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Abstract

Emerging evidence demonstrates an opportunity for using probiotics to support bone health, but findings in humans are limited. This systematic
review investigated if probiotic supplementation improves bone mineral density (BMD) and bone structure in rodent models compared to no
supplementation. Studies (n=71) examining the effect of oral consumption of any probiotic strain on BMD or bone structure in rodents were
included. Meta-analyses were conducted separately by study model (intact, ovariectomized) and bone site (femur, tibia, spine) to determine
the probiotic effect (standardized mean difference, SMD) on volumetric BMD (vBMD), bone volume fraction (BV/TV), and cortical thickness
(Ct.Th). Reasons for heterogeneity were explored (probiotic genus, sex, type of rodent). In intact rodents, probiotics resulted in greater vBMD
(SMD =0.43, 95% CI1[0.13, 0.74], 2 =3%, p < 0.05) and higher BV/TV (SMD = 0.63, 95% CI [0.25, 1.02], /2 =57 %, p < 0.05) at the femur without
changes in cortical bone structure. In ovariectomized models, probiotic supplementation resulted in greater vBMD (femur: SMD = 1.28, 95% ClI
[1.01, 1.55], 2=3%, p < 0.05; tibia: SMD =1.29, 95% CI [0.52, 2.05], /2 =67%, p < 0.05; and spine: SMD = 1.47, 95% CI [0.97, 1.97], * =26%,
p < 0.05) as well as higher BV/TV (femur: SMD = 1.16, 95% CI [0.80, 1.52], /2 =56%, p < 0.05; tibia: SMD =2.13, 95% Cl [1.09, 3.17], 2 =79%,
p < 0.05; spine: SMD =2.04, 95% CI[1.17,2.90], 2 =76%, p < 0.05) and Ct.Th at the tibia (SMD = 2.35; 95% CI [0.72, 3.97], > =82%, p < .0.05)
but not at the femur versus control. The syntheses support probiotics as a strategy to improve bone outcomes in rodent models.
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Lay Summary

Probiotics are beneficial bacteria that can colonize the gut and produce a health benefit to the host. This includes supporting a healthy skeleton.
However, the effects of probiotics in human bone remain uncertain due to the limited number of studies. Rodent models are helpful to explore
potential probiotic effects in the context of different life stages and health conditions to inform the design of future clinical trials. This review
and meta-analysis investigated if probiotic supplementation improves bone mineral density and bone structure in rodent models compared to
no supplementation. Overall, the results demonstrated promising evidence for using probiotics as a strategy to support bone health in rodents,
particularly for attenuating bone loss associated with estrogen deficiency in rats and mice.
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Introduction

Probiotics are defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host”."»? Findings from studies using preclinical rodent
models have suggested a role for probiotics as a regulator of
bone cell metabolism via modulation of the gut microbiome—
reducing permeability of the gut, maintaining the integrity of
the mucosal barrier, reducing the production of proinflam-
matory cytokines, as well as increasing the production of
bioactive metabolites, such as short-chain fatty acids, shown
to stimulate bone formation or reduce bone resorption.>~?
However, few studies in humans have investigated the effect of
probiotics on bone health, and the findings are equivocal.!0~13
Such findings may be due to differences in bone health status
(healthy, osteopenia), bacteria strains studied, bone site of
analysis (hip, spine), as well as the study duration (6 or
12 months).

Rodent models are commonly utilized to explore the poten-
tial role of probiotics as bone-supporting factors because
experimental designs can approximate various health condi-
tions and life stages, as well as elucidate the sex- and probiotic
strain-specific responses. The relationship between the gut
microbiome and bone in rodents was previously demonstrated
using a germ-free mouse model. At age 7 weeks, female germ-
free mice had higher bone mineral density (BMD) at the tibia
and femur, respectively, compared to conventionally raised
mice.'* When germ-free mice were colonized with bacteria at
young adulthood (age 3 weeks), BMD at the femur was nor-
malized to levels similar to conventionally raised mice—tibia
BMD was not reported.'* Similar findings were demonstrated
in adult male mice (age 8 weeks) when germ-free mice were
colonized with bacteria from conventional mice for 4 weeks.'’
Others have demonstrated that the net effect observed in
bone depended on the duration of the colonization period.
For example, short-term bacterial colonization of 2 weeks
resulted in increased bone resorption, demonstrating lower
bone volume fraction (BV/TV) at the femur in colonized mice
compared to germ-free mice, but increased bone formation
was observed after 8 months of bacterial colonization result-
ing in a net increase of femur length in colonized male and
female mice—the difference in BV/TV was not statistically
significant.!® The interplay between the gut microbiome and
bone metabolism presents an opportunity for using probiotics
to modulate the gut microbiome as a potential strategy for
maintaining bone health. The majority of studies measured
BMD and bone structure as primary outcomes. The purpose
of this systematic review and meta-analysis was to determine
if probiotic supplementation improves these bone parameters
in rodent models.

