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Abstract 
Targeting the gut–bone axis with probiotics and prebiotics is considered as a promising strategy to reduce the risk of osteoporosis. Gut-derived 
short chain fatty acids (SCFA) mediate the effects of probiotics on bone via Tregs, but it is not known whether prebiotics act through a similar 
mechanism. We investigated how 2 different prebiotics, tart cherry (TC) and fructooligosaccharide (FOS), affect bone, and whether Tregs are 
required for this response. Eight-wk-old C57BL/6 female mice were fed with diets supplemented with 10% w/w TC, FOS, or a control diet 
(Con; AIN-93M) diet, and they received an isotype control or CD25 Ab to suppress Tregs. The FOS diet increased BMC, density, and trabecular 
bone volume in the vertebra (∼40%) and proximal tibia (∼30%) compared to the TC and control diets (Con), irrespective of CD25 treatment. 
Both prebiotics increased (P < .01) fecal SCFAs, but the response was greater with FOS. To determine how FOS affected bone cells, we 
examined genes involved in osteoblast and osteoclast differentiation and activity as well as genes expressed by osteocytes. The FOS increased 
the expression of regulators of osteoblast differentiation (bone morphogenetic protein 2 [Bmp2], Wnt family member 10b [Wnt10b] and Osterix 
[Osx]) and type 1 collagen). Osteoclasts regulators were unaltered. The FOS also increased the expression of genes associated with osteocytes, 
including (Phex), matrix extracellular phosphoglycoprotein (Mepe), and dentin matrix acidic phosphoprotein 1 (Dmp-1). However, Sost, the gene 
that encodes for sclerostin was also increased by FOS as the number and density of osteocytes increased. These findings demonstrate that FOS 
has a greater effect on the bone mass and structure in young adult female mice than TC and that its influence on osteoblasts and osteocytes is 
not dependent on Tregs. 

Keywords: gut–bone axis, prebiotics, short chain fatty acids, fructooligosaccharide, tart cherry, osteocytes 

Lay Summary 
The incorporation of probiotics and prebiotics into the diet has been recently shown to be a promising strategy to reduce the risk of osteoporosis. 
Metabolites produced by the gut microbiota have been reported to mediate the effects of probiotics on bone via a specialized subset of T cells (T 
regulatory or Treg cells), but it is not known whether prebiotics act through a similar mechanism. We investigated how two different prebiotics, tart 
cherry (TC) and fructooligosaccharide (FOS), affect bone, and whether Tregs are required for this response. FOS diet significantly increased bone 
density and trabecular bone in the spine and proximal tibia compared to the TC and control diets, irrespective of the CD25 antibody treatment 
which blocks Treg cells. Both prebiotics increased fecal SCFAs, but the response was greater with FOS. We showed that FOS increased the 
expression of regulators of osteoblast differentiation and type 1 collagen, but osteoclast regulators were unaltered. FOS increased the expression 
of genes associated with osteocytes as well as the density of these cells. These findings demonstrate that FOS has a greater effect on bone 
mass and structure in young adult female mice than TC and its influence on osteoblasts and osteocytes is not dependent on Tregs.
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Graphical Abstract 

Introduction 
Osteoporosis continues to be a growing public health concern 
in part due to an aging population demographic and poor 
adherence to currently available treatment options.1-4 One 
approach to reducing the risk for osteoporosis later in life is 
to focus on optimizing the bone tissue accrual or peak bone 
mass. Bone mass attained during the first 2–3 decades of life 
is recognized as a major determinant of skeletal health and 
fracture risk.5 In fact, lifetime fracture risk has been reported 
to decrease by 50% with each SD increase in peak bone 
mass.6 Lifestyle factors, such as physical activity and diet, are 
known to enhance bone acquisition and have been estimated 
to account for 20%–40% of an adult’s peak bone mass.7 

Consequently, lifestyle interventions focused on optimizing 
the peak bone mass have the potential to significantly reduce 
the incidence of osteoporosis later in life. 

The concept of multi-organ communication between the 
gastrointestinal tract and bone health is not new.8 From 
early observations that patients with inflammatory bowel 
diseases were at risk for osteoporosis to discoveries that sero-
tonin produced by duodenal enterochromaffin cells inhibits 
osteoblast proliferation and activity, our understanding of the 
physiological links between the gut and bone has continued 
to evolve.9,10 More recently, the focus has shifted to the 
connection between the microorganisms residing within the 
intestine and bone. The gut microbiota can affect intestinal 
barrier function, gut mucosal immune function as well as the 
production of secondary metabolites, all of which can have 
local and distal effects in tissues such as the bone.11-13 Female 
C57BL/6 gnotobiotic mice (ie, germ-free) exhibit high bone 
mass in conjunction with a decrease in CD4+ T cells, osteo-
clast precursors, and pro-inflammatory cytokines (ie, TNF-α 
and IL-6) within the bone marrow.14 Manipulation of the gut 
microbiota using probiotics (eg, Lactobacillus and Bifidobac-
terium) protects against bone loss resulting from estrogen 
deficiency, periodontitis, glucocorticoids, and aging.15-21 In 
conjunction with their effects on bone, probiotics expand Treg 
number and their trafficking from the gut to the bone marrow, 
downregulate inflammatory cytokines (eg, TNFα, IL-1β, and  
IL-17A), and increase short chain fatty acids (SCFAs; eg, 
butyrate, propionate, and acetate), resulting in improved gut 
barrier integrity.22,23 Moreover, the importance of Treg cells 
in this response was confirmed when the benefits of probiotics 
on osteoblasts were abrogated in mice treated with CD25 Ab 
to suppress their Treg population.23 The connection between 
probiotic-mediated gut microbial shifts and the positive effects 

on bone has renewed interest in dietary approaches that could 
be used to target the gut microbiota for preventing bone 
loss. 

Prebiotics, which are non-digestible compounds that are 
metabolized by microorganisms in the gut, modulate the com-
position and activity of the gut microbiota, thus conferring a 
beneficial physiological effect on the host.24 Some examples 
are fructooligosaccharides (FOSs), galactooligosaccharides, 
inulin, and phenolic acids that have a positive effect on 
BMD and bone strength in animal models.25-28 Prebiotics 
increase SCFA production, lower luminal pH, and improve 
calcium and magnesium absorption.25,29 In the past, the 
effects of prebiotics on bone have been attributed primarily 
to these mechanisms; however, prebiotics also exhibit anti-
inflammatory properties and increase Tregs in the gut.30-33 

It is not known whether their effects on bone are mediated 
through a similar Treg-dependent mechanism as reported with 
probiotics. 

