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Bacillus coagulans ameliorates inflammatory bone loss in post-menopausal
osteoporosis via modulating the “Gut-Immune-Bone” axis

RESEARCH PAPER

Leena Sapra(»?, Chaman Saini
and Rupesh K. Srivastava(®?

2, Pradyumna K. Mishra(®®, Bhavuk Garg(®<, Sarika Guptad, Vikrant Manhas,

Translational Immunology, Osteoimmunology & Immunoporosis Lab (TIOIL), An ICMR-Collaborating Centre of Excellence in Bone Health,
Department of Biotechnology, All India Institute of Medical Sciences (AIIMS), New Delhi, India; "Department of Molecular Biology, ICMR-
National Institute for Research in Environmental Health, Bhopal, India; “Department of Orthopaedics, All India Institute of Medical Sciences
(AlIMS), New Delhi, India; “Molecular Science lab, National Institute of Immunology (NII), New Delhi, India

ABSTRACT

Osteoporosis is a systemic skeletal disease that leads to lower bone mineral density and
intensifies the risk of unexpected fractures. Recently, our group reported that numerical
defect in the frequencies of Bregs along with their compromised tendency to produce IL-
10 cytokine further aggravates inflammatory bone loss in post-menopausal osteoporosis
(PMO). Dysbiosis induced mucosal injury and leaky gut are the predominant contributors
involved in the progression of inflammatory diseases including PMO. Furthermore, several
evidence suggest that gut microbial composition plays a crucial role in the development and
differentiation of Bregs. Nevertheless, the potential role of dysbiotic gut microbiota (GM) and
Bregs under estrogen deficient PMO conditions has never been deciphered. Here, we eval-
uated the role of GM in the onset and progression of PMO along with its role in modulating
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the anti-osteoporotic potential of Bregs. We found that enhancement in the endotoxin
producing bacteria and concomitant reduction in the short chain fatty acids producing
bacteria, both under pre-clinical and clinical osteoporotic condition augment inflammatory
bone loss. This suggests that dysbiosis of GM potentially exacerbates bone deterioration
under estrogen deficient PMO conditions. Remarkably, supplementation of probiotic Bacillus
coagulans significantly improved the bone mineral density, bone strength, and bone micro
architecture by modulating the anti-osteoclastogenic, immunosuppressive and immunomo-
dulatory potential of Bregs. The present study delves deeper into the role of immune
homeostasis (“Breg-Treg-Th17” cell axis) and GM profile in the pathophysiology of PMO.
Altogether, findings of the present study open novel therapeutic avenues, suggesting restora-
tion of GM composition as one of the viable therapeutic options in mitigating inflammatory
bone loss under PMO conditions via modulating the “Gut-lmmune-Bone” axis.
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Deficiency of estrogen hormone under ovariectomy (Ovx) condition, aggravates inflammatory bone
loss via inducing gut- dysbiosis (reducing SCFAs producing bacteria and enhancing endotoxin
producing bacteria) and dysregulation of “Breg-Treg-Th17” cell axis. Administration of Bacillus
coagulans enhances BMD and improves the micro-architecture of bone via modulating immune
cells and restoring gut dysbiosis (i.e. targetting “Gut-Immune-Bone” axis) under estrogen deficient

osteoporotic condition.

Introduction

Osteoporosis is a systemic skeletal disorder which is
characterized by the higher deterioration of the bone
tissues and occurrence of lower energy fractures. ™ In
2018, to emphasize the significance of immune sys-
tem in the pathophysiology of osteoporosis, our
group has coined the term “Immunoporosis” (i.e.
immunology of osteoporosis).” Recently, our group
reported that reduction in the frequencies of Bregs
and its tendency to produce IL-10 cytokine is signifi-
cantly reduced in post-menopausal osteoporosis

(PMO) thus further aggravating inflammatory bone
loss.” Several evidences suggest that multiple para-
meters regulate the development of immune system,
and among them Gut-Microbiota (GM) plays a very
important role,’ as the interplay between the GM and
immune system is believed to contribute to the patho-
genesis of various immune-mediated diseases includ-
ing bone pathologies i.e., “Osteomicrobiology”.””

In 2014, a study demonstrated that differentia-
tion of Bregs is regulated by the GM'® and dysbio-
sis of GM (antibiotic, housing conditions, etc.)
reduced the frequencies and functions of Bregs."



In addition, the GM derived short chain fatty acid
(SCFAs viz. butyrate) via activating aryl hydrocar-
bon receptor (AhR) supports the functions of
Bregs, thereby further suppressing the differentia-
tion of both plasma blast and germinal center (GC)
B cells.'"' Mounting evidences further suggest that
the association between Bregs and microbiota is
crucial to limit the pathogenesis of autoimmune
diseases along with maintaining tolerance for
organ transplantations.'"'* Enteric bacteria’s acti-
vate IL-10 producing B cells (via TLR2, MyD88 and
PI3K pathways) and thus maintain mucosal
homeostasis.'> Altogether these findings reveal
the pivotal role of GM in regulating the differentia-
tion and functionality of Bregs. Multiple convin-
cing evidence reported that dysbiosis of GM is
interlinked with the pathogenesis of intestinal and
extra-intestinal diseases viz. bone diseases (rheu-
matoid arthritis-RA, osteoarthritis, osteoporosis
etc.).'"* Few studies reported that bone loss
observed under estrogen deficient PMO conditions
is closely linked with the host immunity, which is
further influenced by the GM.”® However, no
study delineated whether the observed dysregu-
lated-Bregs in PMO is primarily caused by the
dysbiotic GM. Thus, in the present study, we inves-
tigate whether restoring the dysbiotic GM under
PMO conditions could be a viable strategy in miti-
gating inflammatory bone loss via modulating the
immunoporotic potential of Bregs.

To our knowledge, this is the first study which
reveals that deficiency of estrogen hormone leads to
dysbiosis induced leaky gut thereby further enhan-
cing the burden of gut inflammation in PMO. Our
findings demonstrated that the reduction in the
abundance of Firmicutes augments inflammatory
bone loss in PMO. Importantly, Firmicutes are the
predominant producers of SCFAs. Thus, in the pre-
sent study we investigated the bone health modulat-
ing potential of lactic acid producing bacteria (LAB)
which are primary producers of SCFAs. Bacillus
coagulans (BC) is a lactic acid producing bacteria
that can withstand the lower pH of the stomach and
is known to possess immunodulatory potential.
Importantly, US Food and Drug Administration
(FDA) has granted BC with Generally Recognized
As Safe (GRAS) status. Moreover, genomic analysis
of BC revealed that the antibiotics resistance related
genes in the species are not transferred to other
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bacteria.'>'® In addition, a randomized clinical
trial demonstrated that BC is safe and effective and
can be employed as an adjunct therapy for RA
patients.'”” The present study thus unequivocally
demonstrated that administration of BC augments
the anti-osteoclastogenic, immunosuppressive and
immunomodulatory potential of Bregs, via inducing
the production of GM derived SCFAs, even under
estrogen deficient conditions. Altogether, the pre-
sent study establishes the nexus between “Gut-
Immune-Bone” axis under both pre-clinical and
clinical settings and thereby opens novel avenues
for employing BC as a probiotic of choice for the
treatment and management of inflammtory bone
loss observed in PMO.

