also promising to proceed from the perspective of gut for
further intervention and treatment of PMOP.

Numerous previous studies have indicated that GM dysbiosis might
occur in the PMOP patients and OVX-induced murine models. van den
Heuvel et al. [52] observed in a population-based study that the sup-
plementation of Transgalactooligosaccharides could enhance the intestinal
calcium absorption of postmenopausal women, so as to further protect
their bones. Collins et al. [53] revealed that when the OVX-induced mice
were fed with Lactobacillus reuteri, the intestinal permeability of mice can
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Figure 7. FMT treatment modulated the imbalance of GM in mice with OVX-induced OP. (A) ACE index (B) Chaol index; (C) Shannon index (D) Simpson index; (E)
PCoA plots (F) NMDS analysis plots; (G) Histogram of LDA value distribution (H) Evolutionary branching diagram of LEfSe analysis. Data were expressed as mean + SD
(n = 5). The one-way ANOVA procedure followed by the Tukey test and Pearson's correlation were used to assess statistical significance. The different letters rep-
resented significant differences between different groups, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the corresponding group.

be reduced, and bone loss caused by OVX can be delayed. In this study,
we were committed to investigating whether FMT can act as an inter-
ventional method to prevent the PMOP, and if so, what specific compo-
nents of FMT played a critical role in this process. By utilizing the
gold-standard OVX-induced mice models and further conducting 16S
rRNA sequencing, we found that Prevotellaceae, Lachnospiraceae and
Ruminococcaceae may participate in the correction of OVX-induced GM
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dysbiosis and act as the vital components in the process of FMT. In
addition, the homeostasis is tended to be maintained under healthy
conditions via the interactions between intestinal mucosal barrier, GM,
inhibition of intestinal pathogens, and systemic inflammatory system
[54]. As for postmenopausal women, estrogen-deficiency may alter the
overall composition and structure of GM, resulting in the decline of mi-
crobial diversity [55,56]. The intestinal pathogens may invade into host
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Figure 8. FMT treatment restored the fecal SCFAs in mice with OVX-induced OP. (A) QC overlapping chromatogram (B) The contents of acetic acid, propionic acid,
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groups, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with corresponding group.

with impaired intestinal mucosal barrier and trigger an inflammatory
response, which ultimately promotes the bone absorption and persistent
bone loss [57,58]. Herein, after FMT intervention, the mice in OVX +
FMT group and OVX group showed the significant differences of a-di-
versity and f-diversity, and the mice in OVX + FMT group and Sham
group also exhibited similar but not equivalent result in terms of richness
of microbiota. Taken together, the intestinal mucosal barrier, GM, SCFAs
and the inflammatory system are inseparable and interrelated, and
changes in one of them may induce changes of other systems.
Furthermore, SCFAs, as one of the significant components of intesti-
nal metabolites, are mainly consisted of the carboxylic acids and small
hydrocarbon chains, and can be produced by intestinal symbiotic bac-
teria via fermenting the indigestible carbohydrates in foods [59,60].
Clinical data revealed that SCFAs were able to be regarded as a bridge to
promote the bone formation and inhibit the bone absorption, thus
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improving the bone mass and bone strength [61]. Besides, Kim et al. [62]
showed that SCFAs could enhance the solubility of minerals in intestinal
tract by lowering the PH value of intestine, so as to enable the calcium
easier to be absorbed by body and further improve bone mass. By sup-
plementing SCFAs to the antibiotic treated mice, Yan et al. [63] also
observed that the serum level of insulin-like growth factor-1 (IGF-1) and
bone mass can be restored to a similar level as that of the non-antibiotic
treated mice, indicating that SCFAs can indirectly participate in the
regulation of bone mass by influencing the level of IGF-1. Herein, our
data suggested that the declining contents of SCFAs in the feces of mice in
OVX group were related to the augment of inflammatory levels in the gut.
Meanwhile, it was also observed the lower levels of inflammatory pa-
rameters (IL-1p and TNF-a) in the intestine and higher contents of fecal
SCFAs after the FMT treatment. Hence, it was recognized that FMT
treatment may play a role in bone protection by up-regulating the
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Figure 9. Graphic abstract and overall experimental flow chart and mechanism patterns. Estrogen-deficiency disrupted the intestinal mucosal barrier, and interaction
between the GM, SCFAs and host inflammatory system altered accordingly. Based on this, FMT inhibited the excessive osteoclastogenesis and prevented the bone loss
by correcting the GM imbalance, improving the fecal SCFAs level, optimizing the intestinal permeability and suppressing release of pro-osteoclastogenic cytokines,
which may be an alternative option to serve as a promising candidate for the prevention and treatment of PMOP in the future.

contents of SCFAs and suppressing the persistent inflammation.

In general, the strong point of our current study was to explore the
crosstalk effects based on GM-bone axis in PMOP, and analyzed the dif-
ferences and changes at different levels of the mice in each group before
and after FMT treatment by combining the 16S rRNA sequencing and
metabolomics. However, it is still essential to recognize and state certain
shortcomings. On one hand, numerous studies have shown that there are
certain minor and transient adverse effects after FMT treatment (mainly
including abdominal discomfort, nausea, vomiting, bloating, flatulence,
and so on) [64-67]. The security of FMT has not been fully and clearly
explained, which still needs to be verified by animal experiments and
human prospective trials with the larger sample sizes in the future. On
the other hand, in most existing microbial-related studies, the analysis of
microbiomes mainly depends on the 16S rRNA sequencing technique to
understand the distribution, classification and diversity of GM in specific
diseases [68-70]. However, the existing difficulty is that current 16S
rRNA sequencing technique is still not able to distinguish whether the
microbiomes are active or not, and there is still a lack of resolution
beyond the genus level [71,72]. Nevertheless, with the evolution of
sequencing techniques and the improvement of data processing, the
above drawbacks may be effectively solved in the near future. In addi-
tion, subsequent researches can also further analyze the complex inter-
action between GM and bone and verify the role of specific strains and
metabolites by combining the emerging multi-omics research methods in
recent years.

5. Conclusions

To sum up, our data revealed the involvement of GM-bone axis in
PMOP and the role of FMT in reshaping the status of GM and amelio-
rating the bone loss in mice with OVX-induced OP. Estrogen-deficiency
disrupted the intestinal mucosal barrier, and the interaction between
the GM, SCFAs and host inflammatory system altered accordingly. On
this basis, FMT inhibited the excessive osteoclastogenesis and prevented
the bone loss by correcting imbalance of GM, improving fecal SCFAs

58

level, optimizing intestinal permeability and suppressing release of pro-
osteoclastogenic cytokines. FMT treatment might be an alternative op-
tion to serve as a promising candidate for the prevention and treatment of
PMOP in the future, although these findings still need to be further
verified by further animal experiments and human prospective trials with
larger sample sizes.
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