Dietary sources of prebiotics are usually plant-based foods 
that provide one or more components with prebiotic activity. 
Montmorency tart cherries (TCs) (Prunus cerasus) are a good 
source of phenolic acids and FOS, both of which can act 
as prebiotics and alter the gut microbiota in young healthy 
adults and animal models.34-37 The bioactive components 
in TC also have anti-inflammatory, antioxidant, and bone 
protective activity.38-42 Dietary supplementation with TC pre-
vented bone loss in a rheumatoid arthritis model and restored 
age-related loss of trabecular and cortical bone.41,42 Post-
menopausal women consuming TC juice twice daily exhibited 
a decrease in the bone resorption marker, tartrate-resistant 
acid phosphatase type 5b.43 Phenolic acids reduce osteoclas-
togenesis by inhibiting the receptor activator of nuclear factor 
κB (RANKL) and promoting osteoblast differentiation via 
TGF-β signaling in both bone and gut in a Treg cell dif-
ferentiation–dependent manner.42,44 However, these phenolic 
acids are relatively poorly absorbed, which suggests that their 
effects on bone cells may also be mediated via gut-derived 
metabolites.45,46 With growing interest in the gut microbiota 
as a target for osteoporosis prevention and treatment, it is 
important to understand how complex prebiotics, such as TC, 
affect bone in contrast to a simple fiber such as FOS. Thus, the 
purpose of this study was to investigate how dietary TC and 
FOS supplementation affect the bone mass and structure in 
young adult mice and to determine whether immune modu-
lation of Tregs is required for this response as observed with 
probiotics.
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Materials and methods 
Animal care and diet 
Eight-wk-old C57BL/6 female mice (n = 96; Taconic Bio-
sciences, Germantown, NY) were acclimated for 2 wk at 
the environmentally controlled Laboratory Animal Research 
Facility at Oklahoma State University (OSU) before the 
initiation of the study. Mice (n = 16/group in 2 reps of n = 8  
mice/rep) were then randomized to the following treatment 
groups in a 3 × 2 factorial design with diet (AIN93M control 
diet [Con], TC, or short chain FOS) and anti-CD25 Ab 
(isotype control [−CD25] or CD25 Ab [+CD25]) as factors. 
The TCs were purchased from Shoreline Fruits at Peterson 
Farms (Shelby, MI), pitted, freeze-dried, and ground into a 
powder so that it could be incorporated into the diet at a dose 
of 10% (w/w). This dose of TC was selected based on previous 
studies in our lab and others that showed beneficial effects on 
bone.41,42 The FOS was purchased from NUTRAFLORA, 
soluble prebiotic fiber was purchased from FB P-95 Ingredion 
Incorporated, Westchester, IL, and it was also supplemented 
at a dose of 10% w/w. Throughout the 8-wk study, mice 
received an intraperitoneal injection of either anti-CD25 Ab 
(500 μg/mice/injection) or the isotype control Ab (IgG; -
CD25) (BioXcell, Lebanon, NH) twice per wk to suppress the 
CD25+ Treg cells. The diets were adjusted to contain similar 
carbohydrate, protein, fat, fiber, calcium, and phosphorus as 
the AIN93-M diet (Con) diet (Supplementary Table 1). Mice 
had free access to food and RO water throughout the study, 
and food intake and weekly BWs were monitored. 

At the end of 8 wks of treatment, mice were fasted for 3 h, 
anesthetized with a ketamine/xylazine cocktail (100 mg/10 mg 
per kg BW), followed by whole-body DXA scans (GE Lunar 
PixiMus). Mice were then exsanguinated via the carotid 
artery, and whole blood was collected for quantification of 
total WBCs and differential counts or were processed for 
serum assays. Tissues were harvested (ie, small intestine, 
femurs, tibiae, and spine), cecal contents were collected, and 
immune cells from the ileum and bone marrow were processed 
for FACS analyses. All procedures adhered to the guidelines 
for the ethical care and treatment of animals under the IACUC 
at OSU. 

Body composition and bone densitometry 
Immediately prior to necropsy, whole-body DXA scans (GE 
Medical Systems Lunar, Madison, WI) were performed to 
determine body composition, and whole-body bone mineral 
area, BMC, and BMD. 

Micro-CT 
The tibia and fifth lumbar vertebra were scanned using X-
ray micro-CT (μCT40, SCANCO Medical, Switzerland) to 
quantify the changes in trabecular and cortical bone microar-
chitecture. Tibia scans were performed at high resolution 
(2048 × 2048 pixels), and the proximal tibial metaphysis 
was analyzed by evaluating 150 slices (900 μm) within the 
volume of interest (VOI). Vertebral samples were analyzed 
by acquiring images at a resolution of 1024 × 1024 pixels 
and a VOI of ∼170 slices (2.7 mm) between the dorsal and 
caudal growth plates. Trabecular bone parameters assessed 
at both sites included the bone volume relative to total vol-
ume (BV/TV), trabecular number (TbN), trabecular thickness 
(TbTh), trabecular separation (TbSp), connective density, and 

structural model index (SMI). The midshaft of the tibia was 
also evaluated, analyzing 30 slices (180 μm) within the VOI. 
In terms of cortical bone, porosity, cortical thickness, cortical 
area, and medullary area were evaluated. All analyses were 
performed at a threshold of 350 and a sigma and support of 
1.2 and 2, respectively. 

Flow cytometry 
Single-cell suspensions of lymphocytes were prepared from 
the ileum of the small intestine, the site of some of the most 
intimate host–microbe–nutrient interactions, based on our 
previously published study.47 In short, the ileum was dissected 
and flushed with a mixture of RPMI, 2% FBS, and 1 mM 
DTT; and Peyer’s patches were removed. The tissue was cut 
into small pieces and incubated with HBSS with 2 mM EDTA 
at room temperature to remove epithelial cells, followed by 
a series of incubations (n = 3) with 0.20 mg/mL collagenase 
type VIII (Sigma-Aldrich). The cells were collected, resus-
pended, and filtered through a 70-μm sterile filter before 
lymphocytes were isolated by density–gradient centrifugation 
using 40% and 80% Percoll gradients. Cells at the interface 
of the 2 gradients were collected and washed in complete 
media (3×). 

Bone marrow lymphocytes were harvested by flushing the 
femur with incomplete DMEM media. The erythrocytes and 
platelets were lysed using BD Bioscience lysing buffer fol-
lowing the manufacturers guidelines. Next, the cells were 
centrifuged and resuspended in 2 mL complete DMEM media 
with 0.5% BSA, and 10 mM EDTA, adjusted to pH 7.4. 