Material and methods
Reagents and antibodies

Antibodies employed in the study were procur-
ed from eBiosciences (USA) and Biolegend
(USA): PerCp-Cy5.5-Anti-Mouse-CD4-(550954),
PE-Anti-Mouse-B220, PerCp-Cy5.5-Anti-Mouse-
CD19-(45-0193-82), BV421-Anti-Mouse-IL-10-
(505022), APC-Anti-Mouse-CD1d-(17-0011-82),
PECy7-Anti-Mouse-CD5-(25-0051-81), BV785-
Anti-Mouse-IL-17-(506928), APC-Anti-Mouse-
Foxp3-(17-5773-82) etc. RBC lysis buffer (RBC)-
(00-4300-54), Foxp3/Transcription factor staining
buffer (0-5523-00) and CellTrace™ carboxyfluor-
escein succinimidyl ester (CFSE) Cell Proliferation
Kit (C34554) were procured from eBiosciences
(USA). Acid phosphatase leukocyte (TRAP) kit
and short chain fatty acids (acetate, propionate,
butyrate) were purchased from Sigma (USA).
Macrophage  Colony  Stimulating  Factor
(M-CSF-300-25) and Receptor Activator of
Nuclear Factor Kappa B (RANKL-310-01),
Murine-IL-2-(AF-212-12), Murine-IL-6-(AF-216-
16), Human-TGF-B-1-(AF-100-21C), Murine-IL
-23-(200-23) were procured from PeproTech
(USA). RPMI-1640 and a-minimal essential
media were purchased from Gibco (USA).
Bacillus coagulans (Unique IS-2) was procured
from Unique Biotech Ltd., Hyderabad, India.
Following ELISA kits were brought from BD
(USA): Mouse-TNF-a, Mouse-IL-6, Mouse-IL-17,
Mouse-IL-10 and Mouse-IFNy.
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Post-menopausal osteoporotic (PMO) mice model

All in vitro and in vivo experiments were carried
out on 8 to 10 wks old female C57BL/6 mice. Mice
were kept in specific pathogenic free (SPF) condi-
tion at the animal facility of All India Institute of
Medical Sciences (AIIMS), New Delhi, India. For
the in vivo experiment, mice were randomly allo-
cated into following groups: Sham (healthy con-
trol-ovaries intact), Ovariectomized (Ovx-ovaries
removed) and Ovx + BC. After one week of post-
operative care (POC), Ovx + BC mice were orally
gavaged with BC suspension (10° cfu) in auto-
claved drinking water for 60 days. At the end of
experiment, mice from all the groups were eutha-
nized and blood, bones and lymphoid organs were
harvested for osteoimmune parameters analysis.
All the measures were carried out after the approval
of the protocol submitted to the Institutional
Animal Ethics Committee of AIIMS (337/IAEC-
1/2021), New Delhi, India.

Histological analysis

After fixation, paraffin embedded sections (5 pm)
from the large intestine tissues were processed for
the histological hematoxylin (H) and eosin (E)
analysis and were imaged using microscope.

Intestinal permeability assay

Intestinal permeability in all the respective groups
was evaluated via FITC Dextran assay. Briefly, mice
were first starved for food and water for 4h and
then orally gavaged with 200 pl of 80 mg/ml FITC
dextran and again deprived of food and water for
4 h. For evaluating the gut integrity, plasma level of
FITC dextran was estimated via fluorescence inten-
sity using an excitation wavelength (488 nm) and
an emission wavelength (528 nm) via using
a NanoDrop spectrophotometer/fluorimeter
(BioTek Synergy H1).

16S rRNA microbial community analysis

At day 45, fecal pellets from mice groups (sham,
Ovx and Ovx + BC) and stool samples from both
healthy control (# = 10) and PMO (n =10) human
subjects were collected via sterile swab in sterile

tube and immediately stored in —80°C for meta-
genome analysis. Metagenomic DNA was extracted
from the mouse and human fecal samples using the
commercially available QIAamp DNA stool mini
kit (QIAGEN) as per the manufacturer’s instruc-
tions. Quality of the extracted metagenomic DNA
samples were analyzed using NanoDrop via deter-
mining A260/280 ratio. QC passed samples were
then processed for the first amplicon generation
followed by NGS library preparation using
Nextera XT Index kit (Illumina Inc.). The QC
passed libraries were sequenced on Illumina
MiSeq platform. Alpha diversity of samples was
determined for all the samples. Number of
observed features (ASVs), Simpson index,
Simpson reciprocal, Shannon index, Chaol and
Goods coverages were employed as an alpha diver-
sity measures. QIIME2 pipeline was used for
microbiome analysis. High quality clean reads
were obtained using Trimmomatic v0.38 to remove
adapter sequences, ambiguous reads (reads with
unknown nucleotides “N” larger than 5%), and
low-quality sequences (reads with more than 10%
quality threshold (QV) < 25 phred score) along
with a sliding window of 20 bp and a minimum
length of 100 bp. PE data into single end reads were
done using FLASH. High-quality clean reads were
then denoised and chimeric sequences were filtered
through DADA2. Taxonomic classification of
amplicon sequence variants was performed with
the q2-feature classified using a pre-trained classifier
based on the SILVA database. Diversity metrics of
within sample (a-diversity; Shannon’s Index) and
between samples (B-diversity; weighted and
unweighted UniFrac) were calculated. Statistical sig-
nificance of diversity metrics was also assessed using
QIIME2. Shannon’s Index observed featured and

UniFrac measurements were analyzed with
Kruskal-Wallis  test and PERMANOVA,
respectively.

Quantitative PCR (q-PCR)

According to the manufacturer’s instructions, RNA
was extracted from the colon tissues using RNeasy
Mini Kit (Qiagen, USA). Quality of RNA was esti-
mated via employing Bio Analyzer (Agilent
Technologies, Singapore) and samples with RNA
Integration Number (RIN) value > 7 were further



processed. Amount of RNA was also quantified
using spectrophotometer (Nanodrop Technologies,
USA). For cDNA conversion, c-DNA synthesis kit
was used (Thermo Scientific, USA). Triplicate sam-
ples of cDNA from each group were amplified using
customized primers for claudin-1 and occludin nor-
malized with arithmetic mean of GAPDH house-
keeping gene. 25 ng of c-DNA was utilized per
reaction in each well containing 2X SYBR green
PCR master mix (Promega, USA) along the primers.
Lastly, threshold cycles values were normalized and
expressed as relative gene expression.

Micro-computed tomography (u-CT) measurements

After dissecting animals, hind limbs were col-
lected, and all the muscles were cleaned from
bones. These bone samples were stored in 4%
paraformaldehyde. The uCT scanning was per-
formed at National Institute of Immunology
(NII) on Quantum GXII, (Revvity, USA) using
the Aluminum 0.5 + copper 0.5 filter with the
following parameters: time 14 minutes, Voxel
Size 18 micrometer, tube voltage 90 kV, and
tube current 180 mA. Sub reconstruction of the
acquired image was also performed to generate
Sub-volume vox files with a size of 18um.
Analyzer 14.0 was used to create 3D recon-
structed images of trabecular and cortical bone
microarchitecture from serial 2D coronal and
axial pictures CT scans (Revvity, USA) by manu-
ally selecting the correct region of interest.

Co-culturing of Bregs with bone marrow cells
(BMCs) for osteoclastogenesis

As previously mentioned, mouse BMCs were
used to generate osteoclasts. BMCs were har-
vested from the femur and tibiae of 8-10-week-
old mice, and RBC lysis was carried out by
using 1X RBC lysis buffer. Following RBC
lysis, cells were cultured overnight in a T-25
flask using endotoxin-free-MEM media (10%
FBS) supplemented with M-CSF (35 ng/ml).
Next day, non-adherent cells (BMCs) were col-
lected and co-cultured with Bregs harvested
from sham, Ovx, and Ovx+ BC mice in a 96
well plate at different cell ratios for 4 days in the
presence of M-CSF (30 ng/ml) and RANKL (60
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ng/ml). The media was replenished every two
days with fresh M-CSF and RANKL factors. The
tartrate resistant acid phosphatase (TRAP)
staining procedure was carried out after 4 days
of incubation.