Viable cells (2 × 106) from the ileum and bone marrow were 
first stained with the live/dead stain (BD Biosciences, Franklin 
Lakes, NJ). Cells were then stained with surface markers 
(CD3, CD4, CD8, and CD25). Next, the cells (1 × 107 cell-
s/mL) were fixed and permeabilized using the mouse fixation 
buffer (BD Biosciences), washed, and stained for intracel-
lular markers (FOXP3, IL-17) following the manufacturer’s 
instructions. Flow cytometry analyses were carried out using 
BD FACSAria III (BD Biosciences) at the College of Vet-
erinary Medicine Immunopathology Core Laboratory. Data 
were analyzed with the FlowJo software (Version 10.8). 

Fecal SCFA analyses 
Fecal samples collected at the end of the study were pro-
cessed in duplicates for SCFA analyses according to previously 
published protocol.48 To assess fecal SCFA concentration, 
samples were freeze-dried and then pulverized into powder. 
Approximately, 150 mg fecal powder was mixed with 250 μL 
hydrochloric acid, 45 μL internal standard (1 mM 2-ethyl 
butyric acid in 12% formic acid), followed by 2 extractions 
with 1 mL diethyl ether. An aliquot of the organic extract was 
transferred into glass vials for gas chromatographic analysis 
using Agilent 6890N GC system with a flame ionizable detec-
tor and an automatic liquid sampler (Agilent Technologies, 
Santa Clara, CA). Sample concentrations were determined 
using a 5-point calibration curve, with each standard contain-
ing the SCFAs, acetic, propionic, butyric, valeric, isovaleric, 
and isobutyric acids (Sigma-Aldrich). 

Serum bone biomarkers 
To determine systemic alterations in osteoblast and osteoclast 
activities induced by treatments, serum indicators of bone for-
mation, N-terminal P1NP, and bone resorption, C-telopeptide

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
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of type I collagen (CTX-1) were assessed using commercially 
available EIA kits (Immunodiagnostic Systems, Inc., Fountain 
Hills, AZ). 

RNA extraction and gene expression analysis 
Total RNA was extracted from pulverized tibias (hard tissue 
only) and colon lamina propria specimens using Trizol (Invit-
rogen, Rockville, MD). The quality of RNA was confirmed 
using a Nanodrop Spectrophotometer (Rockland, DE) and 
gel electrophoresis. After DNase treatment, cDNA was syn-
thesized and qRT-PCR was performed (CFX Opus 384 Real-
Time PCR System, Bio Rad, CA) using SYBR green chemistry. 
Relative gene expression was determined using the 2−��Ct 

method with target genes normalized to Gapdh for the bone 
tissues or Hprt for the colon. 

Genes of interest in the bone tissue included regulators 
of osteoblastogenesis, wingless-type MMTV integration site 
family, member 10b (Wnt10b), runt-related transcription 
factor 2 (Runx2), bone morphogenetic protein 2 (Bmp2), 
and osterix (Osx), and indices of osteoblast activity that 
included bone sialoprotein (Bsp), α-1 type 1 collagen 
(Col1α1), osteopontin (Opn), and osteocalcin (bone gamma-
carboxyglutamate protein 2 [Ocn (Bglap2)]). Gene expression 
for receptor activator of nuclear factor kappa-B ligand 
(Rankl) and osteoprotegerin (Opg), which regulate osteo-
clastogenesis were also assessed. Additionally, the effects of 
treatments on genes expressed by osteocytes, connexin 43 
(Cx43), phosphate-regulating endopeptidase x-linked (Phex), 
matrix extracellular phosphoglycoprotein (Mepe), sclerostin 
(Sost), and dentin matrix acidic phospho protein 1 (Dmp1) 
were assessed. 

In the colon lamina propria, genes encoding for chemokines 
involved in T cell trafficking (C-X-C motif chemokine 
receptor 4 [Cxcr4], C-X-C motif chemokine ligand 12 
[Cxcl12], C-X-C motif chemokine ligand 10 [Cxcl10], C-C 
motif chemokine receptor 7 [Ccr7], and vascular cell adhesion 
molecule 1 [Vcam1]), anti-inflammatory cytokines ([Il-10] 
and [Il-22], transforming growth factor beta [Tgf-β]), pro-
inflammatory cytokines ([Il-6], [Il-17], [Tnf-α], and [Il-23]), 
and G protein-coupled receptors (G protein-coupled receptor 
41 [Gpr41], 43 [Gpr43], and 109a [Gpr109a]) that can 
bind SCFA were evaluated. Primer sequences are provided 
in Supplementary Table 2. 

Histology for osteocyte density 
To assess the abundance of osteocytes, H&E staining was 
performed on sections of the sixth lumbar vertebra. Spec-
imens were fixed in 10% NBF, decalcified in EDTA prior 
to processing, and then paraffin-embedded. Five-micrometer 
longitudinal sections (cephalic–caudal direction) were stained. 
Total osteocytes were counted within a ROI that included the 
primary spongiosa and corresponding cortices of the vertebral 
body and expressed per unit of bone surface (mm2) derived 
from the micro-CT scans. 

Statistical analysis 
The SAS software package (Version 9.4, SAS Institute Inc., 
Cary, NC) was used for all data analyses. Data were first 
assessed for outliers and normal distribution by the Shapiro– 
Wilks test. If the assumption for normality was not met, data 
were log-transformed. Continuous variables were analyzed 
by 2-way ANOVA using the generalized linear model with 
CD25 and diet as factors. If data failed to meet the criteria 

of normal distribution after log transformation, they were 
analyzed using Friedman’s test. Group comparisons were 
evaluated using Fischer’s least square means post hoc test 
when the overall P-value was significant for interactions or 
main effects. Data are expressed as mean ± SE, and the α was 
set at 0.05.  

Results 
Body weight, food intake, body composition, 
and tissue weight 
Over the course of the 8-wk study, there was no effect of 
CD25 treatment on BW, but there was an effect of diet 
(Table 1). After the first wk of treatment, the FOS groups had 
lower body weight (P < .05) compared to the TC and Con 
diet groups. These differences persisted even though the FOS 
treated mice gained weight throughout the remainder of the 
study (data not shown). No differences were noted in the food 
intake between treatment groups (Table 1). The lower body 
weight with the FOS treatment occurred in conjunction with 
a decrease (P < .01) in fat mass and percent fat compared to 
the groups on the Con and TC groups (Table 1). By contrast, 
no alterations in lean mass were noted in response to diet, and 
CD25 treatment did not affect body composition. 