T cell suppression assay

To investigate the immunosuppressive effect of
Bregs in different groups, 2 x 10° Breg cells (har-
vested from different groups) were co-cultured
together with the CFSE labeled CD4"CD25™ T cells
at 1:1 ratio in the presence of anti-CD3 (10 pg/ml)
and CD28 (2 pg/ml) mAbs at 37°C for 72h. The
proliferation of CD4"CD25™ T cells was assessed by
the quantification of fluorescence intensities of
CFSE. The expression of Tregs (CD4"Foxp3") and
Th17 (CD4"IL-17") was evaluated by FACS.

Flow cytometry

For estimating the level of cytokines intracellularly,
cells were harvested from distinct lymphoid organs
and after processing, cells were resuspended in
RPMI-1640 media and seeded at cell density of
1X 10° cells in 96 well plate. For stimulation, cells
were stimulated with phorbol 12-myristate 13-
acetate (PMA) (50 ng/ml) and Ionomycin (1 ug/
ml) for 5h and for last 2.5h protein transport
inhibitor was added. Cells were further harvested
and stained with specific cell surface and intracel-
lular marker antibodies labeled with distinct fluor-
ochromes. For evaluating the frequencies of Breg,
Treg and Th17 cells, flow cytometry was carried
out. For the same, cells were first stained with
antibodies specific for cell surface markers such as
CD19 for Bregs and CD4 for Tregs and Th17 and
incubated for 30-45 min on ice in dark with inter-
mittent gentle tapping every 15 min. After incuba-
tion, cells were washed, fixed and permeabilized
with 1X fixative/permeabilization buffer and intra-
cellular staining was carried out using BV421-Anti-
Mouse-IL-10 and BV785-Anti-Mouse-IL-17 anti-
bodies. After washing, cells were acquired on BD
FACSymphony (USA). Data was then analyzed
using FlowJo_V10.8.1 (Tree Star, Woodburn, BD
USA) software.
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Analysis of short chain fatty acids (SCFAs)

SCFAs content in the fecal matter of mice was
determined with the help of high-performance
liquid chromatography (HPLC). For the same
300 mg of the fecal sample was weighed and 1 ml
of Milli Q and 100 ul of HCI were added to the fecal
sample. The fecal sample was then completely
homogenized with the help of the vortex (2-3-
minutes) and placed for 20 minutes with shaking
in between . After 20 minutes sample was centri-
fuged at 13,850 X g for 10 minutes at 4°C.
Supernatant was collected and transferred to the
2 ml Eppendorf. 600 pl of diethyl ether was added
to the supernatant and continued extraction for 20
minutes. After 20 minutes of extraction, samples
were centrifuged at 850 x g for 5 minutes at 4°C.
400 pl of the supernatant or organic layer was
collected and added to the 500 pl of the NaOH.
Continued extraction for 20 minutes and subse-
quently centrifuged the sample at 850 x g for 5
minutes. Discarded the ether layer or organic layer
and collected 450 pl of the aqueous layer or water-
soluble layer. Then added water-soluble layer to the
300 ul of HCI and immediately filtered the sample
through the 0.22-micron filter. Next samples were
acquired on HPLC machine (LC-20AD,
Shimadzu). HPLC conditions used were as follows:
Xterra C18 column (250 mm X 4.6 mm X 3.5 pm);
mobile phase, 10 mm H,SO, (Isocratic gradient);
flow rate, 0.6 mL/min; run time: 11 minutes, wave-
length: 210 nm. SCFAs level was determined using
the standard calibration curves.

Osteoclasts differentiation from human PBMCs

PBMCs were isolated from the heparinized blood of
healthy control (HC) and post-menopausal osteo-
porotic patients via gently layering the blood on the
Histopaque at 1:3 in 15 ml falcon and centrifuged at
800 x g for 20 min at room temperature (RT) with
brake off. After centrifugation, bufty coat was carefully
collected and washed twice with 1X PBS via centrifu-
ging the tube at 400 x gand 300 x g for 10 min at 4°C.
PBMCs were counted and seeded in 96 well plate at
cell density 1X 10° cells/well and plate was incubated
for 2 hin 5% CO, incubator and washed thrice with a-
MEM media. Once adhered, cells were incubated with
the osteoclastogenic factors RANKL (100 ng/ml) and

M-CSF (30 ng/ml) in the presence or absence of
SCFAs (viz. acetate, propionate and butyrate) at dif-
ferent concentrations and the plate was incubated for
14 days in CO, incubator. At the end of incubation,
TRAP staining was carried out for assessing the gen-
eration of multinucleated osteoclasts, counted and
imaged using an inverted microscope (EVOS,
Thermo Scientific, USA and Image ] software, NIH,
USA). All the measures were performed after the due
approval of the protocols submitted to the Institute
Ethics Committee for Post Graduate Research
(IECPG-482), AIIMS, New Delhi, India.

Statistical analysis

GraphPad Prism version 9.0 was used for statistical
analysis (San Diego, California, USA). Data were
represented as mean + SEM and p <0.05 value was
regarded as statistically significant. Spearman’s rank
correlation coefficient was carried out for correlation
analysis and p < 0.05 was considered significant.

Results

Estrogen deficiency leads to loss of gut-barrier
integrity and gut-dysbiosis

Dysbiosis-induced “Leaky Gut and mucosal injury” is
one of the major contributing factors in the progres-
sion of various autoimmune and pathological condi-
tions such as RA, systemic lupus erythematosus (SLE),
osteoporosis, etc. We were thus first interested in
evaluating the effect of estrogen deficiency on gut-
barrier integrity and the diversity of gut-microbial
composition. Strikingly, histological analysis demon-
strated significant enhancement in the pathological
damage to the colonic mucosa in Ovx group in com-
parison to control group (Figure 1(a)). Furthermore,
the colon length (indicative of inflamed gut) was also
observed to be significantly reduced in the Ovx group
(Figure 1(b—c)). Of note, we observed that deficiency
of estrogen hormone significantly enhanced the leaki-
ness in the gut and disrupts the gut barrier function as
evidenced by the enhanced leakage of FITC-Dextran
(high fluorescence intensity) in the peripheral circula-
tion of Ovx mice (Figure 1(d)). Furthermore, the
transcriptional levels of both claudin-1 and occludin
(tight junctional proteins) in the intestine were sig-
nificantly reduced in Ovx mice under estrogen
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Figure 1. Estrogen deficiency leads to loss of gut-barrier integrity and gut dysbiosis in Ovx mice: (a) H&E staining of large intestine
tissues at 20x magnification (20 pm). (b-c) Colon length. (d) Measurement of gut integrity in sham and Ovx operated mice. FITC
dextran was administered orally to each experimental mice. Fluorescence intensity was measured at excitation: 488 nm and 528 nm
emission as an indicative of gut integrity. (e-f) Relative gene expression of tight junctional proteins claudin-1 and occludin in the large
intestine. (g) Nonmetric multidimensional scaling (NMDS) plot representing community composition of bacteria in mice fecal samples.
(h) Principal component analysis (PCA) plot showing bacterial communities in human stool samples (healthy control-HC and post-
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deficiency (Figure 1(e-f)). These results clearly indi-
cated the pathological role of estrogen deficiency in
inducing gut-barrier disruption in PMO mice,
thereby further enhancing inflammatory bone loss.
Leaky gut is a manifestation of dysbiotic GM compo-
sition under various inflammatory conditions. Thus,
we further looked into the effect of estrogen deficiency
on GM composition. Remarkably, we observed that
deficiency of estrogen hormone alters the community
composition of bacteria in the stool samples of mice
and human subjects (Figure 1(gh)). Also, we next
observed that the alpha diversity (community richness
and diversity) of microbial species was significantly
reduced in PMO patients in comparison to the HC
subjects (Figure 1(i-k)). Intriguingly, we observed
that the alpha diversity was positively correlated with
the bone mineral density (BMD) for both the femoral
and spine regions in human samples (Figure 1(1-m)),
thereby strongly suggesting toward the vital role of
microbial richness/diversity in maintaining bone
health. Moreover, abundance of microbial commu-
nity analysis represented that Firmicutes,
Actinobacteria, Bacteroidetes and Proteobacteria
accounted for the predominant phyla in the total
diversity (Figure 2(a-b)). The abundance of
Firmicutes and Bacteroidetes was further observed
to be reduced and increased respectively in the PMO
group as compared to the control group (Figure 2(a-
b)). Furthermore, alterations were observed at both
genus and species levels in the PMO group (Figure 2
(c—e)) (Figure Sla-b) (Figure S2a-b). Taken together,
these results clearly indicated that deficiency of estro-
gen hormone augments dysbiosis and reduces gut-
integrity thereby further enhancing the burden of gut
inflammation observed under postmenopausal osteo-
porotic conditions.

Bacillus coagulans (BC) maintains bone-
microarchitecture in Ovx mice

Above findings indicated reduction in the relative
abundance of beneficial lactic acid producing bacteria
(LAB) in the PMO group, clearly suggesting that

deficiency of LABs might further augment inflamma-
tory bone loss in PMO mice. Several reports demon-
strated that LABs offer distinct advantages and are
potential probiotics that inhibits the growth of harm-
ful organisms, improve nutrients absorption along
with maintaining immune homeostasis.'® Thus, we
next proposed to administer BC (LAB) in our pre-
clinical mice model for PMO and assessed its immu-
noporotic potential. For assessing the same we
employed three groups of adult C57BL/6 female
mice that were randomly distributed into three
groups: sham surgery (ovary intact), bilateral Ovx,
and Ovx group orally administered with BC (10°cfu)
per day for 8 weeks (Figure 3(a)). At the end of the
treatment, mice were sacrificed, and the bones were
collected for further studies. Interestingly, we
observed that BC administration significantly
improved the 3D-microarchitecture of proximal
metaphysis of femoral region in Ovx mice (Figure 3
(b)). Histomorphometric parameters indicated that
BMD, bone volume/tissue volume (BV/TV) and tra-
becular thickness (Tb.Th) were significantly enhanced
in Ovx mice administered with the BC (Figure 3(c-
e)). In addition, trabecular separation (Tb.Sp) was
found to be significantly reduced in Ovx + BC group
(Figure 3(f)). These data demonstrate that BC admin-
istration significantly improves 3D microarchitecture
and histomorphometric parameters of trabecular
bones in osteoporotic mice.

BC promotes bone heath via enhancing the
anti-osteoclastogenic potential of Bregs

Our group had already established the anti-
osteoporotic role of Breg-Treg cells and the osteo-
porotic role of Th17 cells in aggravating inflamma-
tory bone loss in PMO."*” Thus, we next evaluated
the frequencies of Breg, Treg, and Th17 cells popu-
lation in various lymphoid organs (bone marrow-
BM and spleen) in response to BC treatment in Ovx
group. Interestingly, flow cytometry data revealed
that CD19*CD1d™CD5" Bregs population was sig-
nificantly decreased in BM (p < 0.01) and spleen (p

menopausal osteoporosis-PMO). (i-k) Bar graph representing alpha diversity measures (Shannon Index, Simpson Reciprocal and
Chao1) in human samples. (I) Spearman correlation between alpha diversity measures and femoral bone mineral density (BMD) in
human samples. (m) Spearman correlation between alpha diversity measures and spine BMD in human samples. Data are expressed as
mean + SEM. Data were analyzed by unpaired student t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) compared with the

indicated group.
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Figure 2. Dysbiosis of GM in the PMO patients: (a) Stacked bar chart representing the top 25 relative abundance of each phylum within
each group in HC and PMO patients. (b) Heatmap denoting the dominant phylum in human samples. (c) LEfSe (linear discriminant
analysis effect size) identifies microbiome differences at various phylogenic levels. (d) LEfSe analysis with linear discriminant analysis
(LDA) score representing statistical and biological differences in genera in between groups at genus level. (e) Pie chart and table
representing the abundance of bacteria at species level in the HC and PMO patients.

<0.01) of Ovx mice compared with sham, and BC
administration significantly increased the Bregs
population in Ovx group (Figure 4(a-c)). Of
note, BC administration also significantly enhanced
the frequencies of IL-10 producing Bregs
(CD197IL-10%) in Ovx mice (p<0.05) (Figure 4
(d-1)). In addition, we further observed that the
circulating levels of pro-osteoclastogenic cytokines
viz. IL-6, TNF-a and IL-17 (signature cytokine of
Th17 cells) and anti-osteoclastogenic cytokines viz.

IL-10 (signature cytokine of both Breg and Treg
cells) and IFN-y were significantly restored to
homeostatic state in BC administered Ovx group
(Figure 4(g-k)). Since Bregs are functionally com-
promised under osteoporotic conditions,"” we next
were interested in deciphering whether BC exhibit
the potential to enhance the anti-osteoclastogenic
potential of Bregs. For accomplishing the same, we
isolated and differentiated Bregs independently
from sham, Ovx and Ovx+BC mice and co-
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Figure 3. BC administration improves trabecular bone microarchitecture. (a) Schematic diagram depicting experimental design. B) 3D
UCT reconstruction of femur trabecular of all groups. (b) Bone microarchitecture of femur trabecular. (c) Bone mineral density (BMD).
(d) Bone volume/Tissue volume (BV/TV). (e) Trabecular thickness (Tb.Th). (f) Trabecular separation (Th.Sp). The results were evaluated
by one way ANOVA with subsequent comparisons by Student t-test for paired or unpaired data. Values are reported as mean + SEM (n
=5). Statistical significance was considered as p < 0.05 (*p < 0.05, **p < 0.001, ***p < 0.0001) with respect to indicated mice groups.

cultured them with osteoclasts precursors (isolated
from sham animals) at 1:1 cell ratio. Remarkably,
we observed that Bregs harvested from the sham
and Ovx + BC group significantly reduced the dif-
ferentiation of multinucleated TRAP positive

osteoclasts (Figure 5(a-b)). On the contrary, Ovx-
Bregs were inefficient in inhibiting osteoclastogen-
esis, as demonstrated by the enhanced number and
area of multinucleated TRAP positive osteoclasts
(Figure 5(a-e)). Of note, we observed that Bregs
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Figure 4. BC administration modulates Bregs in Ovx mice: (a) Contour plot representing percentage of Bregs in BM and spleen. (b) Bar
graphs depicting percentage of Bregs in BM and spleen. (c) Bar graphs representing mean fluorescence intensity (MFI) of IL-10 in Bregs
within BM and spleen. (d) Total CD19*IL-10" Bregs. (e) Bar graphs representing CD19¥IL-10" Bregs. F) MFI of IL-10. (g-k)
Osteoclastogenic and anti-osteoclastogenic cytokines were analyzed in serum samples of mice by ELISA. The results were evaluated
by one way ANOVA with subsequent comparisons by Student t-test for paired or unpaired data. Values are reported as mean + SEM (n
= 4). Statistical significance was considered as p < 0.05 (*p < 0.05, **p < 0.001, ***p < 0.0001) with respect to indicated mice groups.

harvested from the Ovx + BC mice group have sig-  This data unequivocally demonstrated that BC
nificantly enhanced anti-osteoclastogenic potential  administration augments the anti-osteoclastogenic
as evidenced by reduced number and area of multi-  potential of Bregs in addition to the enhanced fre-
nucleated TRAP positive osteoclasts (Figure 5(c-e)).  quencies of Bregs in Ovx mice.
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Figure 5. BC enhances the anti-osteoclastogenic potential of Bregs : (a) Experimental layout followed for the co-culture of Bregs and
BMCs. (b) Photomicrographs (10X magnification) representing TRAP positive multinucleated osteoclasts. (c) Number of TRAP positive
cells. (d) Number of osteoclasts with more than 3 nuclei. (e) Area of osteoclasts. The results were evaluated by one way ANOVA with
subsequent comparisons by Student t-test for paired or unpaired data. Values are reported as mean + SEM. Statistical significance was
considered as p < 0.05 (*p < 0.05, **p < 0.001, ***p < 0.0001) with respect to indicated mice groups.