Relative tissue wt revealed that there was a main diet effect 
on visceral adiposity (i.e., white adipose tissue or WAT) and 
the wt of the cecum, but not on the thymus, spleen, and uterus 
(Table 1). Consistent with the body composition measures, 
the relative wt of WAT was significantly reduced (P < .01) in 
FOS animals compared to the Con and TC groups (Table 1). 
Both sources of prebiotics, the TC and FOS, increased cecal wt 
(P < .01) compared to mice on the Con diet, which is expected 
with prebiotics (Table 1). Only FOS treatment increased the 
wt of cecal contents compared to the Con and TC groups. 
However, the colon length did not exhibit any main or inter-
action effects, indicating that the doses of prebiotics used did 
not elicit a stress response (Table 1). 

Whole-body bone density and tibia length 
The DXA scans were assessed to determine how whole-body 
BMC and BMD were altered in response to diet and CD25 
alone and in combination. Though there was no interaction 
effect of CD25 and diet treatment on whole-body BMC and 
BMD, a significant diet effect was observed (Figure 1A and B). 
The FOS diet increased whole-body BMC (P < .01) com-
pared with the Con and TC groups (Figure 1A). Furthermore, 
whole-body BMD was significantly increased (P < .05) in FOS 
mice relative to TC animals (Figure 1B). No CD25 effect or 
interaction was noted on tibial length, but FOS fed mice had 
longer tibia (P < .01) than TC or Con animals (Table 1). 

Trabecular and cortical bone microarchitecture 
We used micro-CT imaging to evaluate the changes in struc-
tural parameters of trabecular and cortical bone of the tibia 
and lumbar vertebra after 8 wk of CD25 and dietary treat-
ments. There was no interaction or main effect of CD25 Ab 
on tibial or vertebral trabecular BV, but a main diet effect was 
observed on trabecular BV/TV at both sites. Within the lum-
bar vertebral body (Figure 1C) and proximal tibial metaphysis 
(Figure 1E), trabecular BV/TV was increased (P < .01) in the 
FOS group compared to the Con and TC groups. Although the 
FOS-treated groups gained wt throughout the study, their final 
BW was less than the mice on the Con and TC diets. Therefore,

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
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we investigated whether or not there was an influence of BW 
on the trabecular bone response to diet. The effect of diet 
on BV/TV in the tibia and vertebra was not altered when 
the data were expressed per unit of BW (data not shown). 
Representative 3D images of trabecular bone in the proximal 
tibia ( Figure 1D) and lumbar vertebra (Supplementary Fig-
ure 1A) are shown. The increase in trabecular BV/TV with 
FOS treatment occurred in conjunction with an increase in 
TbN and TbTh (P < .01) and a decrease in TbSp (P < .01) in 
the tibia and vertebra compared to the Con and TC groups 
(Supplementary Table 3). Dietary supplementation with TC 
did not improve any indices in the tibia in this study, but a 
decrease in vertebral Tb. Th (P < .01) was noted compared to 
mice on the Con diet. 

Additionally, no interactions of CD25 and diet or main 
effects of CD25 on trabecular bone SMI and connectivity den-
sity occurred; however, there was a main diet effect on these 
parameters (Supplementary Table 3). Trabecular connectivity 
density was increased (P < .01) in the FOS-treated group 
compared to the Con and TC group after 8 wk. There was 
a decrease (P < .01) in the SMI in both spine and tibia (Sup-
plementary Table 4) with FOS supplementation compared to 
Con or TC. In contrast, SMI was significantly increased with 
TC compared to the Con group. SMI provides an insight into 
the orientation of trabecular struts to understand whether the 
effect of treatment on bone results in a more rod-like or plate-
like structure. FOS supplementation improved the orientation 
of the trabecular struts to become more plate-like, whereas 
in this study, the TC treatment resulted in a more rod-like 
structure. The CD25 Ab treatment did not affect the SMI or 
connectivity density at either skeletal site. 

Cortical bone was evaluated at the tibia mid-diaphysis 
and representative images are shown (Supplementary Fig-
ure 1B). No interactions or main effects of diet and 
CD25 were observed in cortical thickness and cortical area 
(Figure 1F and G). However, when the data were expressed 
per unit of BW, the FOS diet significantly increased both of 
these cortical bone parameters (data not shown). A main effect 
of diet was noted on the medullary area with FOS treatment 
increasing the medullary area (P < .01) compared to the Con 
and TC diet groups (Supplementary Table 3). No changes in 
cortical porosity were noted. 

Serum bone biomarkers 
To assess the systemic biomarkers of bone formation and 
bone resorption in response to diet and CD25 Ab treatment, 
P1NP and CTX-1 were evaluated. There was no interaction 
or main effect of CD25 or diet on the serum bone formation 
marker, P1NP (Figure 1H). There was a significant interaction 
(P < .05) on serum CTX-1 with +CD25 increasing CTX-1 in 
the Con- and FOS-treated groups, but not in the TC group 
(Figure 1I). Surprisingly, the mice fed the TC diet without 
CD25 exhibited an increase in CTX-1 (P < .05) compared to 
mice receiving the –CD25 Ab on the Con and FOS diets. 

T lymphocytes in ileum and bone marrow 
Flow cytometry analysis, performed on lymphocytes from the 
ileum, revealed significant alterations in the relative abun-
dance of Treg and Th17 cells as well as their absolute counts 
in response to CD25 and diet. The CD25 treatment increased 
the percentage of CD3+CD4+ cells in the groups fed with the 
Con- or FOS-supplemented diets, but not in the mice receiving 
the TC diet (Figure 2A). Interestingly, the mice receiving the

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
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Figure 1. Bone mass, structural alterations, and biomarkers in mice consuming control diet (Con), TC, or FOS with (+CD25; green) or without CD25 
(−CD25; black) Ab: whole-body (A) BMC, (B) BMD, (C) lumbar vertebra trabecular bone volume relative total volume (BV/TV), (D) representative 3D 
images of the proximal tibia, (E) proximal tibia BV/TV, (F) tibia midshaft cortical thickness, (G) cortical area, (H) serum P1NP, and (I) CTX-1. Data presented 
as mean + SE. P-values < .05 are statistically different and P-values > .05 are not shown. ∗∗∗ indicates a main effect P < 0.0001, ∗∗ indicates a main effect 
P < 0.01, and ∗ indicates a main effect P < 0.05. Superscript letters show differences between groups with a significant CD25 ∗ diet interaction. 
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Figure 2. The relative abundance of T lymphocytes using FACS in the lamina propria of the ileum after 8 wk of control (con), TC, or FOS diets with (+CD25; 
green) or without (−CD25; black) CD25 Ab. The percentage of (A) CD4+cells, (B) CD25+Foxp3+ Tregs, (C) Th-17+ cells, and the (D) ratio of Treg to Th-17 
cells are shown. Data presented as mean + SE. P-values < .05 are statistically significant and P-values > .05 are not shown. ∗∗∗ indicates main effect 
P < 0.0001, ∗∗ indicates main effect P < 0.01, and ∗ indicates main effect P < 0.05. Superscript letters show differences between groups with a significant 
CD25 ∗ diet interaction. Groups that do not have the same superscript letter are statistically different from each other (P < 0.05). 

TC diet exhibited a higher percentage of CD4+CD3+ cells, 
irrespective of CD25 treatment ( Figure 2A), but there were 
no differences in the absolute CD4+CD3+ counts between 
groups (Supplementary Table 4). The relative abundance of 
CD4+ CD25+ Foxp3+ Treg cells was suppressed with the 
CD25 Ab as expected in the lamina propria of the ileum 
(Figure 2B). Furthermore, a main effect of diet was observed 
with the FOS diet increasing this Treg population, but not 
the TC diet compared to the Con (Figure 2B). By contrast, 
there were no differences in the absolute number Tregs in 
the FOS compared to the Con group, but the mice con-
suming the TC (−CD25) had a ∼1.9-fold higher number of 
Tregs compared to the Con diet (Supplementary Table 4). 
To evaluate how pro-inflammatory Th-17 cells responded to 
treatments, we assessed the CD4+IL-17A+, Th17 population. 
Interestingly, FOS increased the percentage of Th17 (P < .01) 
in the presence of CD25 compared to the Con and TC groups 

(Figure 2C) as well as the absolute Th17 cell count (Supple-
mentary Table 4). As a result of these alterations in the Treg 
and Th17 cells, we observed a CD25 × diet interaction with 
the mice fed the FOS diet and receiving +CD25 Ab, exhibiting 
the greatest reduction in the Treg:Th17 ratio (Figure 2D). 

In the bone marrow, the FOS and TC diets in contrast to the 
Con diet prevented the decrease in the percentage of CD4+ T 
cells that occurred with CD25 treatment (Figure 3A). Admin-
istration of the CD25 Ab effectively reduced the percentage 
of CD4+ CD25+ Foxp3+ Tregs (P < .05) (Figure 3B) and the  
absolute counts in the bone marrow (Supplementary Table 4) 
as expected. Similar to the response observed in the ileum, 
mice fed the FOS diet without CD25 (−CD25) exhibited an 
increase in Tregs (∼3-fold) (Supplementary Table 4). Neither 
a main effect of diet nor an interaction was observed in the 
percentage of CD4+IL-17A+ Th17 population (Figure 3C), 
but the FOS diet increased the absolute Th17 cell counts

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
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Figure 3. The FACS analysis of bone marrow T lymphocytes after 8 wk of control (Con), TC or FOS diets with (+CD25; green) or without (−CD25; black) 
CD 25 Ab. The percentage of (A) CD4+cells, (B) CD25+Foxp3+ Tregs, (C) Th-17+ cells, the (D) ratio of Treg to Th-17 cells, and (E) CD8+ cells are shown. 
Data presented as mean + SE. P-values < .05 are statistically significant and P-values > .05 are not shown. ∗∗∗ indicates a main effect P < 0.0001, ∗∗ 

indicates a main effect P < 0.01, and ∗ indicates a main effect P < 0.05. Superscript letters show differences between groups with a significant CD25 ∗ 

diet interaction. Groups that do not have the same superscript letter are statistically different from each other (P < 0.05). 

(P < .0001). As a result of the FOS-induced increase in both 
the Treg and Th17 populations, there were no diet effects on 
the Treg:Th17 ratio and this ratio was only altered (P < .05) 
by the CD25 treatment ( Figure 3D). Due to previous reports23 

that the effects of Tregs on Wnt10b were mediated via CD8+ 

T cells, we examined this population of T cells within the 
bone marrow. No main effect of CD25 or CD25 × diet effect 
was noted on the percentage of CD3+CD8+ T cells, but a 
main effect of FOS supplementation increasing (P < .01) the 
abundance of this population occurred compared to Con and 
TC groups (Figure 3E). 

Fecal SCFA analysis 
The SCFA analysis of the fecal samples revealed main effects 
of diet, but no effect of CD25 or an interaction (Table 2). 
The FOS fed mice had higher fecal concentrations of acetic, 
propionic, and n-butyric acid (P < .01) and a lower fecal 
concentration of i-butyric acid (P < .01) compared to the 
mice fed the Con and TC diets (Table 2). The TC also 
increased acetic, propionic, i-butyric, and n-butyric acid 
concentrations compared to the Con diet, but to a lesser 
degree than FOS supplementation. Only the TC fed mice 
had increased (P < .01) fecal i-valeric acid (Table 2). An 
interaction was observed in the total SCFA response. The 
FOS diet significantly increased the total amount of SCFAs, 
but interestingly, the CD25 Ab suppressed this response in 

contrast to Con and TC groups (Table 2). This interaction 
appeared to be driven by the influence of FOS + CD25 on 
acetic acid, which is the most abundant SCFA. 

Relative gene expression of key indicators of 
inflammation and other mediators in gut lamina 
propria 
To further explore the gut–bone connection, we assessed the 
transcriptional changes in cytokines involved with Th-17 and 
Treg cell differentiation and activity as well as molecules 
that regulate T cell trafficking in the lamina propria of the 
colon. FOS downregulated the relative abundance of pro-
inflammatory Il17 (P < .05) and Il23 (P < .01), but it did 
not alter the Tnfα and Il6 (Table 3). We also assessed the 
relative abundance of genes encoding for chemokines and 
adhesion molecules involved in T cell trafficking. We observed 
a decrease in the ligand, Cxcl12 (P < .01) and its receptor, 
Cxcr4 (P < .01), as well as the adhesion molecule Vcam1 
(P < .01) with FOS treatment, but we observed no changes 
with Ccr7 and Cxcl10 (Table 3), which is consistent with 
no sign of inflammation within the colon. Il22, a member  
of the IL-10 superfamily of cytokines that is involved in the 
protection of intestinal barrier,49 was upregulated in mice 
receiving CD25 Ab (Table 3). No changes were observed in 
anti-inflammatory cytokines Tgfβ and Il10 in response to
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diet or CD25 treatment. These findings indicate that FOS 
suppressed the gene expression of inflammatory molecules 
within the colon. 

Additionally, we investigated the gene expression of G-
protein-coupled receptors that are known to interact with 
some of the SCFAs to explore the relationship between 
the bone mass and structural changes and the SCFAs. The 
Grp109a (P < .05) gene, which is expressed by epithelial and 
dendritic cells within the colon, was suppressed by CD25 in 
the mice on the Con diet. However, the mice consuming the 
TC- and FOS-supplemented diets did not exhibit a decrease 
in the expression of Grp109a with CD25 (Table 3). No 
alterations were noted in the expression of Grp41 and Grp43 
genes in response to either CD25 or diet. 