BC administration enhances the Bregs isolated from sham, Ovx and Ovx + BC mice
immunosuppressive and immunomodulatory with CFSE labeled naive CD4'CD25" effector
potential of Bregs in Ovx mice T cells at 1:1 cell ratio in the presence of anti-

With the intent to decipher the role of BC on Breg’s ~ CD3 and anti-CD28 mAbs. The proliferation of
immunomodulatory potential, we next co-cultured  effector T cells was measured and quantified by



the dilution of CFSE fluorescence (Figure 6(a)). We
observed that sham-Bregs significantly suppressed
the proliferation of effector T cells, indicated by
their high proliferation index (Figure 6(b-e)). On
the contrary, Ovx-Bregs were unable to suppress
the proliferation of CD4"CD25" effector T cells
(Figure 6(b-e)). Remarkably, Bregs isolated from
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Ovx + BC group had enhanced immunosupressive
potential as they were able to drastically reduce the
proliferation of effector T cells under ex vivo con-
ditions in comparison to the Ovx Bregs (Figure 6
(b-e)).

Strikingly, we further observed that Ovx-
Bregs have compromised immunomodulatory
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Figure 6. BC enhances the immunosuppressive potential of Bregs in Ovx mice: (a) Experimental layout followed for the co-culture of
Bregs generated from CD19* B cells of sham, Ovx and Ovx +BC mice with CFSE labeled T cells. (b) Histograms and pie charts
representing percentage of proliferative CFSE labeled T cells in different conditions. (c) Bar graphs representing low proliferative index
(LPI1). (d) Bar graphs representing intermediate proliferative index (IPl). (e) Bar graphs representing high proliferative index (HPI). The
results were evaluated by one way ANOVA with subsequent comparisons by Student t-test for paired or unpaired data. Values are
reported as mean + SEM. Statistical significance was considered as p < 0.05 (*p < 0.05, **p < 0.001, ***p < 0.0001) with respect to

indicated mice groups.
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functions, as evidenced by their reduced capa-
city to induce the differentiation of Tregs
(CD4"Foxp3™) along with suppressing Th17
cell (CD4"Roryt") differentiation (Figure 7(a-
e)). Interestingly, we observed that Bregs har-
vested from the Ovx+ BC group significantly
enhanced the differentiation of naive T cells to

LPS (10pg/ml)

Tregs, along with concomitantly reducing the dif-
ferentiation of naive T cells to Th17 cells (Figure 7
(a—e)). In addition, the percentages of anti-
osteoclastogenic CD4"'Foxp3™ Tregs in BM (p<
0.01) and spleen (p <0.01) in the Ovx group were
lower than the sham, and BC treatment significantly
restored the frequencies of Tregs in Ovx + BC group
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Figure 7. BC administration enhance the inherent immunomodulatory potential of Bregs in Ovx mice: (a) Experimental layout
followed for the co-culture of co-culture of Bregs generated from CD19" B cells of Sham, Ovx and Ovx + BC mice with naive T cells. (b)
Contour plots representing percentage of CD4*Foxp3™ tregs co-cultured with S-Bregs, O-Bregs and BC-Bregs. (c) Bar graphs
representing percentage of CD4*Foxp3* Tregs. (d) Contour plots representing percentage of CD4¥IL-17* Th17 cells co-
cultured with S-Bregs, O-Bregs and BC-Bregs. (e) Bar graphs representing percentage of CD4¥IL-17* Th17 cells. The results were
evaluated by one way ANOVA with subsequent comparisons by Student t-test for paired or unpaired data. Values are reported as
mean + SEM. Statistical significance was considered as p < 0.05 (*p < 0.05, **p < 0.001, ***p < 0.0001) with respect to indicated mice

groups.



(Figure S3a-d). Conversely, we observed that Ovx
mice had significantly higher percentages of osteo-
clastogenic CD4"Roryt" Th17 cells in BM (p<
0.001) and spleen (p <0.001), and BC treatment
significantly reduced Th17 cell population in Ovx
group (Figure S4a-d). These results, clearly suggest
that BC via enhancing the anti-osteoclastogenic and
immunomodulatory potential of Bregs further com-
plements the amelioration of inflammatory bone
loss observed in PMO.

BC enhances gut integrity via modulating the “Breg-
Treg-Th17” cell axis in gut associated lymphoid
tissue (GALT)

Findings from our group and others have already
established the nexus between “GUT-Immune-
Bone” axis.”®? Interestingly, we observed that
apart from modulating the frequencies of Bregs,
Tregs and Th17 cells in the BM and spleen, BC
administration also modulated the dysregulated
“Breg-Treg-Th17” cell axis in the gut associated
lymphoid tissue (GALTS, viz. Peyer’s patches-PP)
in Ovx mice (Figure 8(d-1)). Thus, moving ahead,
we proposed that BC administration modulates the
frequencies of both regulatory (Breg and Treg) and
inflammatory (Th17) cells in the GALTSs thereby
preserving gut-barrier integrity and bone health.
Notably, the colon length (indicative of inflamed
gut) was observed to be significantly reduced in the
Ovx group and supplementation of BC signifi-
cantly preserved the same (Figure 8(a-b)). Next,
we explored the effect of BC administration on gut
permeability. Of note, we observed that BC supple-
mentation significantly reduced the gut-leakiness
and maintains gut-barrier functions as evidenced
by the reduced leakage of FITC-Dextran (high
fluorescence intensity) in the peripheral circulation
of Ovx mice (Figure 8(c)). Altogether, our results
clearly suggest that BC ameliorates inflammatory
bone loss via modulating the “Gut-Bone-Immune”
axis.

BC via enhancing SCFAs dampens inflammatory
bone loss in Ovx mice

To decrypt the wunderlying mechanism via
which BC impart their bone health promoting
effects, we next carried out targeted metabolomics
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for the analysis of SCFAs in the fecal samples of
different groups (Figure 9(a)). Interestingly, HPLC
data demonstrated that Ovx mice have significantly
reduced amounts of SCFAs (viz. acetate, butyrate
and propionate) in the fecal samples as compared
to the control group (Figure 9(b)), suggesting
toward the potential involvement of SCFAs in
modulating bone health under estrogen deficient
conditions. Strikingly, our HPLC data further
revealed that BC indeed mediated its immuno-
porotic (immunomodulatory and osteoprotective)
effects even under estrogen deficient conditions via
enhancing the production of SCFAs in the gut. It
was observed that supplementation of BC signifi-
cantly enhanced the concentrations of acetate, pro-
pionate, and butyrate in the Ovx mice (Figure 9
(b)). This data robustly indicated that BC amelio-
rates inflammatory bone loss via enhancing the
production of SCFAs in the gut, even under estro-
gen deficient conditions.

SCFAs inhibit osteoclastogenesis

Moving ahead we next evaluated the role of SCFAs on
RANKL induced osteoclastogenesis under ex vivo
conditions. For achieving the same, BMCs were sti-
mulated with osteoclastogenic media supplemented
with M-CSF (30 ng/ml) and RANKL (100 ng/ml) in
the presence or absence of SCFAs at different concen-
trations (0.125 mm, 0.25 mm, and 0.5 mm). After 4
days, cells were harvested and processed for TRAP
staining. Interesting, we observed a significant reduc-
tion in the differentiation of osteoclasts in a dose-
dependent manner as evident by a significant reduc-
tion in multinucleated (>3 nuclei) TRAP-positive cells
in SCFAs treated group in comparison to control
group (Figure 9(c-d)). Furthermore, the area of mul-
tinucleated osteoclasts in treatment groups was sig-
nificantly reduced as compared to the control group
(Figure 9(d)). To eliminate the likelihood that the
observed lessening in osteoclasts differentiation and
number is not due to cell cytotoxicity, MTT assay was
performed, and we found no significant difference in
cell viability with SCFAs treatment at different con-
centrations (data not shown). These results clearly
suggest that SCFAs have the potential to inhibit
RANKTL-induced osteoclastogenesis.
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Figure 8. BC enhances gut integrity via modulating the “Breg-Treg-Th17” cell axis in GALT (PP): (a) Colon length of sham, Ovx and Ovx
+ BC mice. (b) Bar graphs representing colon length. (c) Bar graphs representing intestinal permeability in Ovx mice. (d) Contour plots
depicting percentage of CD19*CD5" Bregs in PP. (e) Bar graphs depicting percentage of CD19*CD5" Bregs in PP. (f) Bar graphs
representing percentage of CD19"CD5¥IL-10" Bregs. (g) Contour plot representing percentage of CD4*Foxp3™ Tregs in PP. (h) Bar
graphs representing percentage of CD4Foxp3* Tregs in PP. (i) MFI of IL-10. J) contour plots depicting percentage of CD4*IL-17* Th17
cells. (k) Bar graphs representing percentage of CD4*IL-17* Th17 cells. ) MFI of IL-17. The results were evaluated by using ANOVA with
subsequent comparisons by Student t-test for paired or unpaired data, as appropriate. Values are expressed as mean + SEM (n=3
or 4) and similar results were obtained in two independent experiments. Statistical significance was considered as p < 0.05 (*p < 0.05,
**p <0.001, ***p < 0.0001) with respect to indicated mice groups.
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Figure 9. BC via enhancing SCFAs inhibits osteoclasts differentiation in Ovx mice: (a) For SCFAs analysis, mice were divided into 3
groups. viz. Sham, Ovx and Ovx + BC. At the end of 45 days, fecal samples are collected from all the groups of mice and analyzed for
short chain fatty acids (SCFAs) with the help of high-performance liquid chromatography (HPLC). (b) Bar graphs representing the
concentration of acetate, propionate, and butyrate in fecal samples of sham, Ovx, and Ovx + BC groups. (c) Photomicrographs (10X
magnification) representing TRAP positive cells. (d) Number of TRAP positive cells with more than 3 nuclei and area of osteoclasts.
Data are expressed as mean + SEM. Data were analyzed by unpaired student t test and analyzed by one way ANOVA. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001) compared with the indicated group.
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SCFAs modulates “Breg-Treg-Th17” cell axis

BC exhibit strong immunomodulatory potential;
thus, we were next estimated the potential of
SCFAs on the differentiation of Breg, Treg and
Th17 cells. For the same, negatively selected
splenic B cells were stimulated under Breg
polarizing conditions in the presence/absence
of SCFAs (viz. acetate, propionate and butyrate)
for 24 h (Figure 10(a-d)). It was observed that
SCFAs significantly enhanced the percentage of
CD19"IL-10" Bregs under ex vivo conditions in
a concentration dependent manner (Figure 10
(a-d)). Next, we assessed the potential of SCFAs
on the differentiation of naive T cells either into
Tregs or Th17 cells. To achieve this aim, we
cultured naive T cells with SCFAs for 3 days
under Tregs and Th17 cell differentiation con-
ditions respectively. Subsequently, cells were
harvested and analyzed for the percentages of
CD4"Foxp3™ Tregs and CD4"Roryt™ Th17 cells
by flow cytometry. Interestingly, we observed
that among all SCFAs, butyrate was the most
efficient in significantly reducing the differentia-
tion of naive T cells to CD4"Roryt" Th17 cells
(p <0.0001) in comparison to control groups
(Figure 10(e-f)). In addition, butyrate (at
0.5mm concentration) was also able to signifi-
cantly enhance the differentiation of naive T cells
to CD4"Foxp3™ Tregs (p<0.001) under ex vivo
conditions (Figure 10(g-h)). Conclusively, this
data clearly supports that among all the SCFAs,
butyrate is the most potent in modulating the
differentiation of Breg, Treg and Thl7 cells,
along with inhibiting osteoclastogenesis.

Butyrate enhances bone health via modulating the
“Gut-Immune” axis

To test whether our above ex vivo findings of buty-
rate could be exploited as a novel therapeutic strat-
egy in the treatment of pathological bone loss
conditions, we next investigated the role of buty-
rate in modulating bone health under estrogen
deficient conditions in Ovx mice model. For the
same, adult C57BL/6 female mice were randomly
distributed into three groups: sham surgery, bilat-
eral Ovx, and Ovx group orally administered daily
with butyrate (150 mM) for 6 weeks. At the end of

the treatment, mice were sacrificed and various
osteoimmune  parameters were analyzed
(Figure 11(a)). Micro-CT analysis further denoted
improved 3D microarchitecture of LV-5 bone of
Ovx mice administered with butyrate (Figure 11
(a)). Also, butyrate administration significantly
enhanced the BMD of femoral and LV-5 bones in
Ovx group (Figure 11(a-c)). In addition, to the
improved bone microarchitecture, butyrate admin-
istration also enhanced the mechanical strength of
the femoral bone in Ovx + butyrate group as com-
pared to Ovx group, as evidenced by the significant
enhancement in the energy required to break the
bone (Figure 11(d)). We next explored the poten-
tial of butyrate administration on gut-permeability.
Of note, we observed that butyrate supplementa-
tion significantly reduced the leakiness in the gut
and maintains the gut barrier function in Ovx mice
(Figure 11(e)). In addition, our flow cytometric
data further demonstrated that butyrate supple-
mentation significantly enhanced the frequencies
of Bregs and Tregs along with simultaneously redu-
cing the frequencies of Th17 cells in BM (prime site
of osteoclastogenesis) (Figure 11(f-i)). Altogether,
our above data confirms that BC enhances bone
health under PMO conditions in an SCFA depen-
dent manner (viz. butyrate) via modulating the gut-
immune axis.

SCFAs inhibit osteoclastogenesis in PBMCs of PMO
patients

Moving ahead, we were keen to know whether SCFAs
can dampen the inflammatory bone loss in healthy
and PMO patients. For the same we next carried out
osteoclastogenic assay in both healthy control and
PMO patients. We examined the potential of SCFAs
on RANKL mediated osteoclastogenesis in the pre-
sence or absence of SCFAs at 0.5 mM concentration
in PBMCs of HC and PMO subjects. After 14 days,
cells were harvested and processed for TRAP staining.
Reduction in the differentiation of osteoclasts as evi-
dent by a significant reduction in multinucleated (>3
nuclei) TRAP-positive cells in SCFAs treated group in
both HC and PMO patients (Figure 12(a—c)) was
observed. This data undoubtedly demonstrated that
among all SCFAs, butyrate was most potent in sup-
pressing osteoclastogenesis in both HC and PMO
patients, thereby further validating our pre-clinical
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Figure 10. SCFAs enhance the immunomodulatory potential of Bregs: (a-d) for Bregs stimulation, splenic CD19* B cells were
negatively selected and stimulated with LPS (10ug/ml) in the presence and absence of SCFAs at different concentrations. Dot plots
and bar graphs depicting the percentages of CD19¥IL-10" Bregs . (e-f) Contour plots and bar graphs are representing frequencies of
Th17 cells in the presence and absence of SCFAs at different concentrations. (g-h) Contour plot and bar graphs are representing
frequencies of Treg in the presence and absence of SCFAs at different concentrations. Data is represented as mean +SEM. Similar
results were obtained in two different independent experiments. Statistical significance was considered as p < 0.05 (*p < 0.05, **p <
0.01, ***p < 0.001) with respect to indicated groups.