Relative gene expression in bone 
As improvements in bone tissue were evident in the FOS, 
but not the TC treated mice, we focused our investigation 
of the alterations in gene expression in bone tissue (i.e., 
bone marrow removed) on the FOS and Con diet groups 
with and without CD25. First, we assessed the regulators of 
osteoblast differentiation. We observed a significant decrease 
in the osteoblast differentiation genes, Wnt10b (P < .01) and 
Bmp2 (P < .05), with +CD25 treatment (Figure 4A and B). 
Previously, blocking T-reg cells with CD25 Ab was shown 
to suppress Wnt10b expression in pre-osteoblasts.23 In the 
current study, FOS increased Wnt10b, Bmp2 (P < .01), and 
Osx (P < .01) expressions, which promote the differentiation 
of mesenchymal stem cells to osteoblasts (Figure 4B and C). 
FOS also increased the relative abundance of Col1α1 (P < .01) 
indicative of increased osteoblast activity (Figure 4D). No 
significant effects of CD25 or diet were noted on the gene 
expression of Bsp, Opn, or  Bglap2 (Supplementary Table 5). 
These findings suggest that FOS upregulates osteogenesis. 

The RANK–RANKL signaling is an important regulator of 
osteoclastogenesis and osteolysis. Osteocytes express RANKL 
and OPG.  No alteration was noted  in  Rankl, Opg, or  the  
Rankl:Opg ratio in response to diet or CD25 alone or their 
combination in the hard tissue (Supplementary Table 5). 
This lack of changes suggests that, in young adult animals, 
osteolysis is not affected by FOS or the abundance of Tregs. 

Osteocytes are the most abundant cells within the hard 
tissue of bone and are responsible for mechanosensing, 
coordinating the activity of osteoclasts and osteoblasts as well 
as bone mineralization. Among the highly expressed genes 
of osteocytes, Phex, Dmp-1, and  Mepe play an important 
role in bone mineralization and mineral homeostasis.50 

Although no interaction of diet and CD25 was noted, 
a main diet effect was observed on these genes. FOS 
treatment significantly upregulated Phex (P < .01), Mepe 
(P < .01), and Dmp1 (P < .01) (Figure 5A–C). We also 
evaluated the expression of the osteocyte gap junction protein, 
Cx43, which is important for osteocyte communication, 
cell survival, and the maintenance of bone homeostasis. 
FOS upregulated Cx43 mRNA (P < .05) compared to 
Con (Figure 5D). Surprisingly, FOS also increased the 
expression of the Wnt signaling pathway inhibitor, Sost 
(P < .01). A main CD25 Ab effect was also observed on Sost 
gene expression. In the presence of CD25, Sost expression 
(P < 0.01) was downregulated (Figure 5E). These findings 
highlight the effects of FOS dietary supplementation on bone 
are likely mediated through the osteocytes.

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae021#supplementary-data
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Table 3. Colon lamina propria gene expression data. 

Con TC FOS P-values 

−CD25 +CD25 −CD25 +CD25 −CD25 +CD25 CD25 Diet CD25 ∗ diet 

Pro-inflammatory cytokines 
Il17 1.00 ± 0.59 1.23 ± 0.29 0.91 ± 0.24 0.62 ± 0.24 0.24 ± 0.05a,b 0.22 ± 0.11a,b .9217 .0374 .6835 
Il23 1.00 ± 0.19 0.89 ± 0.11 0.94 ± 0.07 1.07 ± 0.20 0.26 ± 0.02a,b 0.58 ± 0.12a,b .3418 .0005 .3192 
Tnf-α 1.00 ± 0.14 1.25 ± 0.28 0.77 ± 0.16 0.88 ± 0.11 1.01 ± 0.14 1.46 ± 0.39 .1541 .1031 .9370 
Il6 1.00 ± 0.30 1.03 ± 0.26 0.93 ± 0.29 0.96 ± 0.19 0.41 ± 0.12 0.80 ± 0.45 .4196 .0990 .9767 

Chemokines and adhesion molecule 
Cxcr4 1.00 ± 0.16 0.87 ± 0.24 1.01 ± 0.22 0.97 ± 0.22 0.53 ± 0.09a,b 0.39 ± 0.11a,b .3497 .0176 .8498 
Cxcl12 1.00 ± 0.59 0.97 ± 0.20 1.22 ± 0.32 1.18 ± 0.29 0.14 ± 0.03a,b 0.19 ± 0.09a.b .9366 <.0001 .9052 
Vcam1 1.00 ± 0.59 0.70 ± 0.18 1.05 ± 0.29 0.62 ± 0.14 0.24 ± 0.05a,b 0.22 ± 0.11a,b .1178 .0002 .7206 
Ccr7 1.00 ± 0.15 0.90 ± 0.22 1.09 ± 0.22 0.99 ± 0.24 0.99 ± 0.27 0.93 ± 0.33 .6685 .9183 .9972 
Cxcl10 1.00 ± 0.20 1.09 ± 0.38 1.05 ± 0.29 0.90 ± 0.11 0.73 ± 0.14 0.72 ± 0.29 .7313 .7313 .8867 

Anti-inflammatory cytokines 
Tgfb 1.00 ± 0.20 0.48 ± 0.29 0.86 ± 0.30 0.63 ± 0.18 0.80 ± 0.32 1.27 ± 0.67 .4797 .8130 .4903 
Il10 1.00 ± 0.36 0.48 ± 0.08 0.86 ± 0.18 0.63 ± 0.11 0.80 ± 0.15 1.14 ± 0.37 .1366 .1366 .1397 
Il22 1.00 ± 0.40 1.46 ± 0.83 0.89 ± 0.50 2.45 ± 1.05 0.36 ± 0.03 6.27 ± 3.21 .0004 .5710 .0512 

Receptor for SCFA 
Gpr109a 1.00 ± 0.24a 0.63 ± 0.05bc 0.77 ± 0.12ab 0.81 ± 0.07ab 0.40 ± 0.04c 0.47 ± 0.10c .2382 .0003 .0425 
Gpr41 1.00 ± 0.09 1.35 ± 0.15 1.45 ± 0.17 1.23 ± 0.16 1.37 ± 0.16 1.20 ± 0.28 .9037 .6134 .1967 
Gpr43 1.00 ± 0.11 1.12 ± 0.19 1.11 ± 0.19 0.97 ± 0.11 1.00 ± 0.17 0.87 ± 0.22 .7101 .7324 .6611 

Data presented as mean + SE. n = 6/group. Abbreviations: Control diet = Con; TC diet = TC; FOS diet = FOS; Isotype control Ab = - CD25; CD25 Ab = +CD25. 
Superscript letters note significant interactions (CD25 ∗ diet) and groups that share the same superscript letter are not significantly different from each other. 
When only main effects were detected for diet, a indicates differences vs the Con diet (P < 0.05). b indicates differences between the TC vs FOS diet groups 
(P < 0.05). Bolded p-values indicate statistical signficance. 