20 L. SAPRA ET AL.

a)
. Post-Operative Care ,, Maintained Day f5‘ Sacrifice
P F 7/ T
)y § Start
Sham Day 1
(Sham Surgery)
Placebo

Administration

' Post-Operative careli Placebo Administration Day ?5= Sacrifice
-3 3 Start

Day 1

Ovx
(Ovaries Removed)

Butyrate Administration
(150 mM)

__Post-Operative Care ,, Butyrate Administration Day 45 Sacrifice
s 7/ }
- Start

Ovx + Butyrate Day 1
(Ovaries Removed)

e)

BMD (gm/cm?) =
Femur Trabecular
o o o o
8 & 8 &
1 1 1 ]
i
*
—, I3
= *
BMD (gm/cm3) £
(LV-5)
o o o
8 & o
1 1 1
) ?
" *
> H_“
Energy (mJ) =
N [°M]
1 1
[ ]
R
*
|-x-
o 13
FITC Dextran (ug/ml)
(Gut Permeability)
S 8 & 8
1 1 1 1
_—
| ] P-HIII

. 0.55- [3 . =
.. ®
0.45 050 : 14 10 .
0.40] ﬁ !
0
0.35- 0.45 T T T Q | ' ; &I .‘I_ ;
o+ Y <
‘&& o & ‘\é«\ o xotx \@& oV U s O K
&+ % & < o'
04 04 o
h i
f) ) )L kkk ok ) » 807
- R *  kx
0y ~ 5 22 g
o= E = 204 n hedli ) =
-8 = i @ S 15 0 60 N
o - &~ - 45 in .\ e
Q..,, ‘T + [a] a, [
83 =3 25" z 47 . an
0 L O 104 s A o A
< u- a 4= A = O s A
o o o ° o ‘S 54 s o 20
o N3 o X 5 o 3 2 B
5~ R 22 2
|
0- 0 T T T 0 1 I I
& & > & & M & P
& 0 » O & O x
X My & Mg 2 4
o' o' o'

Figure 11. Butyrate enhances bone health via modulating the “Breg-Treg-Th17” cell axis and gut integrity: (a) Experimental layout
followed for the in vivo studies. (b) BMD of femoral trabecular bone. (c) BMD of LV-5 trabecular bone. (d) Bar graph representing
energy. (e) Measurement of gut integrity. FITC dextran was administered orally to each experimental mouse. Fluorescence intensity
was measured at excitation: 488 nm and 528 nm emission as an indicative of gut integrity. (f) Frequencies of Tregs. (g) Frequencies of
Th17 cells. (h) Frequencies of CD19*CD1d™CD5" Bregs. (i) Frequencies of CD19*IL-10* Bregs in the BM of mice of different groups.
Data is represented as mean +SEM (n=4). Similar results were obtained in two different independent experiments. Statistical
significance was considered as p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001) with respect to indicated groups.
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Figure 12. SCFAs inhibits osteoclastogenesis in PBMCs of HC and PMO patients : osteoclasts differentiation was induced in PBMCs of
HC and PMO patients with M-CSF (30 ng/ml) and RANKL (100 ng/ml) with or without SCFAs at 0.5 mM concentration for 14 days. Giant
multinucleated cells were stained with TRAP and cells with > 3 nuclei were considered as mature osteoclasts. A) photomicrographs at
different magnifications (10 X and 20X) were taken. (b-c) Number of TRAP positive cells with more than 3 nuclei in HC and PMO
patients. Data is represented as mean +SEM. Mann-Whitney nonparametric test was performed for data analysis. Statistical
significance was considered as p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001) with respect to indicated groups.

observations. Conclusively, our results pave way for
targeted interventions via restoring the dysbiotic gut-
microbial composition, thereby mitigating inflamma-
tory bone loss observed under PMO conditions.

Discussion

Our group recently reported that numerical defect
in the frequencies of Bregs and reduction in its
tendency to produce IL-10 cytokine aggravate
inflammatory bone loss in PMO.” Several evidence
suggest that gut microbial composition plays

a crucial role in the development and

. . . 1,8,20,21
differentiation of host’s immune system,"®?°

Decisively, dysbiosis induced mucosal injury and
leaky-gut are predominant contributors involved
in the progression of pathological autoimmune
disorders viz. RA, SLE etc.”* Emerging evidence
suggest that GM possesses the ability to regulate
the differentiation of Bregs and depletion of GM
leads to reduction in the Bregs population and their
tendency to produce IL-10."" Interestingly, in the
present study, we observed that dysbiosis of GM
contributes to inflammatory bone loss via modu-
lating the “Bregs-Tregs-Th17” cell axis in PMO
both under pre-clinical and clinical settings.
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A study demonstrated that shortening of the
colon length is employed as one of the biological
markers for examining the inflammation of colon
tissue.”> In line with this, we too observed that
colon length was significantly reduced in Ovx
mice group in comparison to sham group, thereby
suggesting toward the role of inflammation in gut
under estrogen deficient conditions. In various
inflammatory conditions, mucus layer of the intes-
tine becomes more permeable to bacterial compo-
nents and is linked with the severity of the
disease.”* In Crohn’s disease, it has been observed
that a marked increase in the intestinal permeabil-
ity correlates with the severity of the disease.>
A link between the systemic inflammation and
impairment in the gut-integrity is further observed
in RA patients and under sex steroid deficient
conditions.'"**"*® To assess the gut-permeability
/integrity estrogen deficient post-
menopausal conditions, we performed FITC-
Dextran gut permeability assay. Notably, we
found a significant enhancement in the gut-
permeability/loss of gut-integrity in Ovx mice as
demonstrated by the higher fluorescence of FITC-
Dextran in the plasma of Ovx mice. In consistent to

under

this, we too observed that the expression of tight
junctional proteins such as claudin-1 and occludin
were significantly reduced in the intestinal tissues
of Ovx mice at transcriptomic level. In RA patients,
it has been observed that the alpha diversity (rich-
ness and evenness) of microbial composition is
significantly reduced and is further correlated
with active RA.*” Strikingly, we too observed that
the alpha diversity was significantly reduced in the
PMO patients, suggesting toward dysbiosis
induced leaky gut in osteoporosis. A study reported
that enhanced abundance of Escherichia coli along
with a lower abundance of LAB producing bacteria
such as Lactobacillus, Bifidobacteria, Bacillus spp.
are reported to be linked with osteoporosis in
IBD patients.’® > Markedly, in RA patients
Bacteroides, Escherichia and Shigella bacteria are
found to be present in abundance whereas
Lactobacillus spp. is observed to be lower in RA
patients.'”?* In line with these observations, we too
observed abundance of

enhanced relative

Bacteroides and Escherichia shigella along with
a lower abundance of LAB (i.e., Lactobacillus spp.)
in osteoporotic patients. Thus, we next evaluated
the potential of BC (LAB) in ameliorating the
inflammatory bone loss in a pre-clinical mice
model of osteoporosis. In 2009, Endres et al.,
assessed the safety of BC under in vivo conditions
and reported that 9.52 X 10'' CFUs are safe and
well tolerated for a 70 Kg human."” Our study
demonstrated that functionally compromised
Bregs aggravate inflammatory bone loss in PMO.
With an aim to investigate whether probiotics
administration can restore the compromised anti-
osteoclastogenic and immunomodulatory potential
of Bregs even under Ovx condition, we
employed BC in the present study. Interestingly,
we observed that administration of BC conserved
the microarchitecture of trabecular bone in Ovx
mice. Notably, experimental outcomes evidently
establish that BC has the potential to significantly
enhance bone health via maintaining BMDs of
femoral bone. Markedly, we observed that BC
administration significantly enhanced the histo-
morphometric parameters viz. BV/TV% and Tb.
Th along with significantly reduceing Tb.Sp in
Ovx mice. This data clearly suggests that BC exhi-
bits anti-osteoporotic effect and maintains bone
microarchitecture We further
observed that supplementation of BC in Ovx mice
significantly enhanced bone health via modulating

in Ovx mice.