In attempt to explore factors that could be driving the bone 
response to FOS, we assessed Gpr109a expression in bone. 
Only trends were observed with Gpr109a expression. The 
CD25 tended to suppress (P = .073) and FOS treatment tended 
to increase (P =  .066) the relative abundance of Gpr109a 
mRNA (data not shown). 

Osteocyte density 
Due to the unexpected increase in the relative abundance 
of Sost with FOS in conjunction with the gene expression 
of Wnt10b, Phex, Dmp1, and  Mepe, and improved bone 
structure, we asked whether the number of osteocytes was 
altered by the diet. A significant interaction (P < .0001) was 
observed with FOS and CD25 treatments. The FOS diet and 
CD25 Ab independently increased the number of osteocytes 
expressed per unit of bone surface by ∼1.6-fold within the 
vertebral body, but this response was attenuated when the 
FOS + CD25 were combined (Figure 5F). 

Discussion 
This study aimed to investigate how 2 different prebiotics, 
TC, a good source of phenolic acids and FOS, as well as 
FOS as a single-agent prebiotic, affect bone in the young 
adult C57BL/6 mouse. Furthermore, we determined whether 
Tregs were required for the skeletal response. Our findings 
showed that supplementing the diet with 10% FOS for 8 
wk increased whole-body BMC and trabecular bone within 
the tibial proximal metaphysis and lumbar vertebral body. 
When these bone parameters were expressed relative to BW, 
these findings were not altered; however, cortical thickness 
and area were significantly improved with FOS treatment 
when the data were expressed relative to BW. By contrast, 
TC consumption did not improve the trabecular or cortical 
bone phenotype in a similar manner as our lab and others 

have reported in previous studies.41,42 Suppression of the 
CD25+Foxp3+ Treg population using a CD25 Ab did not 
alter the bone response to the prebiotics demonstrating that 
the skeletal response to FOS was not Treg-dependent. 

Clinical and pre-clinical studies support the benefits of 
FOS-containing products on bone and mineral metabolism. 
In adolescent girls51 and healthy adult men,52 FOS supple-
mentation improved the intestinal mineral absorption. Post-
menopausal women supplemented with FOS exhibited an 
increase in calcium uptake53 along with a decrease in the 
serum bone resorption marker, c-terminal telopeptide of type 
I collagen.53 Generally, these effects on intestinal calcium 
uptake have been linked to increases in SCFAs. In addition 
to promoting increased mineral absorption, supplementation 
with FOS has been demonstrated to enhance the bone mass in 
male rats and ovariectomized rats.25,54 Ohta et al.55 demon-
strated that 5% FOS prevented bone loss due to sex hormone 
deficiency and increased cecal beta-glucosidase activity, which 
facilitates the hydrolysis of glycosides and oligosaccharides. In 
the current study, FOS supplementation improved trabecular 
bone in the proximal tibia by 30% and in the vertebral body 
by 40% compared to the groups consuming the Con diet. 
However, the dried TC powder utilized in this study did not 
significantly increase the bone mass or improve the trabecular 
and cortical bone microarchitecture, and it only induced a 
modest increase in SCFA. It should be noted that all of the 
earlier animal studies in our lab utilized a TC powder from 
the same source over several different harvests, but that source 
was not available for this study. Despite the similarities in 
macronutrient, fiber, and total phenolic content of the product 
used here and the product used in our previous studies (data 
not shown), the tempered increase in SCFAs that was observed 
was not enough to yield a positive effect of TC on bone. 

In recent studies, supplementing the diets of dextran sodium 
sulfate–induced colitis mice models with prebiotics, such 
as galactooligosaccharides, and short-chain and long-chain
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Figure 4. Supplementation with FOS compared to control (Con) diet with (CD + 25; green) or without (−CD25; black) CD25 Ab alters the abundance of 
mRNA of genes involved in osteoblast differentiation (A) Wnt10b, (B)  Bmp2, (C)  Osx, and (D) indicator of osteoblast activity Col1a1 over the course of 
the 8-wkstudy. Data presented as mean + SE. P-values < .05 are considered to be statistically significant. No interactions were observed and P-values 
for statistically significant main effects are shown. 

inulin type fructans was found to increase Treg cells in gut-
associated lymphoid tissues. 33,56,57 Likewise, in clinical trials, 
FOS supplementation increased the abundance of dendritic 
cells expressing IL-10 in biopsy samples from patients with 
Crohn’s disease. The IL-10 is known to play a crucial role in 
the proliferation and survival of Treg cells, and this response 
was attributed to the promotion of beneficial gut bacteria 
(ie, Bifidobacteria).58,59 Probiotics have been reported to 
modulate the bone cellular activity via the effects of the 
SCFA, butyrate, on Treg cells.16,23,60 In particular, Tyagi 
and colleagues23 reported that young female mice receiving 
Lactobacillus rhamnosus GG exhibited an increase in the 
bone marrow Tregs that stimulated CD8+ T cell secretion 
of the Wnt ligand, Wnt10b, thus, promoting bone formation 
and mineralization. Moreover, this effect of probiotics on 
bone was blocked when Tregs were suppressed by treating 
mice with a CD25 Ab. Similar to probiotics, prebiotics, such 
as wheat-derived arabinoxylan, pectin, and lactulose, have 
the capacity to expand the Treg population.31,61,62 Only 

the oligosaccharide, lactulose, has been shown to upregulate 
Tregs in the small intestine and decrease TNF-α, IL-6, and 
RANKL in the bone marrow of ovariectomized mice.31 

Others have maintained that Tregs can increase the osteoblast 
activity by secreting the anti-inflammatory cytokine, IL-10, 
or activating the TGF-β mediated Smad pathway and Wnt 
signaling.23,63 Our flow cytometry data showed that FOS, 
but not TC, increased the percentage of Tregs in the ileum 
and the absolute number of Tregs in the bone marrow. 
However, suppression of Tregs utilizing the CD25 Ab did 
not attenuate the improvements in whole-body BMC and 
trabecular BV/TV with FOS treatment. These findings suggest 
that the mechanism through which FOS affects bone in the 
young adult female mouse differs from that reported with 
probiotics.23 