the nexus between Bregs, Tregs, and Th17 immune
cells. Of note, serum cytokine data further attested
to the immunomodulatory potential of BC, where
in administration of BC significantly reduced the
levels of IL-17 cytokine (signature cytokine of
osteoclastogenic Th17 cells) along with simulta-
neously enhancing IL-10 cytokine (signature cyto-
kine of anti-osteoclastogenic Tregs and Bregs).
We next evaluated the potential of BC to
restore the anti-osteoclastogenic potential of
Bregs in Ovx mice. Interestingly, we observed
that Ovx-Bregs have compromised anti-
osteoclastogenic effect as compared to sham-
Bregs. Remarkably, we observed that Bregs har-
vested from the Ovx + BC mice maintain the anti-
osteoclastogenic effect, suggesting toward the



immunomodulatory potential of BC in ameliorat-
ing inflammatory bone loss in Ovx mice.
Furthermore, we next explored whether along
with maintaining the anti-osteoclastogenic poten-
tial of Bregs, can BC also improve the compro-
mised immunomodulatory potential of Bregs in
Ovx mice. For the same, Bregs isolated from
either Sham/control mice, Ovx mice and Ovx +
BC administered mice were co-cultured with
naive T cells. Flow cytometric data demonstrated
that Sham-Bregs efficiently inhibited differentia-
tion of Th17 cells while simultaneously inducing
Tregsdifferentiation. On the contrary, Ovx-Bregs
were unable to do so thereby reflecting the com-
promised functionality of Ovx-Bregs in compar-
ison to Sham-Bregs. Enormously, we observed
that BC administration maintains the immuno-
suppressive and immunomodulatory potential of
Bregs, thereby suggesting toward the strong
immunoporotic potential of BC even under estro-
gen-deficient conditions.

Moving ahead, we next asked the question
whether BC administration modulates the func-
tionality of Bregs via maintaining the gut integrity
and restoring the dysbiotic-GM under estrogen
deficient conditions. SCFAs have now taken the
center stage as key players for their potential to
positively affect the peripheral organs beyond the
gut.>* Of note, specialized bacteria belonging to the
phyla Actinobacteria and Firmicutes are much
more efficient in degradation of non-digestible
polysaccharides (NDPs) and generating large
quantities of SCFAs.”> Our NGS data clearly repre-
sented reduction in the abundance of bacteria
belonging to the phyla Firmicutes. This clearly
suggests that reduction in abundance of
Firmicutes is further linked with the SCFAs depri-
vation in osteoporotic mice model. Emerging evi-
dence suggests that synthesis and production of
SCFAs depends largely on the commensals that
reside within the intestine e.g. acetate is produced
by the phylum Bacteroidetes (largest group in
intestine),’® propionate by bacterial species
(Akkermansia muciniphila)35 and butyrate is
being synthesized by four distinct pathways mainly
glutamate, acetyl-CoA, lysine, and succinate.’”

Moving ahead, targeted metabolomic approach
further attested that the concentration of SCFAs
(acetate, propionate, and butyrate) was
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significantly reduced in Ovx mice in comparison
to the control group. A study reported that SCFAs
via reducing the pH in the gut, contributes to the
release of free calcium ions via decreasing the for-
mation of calcium and phosphorus complexes,’®
thereby inducing the formation of bone under
physiological condition. Several studies reported
that SCFAs effectively suppress the onset of arthri-
tis and lower the risk of RA.*® Altogether, these
studies suggest that reduction in the levels of
SCFAs might augment inflammatory bone loss in
PMO. Moreover, HPLC data further demonstrated
that BC administration significantly enhanced the
concentration of SCFAs in serum of Ovx mice.
These results clearly suggest that BC via enhancing
the levels of SCFAs ameliorate inflammatory bone
loss in osteoporosis. Our ex vivo data demonstrated
that all SCFAs (acetate, propionate, butyrate) sig-
nificantly reduced the differentiation of multinu-
cleated osteoclasts in a dose dependent manner.
Nevertheless, among all the SCFAs, butyrate was
the most potent and efficient anti-osteoclastogenic
agent that inhibits osteoclastogenesis even at
0.125 mM. Flow cytometric data further revealed
that all SCFAs were efficient in inducing the differ-
entiation of Bregs. Tyagi et al., reported that buty-
rate producing bacteria via enhancing the
frequencies of Tregs promote bone formation.*
In the present study, we too observed that butyrate
was the most potent SCFAs in enhancing not only
the differentiation of Tregs, but also simulta-
neously inhibiting the differentiation of Thl17
cells. Altogether, our data clearly establishes that
among all the SCFAs, butyrate is the most potent
anti-osteoclastogenic and immunomodulatory gut
associated metabolite.

Furthermore, we next evaluated the anti-
osteoporotic potential of butyrate in pre-clinical
mice model of osteoporosis. In consistent to pre-
vious reported literature,”® our micro-CT data
clearly represented that the 3D microarchitecture
of bones in Ovx mice administered with butyrate
was significantly improved. Of note, it was further
observed that butyrate administration significantly
enhanced/restored the intestinal gut integrity
under estrogen-deficient condition, along with sig-
nificantly enhancing Tregs and Bregs and reducing
Th17 cells at the prime site of osteoclastogenesis
(i.e., bone marrow). Next, we were keen to know
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whether these SCFAs do exhibit any anti-
osteoclastogenic effect on human osteoclasts.
Interestingly, in line with our pre-clinical study in
Ovx mice, SCFAs do exhibit anti-osteoclastogenic
effect even on human osteoclasts with significant
reduction in the formation of multinucleated
TRAP positive osteoclasts from human PBMCs.
Moreover, SCFAs were further efficient in suppres-
sing osteoclastogenesis in PBMCs of PMO patients.
Altogether, among all the SCFAs, butyrate was
found to be the most potent anti-osteoclastogenic
agent in both murine and human studies.

Conclusively, the present study demonstrated
the importance of dysregulated “Breg-Treg-Th17”
cell axis in the pathophysiology of PMO and
reveals the potential role of inflammatory milieu
in augmenting bone loss in osteoporosis.
Moreover, reduction in the alpha-diversity and
relative-abundance of beneficial GM and lactic
acid producing bacteria along with the enhance-
ment in the endotoxin producing gram-negative
bacteria in the gut further enhanced the inflam-
matory bone loss in PMO, thereby supporting
our pre-clinical observations. Collectively, our
experimental findings for the first time highlight
the immunoporotic role of probiotic BC in ske-
letal homeostasis and emphasize its role as
a novel immunoporotic agent in mitigating
inflammatory bone loss even under PMO condi-
tions via modulating the “Gut-Immune-Bone”
axis.
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BC Bacillus coagulans

SCFAs  Short Chain Fatty Acids

Bregs Regulatory B cells

RANKL  Receptor activator of nuclear factor kappa B ligand
TLR Toll like receptor

LPS Lipopolysaccharide

IL Interleukin

TGF Transforming growth factor

RA Rheumatoid arthritis

SLE Systemic lupus erythematosus

PMA Phorbol 12-myristate 13-acetate
BMCs Bone marrow cells

M-CSF  Monocyte colony stimulating factor
TRAP Tartrate resistant acid phosphatase
BMD Bone mineral density

Tregs Regulatory T cells

GM Gut microbiota

PMO Post-menopausal osteoporosis

uCT Micro-computed tomography

HPLC High-performance liquid chromatography
GALT Gut associated lymphoid tissue

AhR Aryl hydrocarbon receptor

GC Germinal center

LAB Lactic acid bacteria

FDA Food and Drug Administration
GRAS Generally recognized as safe

CFSE Carboxyfluorescein succinimidyl ester

PP Peyer’s patches
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