Another possible mechanism in which FOS could favorably 
affect bone is by upregulating the production of gut-derived 
metabolites such as the SCFAs or their receptors. Earlier 
studies demonstrated that FOS increased the bone density
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Figure 5. Eight weeks of dietary supplementation with FOS compared to control (Con) diet with (CD +25; green) or without (−CD25; black) the CD25 Ab 
alters the abundance of genes expressed by osteocytes: (A) Phex, (B)  Mepe, (C)  Dmp1, (D) Cx43, (E)  Sost, and (F) osteocyte number. Data presented 
as mean + SE. P-values < .05 are considered to be statistically significant. No interactions were observed and P-values for statistically significant main 
effects are shown. 

coincident with enhancing the absorption of calcium and mag-
nesium. 25,64,65 Improvements in intestinal mineral absorption 
were linked to a reduction in pH elicited by the increase 
in SCFA production. Later studies revealed that FOS can 
also increase SCFA-producing Bifidobacteria, which provide 
an osteogenic effect.54 Ovariectomized rats dosed with FOS 
(1.85 g/kg/d) for 12 wk displayed increased trabecular BV/TV, 
trabecular bone mineral apposition and bone formation rates, 
and SCFA.54 However, no alterations in bone resorption or 
calcium absorption were observed. Likewise, in our study, 
the positive effects of FOS on trabecular bone occurred in 
conjunction with SCFAs, namely acetate, propionate, and n-
butyrate. The wt of the cecum in FOS-treated animals was 
also increased, which has been linked to increased microbial 
fermentation activity.66,67 Butyrate and propionate have been 
reported to shift pre-osteoclast metabolism during their dif-
ferentiation toward glycolysis, which induces cell stress and 
prevents osteoclast differentiation.68 These effects were inde-
pendent of GPR41 and GPR43. Another G-protein-coupled 
protein receptor, GPR109A, that is expressed in bone tissue, 
binds to nicotinic acid as well as metabolites such as hip-
puric acid and butyrate.69,70 In global GPR109-/- mice, the 
expression of bone resorption markers (ie, Cathepsin K) was 
reduced and β-catenin was upregulated.69 In our study, we 
only observed a trend in the upregulation of the Gpr109a gene 
expression in the bones of our young naive mice with FOS. 
However, serum CTX-1 and local expressions of Rankl and 
Opg in bone were not altered by FOS. Whether or not the 
effects of FOS on bone are mediated by GPR109A signaling 
warrants further investigation. 

Despite the FOS-induced increase in bone mass and 
trabecular structural properties in conjunction with the up-
regulation of Wnt10b, the relative abundance of Sost was 
also increased. The Sost gene is expressed by osteocytes and 
encodes for sclerostin, which can inhibit Wnt signaling as 
a means of regulating osteoblast activity.71 Our findings 
demonstrate that FOS also upregulated the gene expression 
of Bmp2 and Osx, which are involved in the differentiation 
of mesenchymal stem cells. Bmp2 is a member of TGF-
β superfamily of proteins that stimulates Runx2. Osx is 
a downstream target of the Runx2, and it is required for 
osteoblast formation. Supplementation of the diet with FOS 
also increased the expression of Col1α1, which is consistent 
with previous reports of increased osteoblastic differentiation 
and activity in vitro model and in a zebra fish model.72,73 

Other genes expressed by osteocytes, Phex, Dmp-1, Mepe, and  
Cx-43 were also upregulated in the bone tissue with FOS. The 
endopeptidase enzyme, Phex, is released by mature osteoblasts 
or early osteocytes, and it modulates phosphate homeostasis 
and bone mineralization. Phex represses FGF (FGF23) and 
prevents the increase in urinary phosphate excretion and 
maintains 1,25(OH2)D.74 Phex can also directly promote 
bone formation by regulating osteopontin and bone sialopro-
tein protein, which are involved in bone mineralization. In 
this study, we did not observe any transcriptional changes 
in Opn and Bsp. Our data did reveal an increase in the 
gene expression of Mepe and Dmp-1 with FOS treatment. 
Mepe is considered as an inhibitor of the bone crystal 
formation; however, Phex can complex with MEPE and 
repress this repressor.75 These alterations in Phex and Mepe in
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conjunction with the increase in Dmp-1, a  regulator  of  
hydroxyapatite nucleation,76 may represent an attempt on 
the part of the osteocyte to balance bone mineralization. 
Interestingly, we also observed a FOS-induced increase in 
Cx43. The CX43 is a gap junction expressed by osteo-
cytes that promotes cell-to-cell communication and cell 
survival.77 Overexpression of Cx43 prevents age-induced 
cortical bone loss in animal model,78 whereas deletion or 
truncation of Cx43 exacerbated cortical and trabecular 
bone loss by preventing osteocyte apoptosis and osteoclast 
recruitment.79,80 To examine whether FOS treatment has 
implications on the density of osteocytes, we quantified the 
number of osteocytes per unit of bone surface area in the 
lumbar vertebra. Our data revealed that FOS increased the 
number and density of osteocytes. However, Con mice treated 
with CD25 also exhibited an increase in osteocyte density 
without a corresponding increase in osteocyte gene expression 
or improvements in bone mass and structural properties. 
While these data offer some insight into the increase in gene 
expression with FOS, the implications on bone quality and 
other functions of the osteocyte such as mechanosensing 
remain to be answered. 

Based on these findings, we can conclude that the prebi-
otic, FOS, enhances bone mass in young female adult mice; 
however, Treg cells were not required for this response as 
has been reported with probiotics.23 Although SCFA likely 
play a role in the skeletal phenotype with FOS, it is not clear 
whether they directly affect bone cells or their influence is 
mediated through indirect mechanisms such as immune cells 
other than Tregs, calcium homeostasis, or metabolites. Further 
investigation into their mechanisms of action and the potential 
role of Gpr109a, especially as it relates to the terminal dif-
ferentiation of osteoblasts into osteocytes and their survival, 
is warranted. The TC product utilized in the present study 
shared similarities with the test product used in prior studies 
(i.e., macronutrient, total fiber, and total phenolic content) 
and had positive effects on Th17 cells and fecal SCFAs to 
some degree, but it did not benefit the bone. Insights may 
be gleaned regarding the fruit’s bioactive component(s) and 
mechanism of action with additional metabolomics analyses 
on samples from this study compared to prior studies that are 
currently underway. Our data do suggest that supplementing 
the diet with FOS may improve bone acquisition and peak 
bone mass, but future studies are needed to determine its 
effects on the biomechanical properties of bone and whether 
FOS conveys these benefits in males as well as in the case 
of aging. 
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