Methods

The protocol was registered a priori on PROSPERO
(https://www.crd.york.ac.uk/prospero/display_record.php?I
D=CRD42021250351), and as per the PROSPERO revision
note, studies that included periodontal disease were not
included. This review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 Checklist.!”

Search strategy

The databases searched were MEDLINE (Ovid), Embase
(Ovid), CINAHL Complete (EBSCOhost), and Web of Science
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from inception to January 30, 2024, using Medical Subject
Headings and keywords associated with probiotics, bone, and
rodents. The full search strategy can be found in Table S1.
Using Covidence (https://www.covidence.org/), titles and
abstracts were screened independently by two reviewers
(J.L.Y. and W.E.W. or W.G.). A third reviewer (W.E.W.
or W.G.) was consulted to resolve any discrepancies, and
inclusion or exclusion was decided by the majority consensus.
Full text was screened by the primary reviewer (J.L.Y.) and
uncertainties were reviewed among three reviewers (J.L.Y.,
W.E.W., and W.G.). ProQuest (Dissertations and Theses)
and Google Scholar were used to search grey literature
for the purpose of cross-referencing publications in peer-
reviewed journals. Specifically, dissertations and theses were
reviewed to help identify full-text publications in peer-
reviewed journals that were referenced or first published as
a dissertation or thesis. Dissertations and theses were not
eligible for inclusion due to the lack of rigorous peer-review.
The titles and abstracts, as well as the reference lists, of the
first 80 search results identified using Google Scholar were
reviewed to identify any missed articles that met the eligibility
criteria of this systematic review. Unpublished literature was
not eligible for inclusion.

Eligibility criteria

Included studies met the following criteria: in vivo male or
female rodents at any life stage and disease model (excluding
oral health conditions); oral administration/consumption of
probiotic(s) of various strains with no restriction on dose
or frequency of administration; non-exposed control group;
intervention study with or without randomization; avail-
able data for BMD and/or bone structure analyses using
any of the following methods: micro-computed tomography
(uCT), dual energy X-ray absorptiometry (DXA), histology,
dynamic bone histomorphometry, or specific bone cell stain-
ing. Secondary outcomes included measures of mechanical
bone strength, serum markers of bone formation, bone resorp-
tion or inflammation, and bacteria from fecal samples. Studies
were excluded if one or more of the following criteria were
present: not an original study; not a full-text publication
in English; models not using rodents; no oral administra-
tion/consumption of a probiotic intervention; none of the
specified primary outcomes reported; studies with no com-
parator group(s). Justifications for exclusion of the full-text
publications were recorded.

Quality assessment and risk of bias

The quality of each study was examined using the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines 2.0.'% The guidelines consisted of 21 items describing
the study planning, conduct of the study, and writing of the
manuscript. The checklist was used to assess the adequacy
of reported information within each study to support the
evaluation of potential risk of bias. We previously adapted'’
the risk of bias checklist based on the Systematic Review
Center for Laboratory Animal Experimentation (SYRCLE’s)
risk of bias tool.2? Using this, sequence generation (selection
bias), baseline characteristics (selection bias), and incomplete
outcome data (attrition bias) were assigned a “yes”—low risk
of bias, “no”—high risk of bias, or “unclear” risk of bias
prompted by a series of signaling questions (Table S2). The
tool was revised for allocation concealment (selection bias),
random housing (performance bias), blinding (performance
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bias), random outcome assessment (detection bias), blind-
ing (detection bias), selective outcome reporting (reporting
bias), and other sources of bias (other), whereby under the
circumstance in which there was insufficient information to
assign a “low” classification, then a “unclear” assessment was
identified as it was assumed that these aspects were considered
in some way (Table S2).

Data extraction

A standardized Microsoft Excel form was used to extract the
following data of included studies: study identification, study
design, animal model, intervention, primary outcomes (BMD,
trabecular and cortical bone structure outcomes, adverse
events), and secondary outcomes (bone strength, serum
biomarkers of bone formation, resorption or inflammation,
gut microbiota composition). Authors were contacted via
email to request for missing or unclear data. If there was no
response within 7 days, and it was possible from the presented
figures, two reviewers (J.L.Y., PW.E) independently extracted
the data from the figure(s) using WebPlot Digitizer (https:/a
pps.automeris.io/wpd/).

Data synthesis

Using Review Manager (RevMan) Version 5.4.1 software,
the effect of the probiotic intervention on BMD, trabecular
bone structure outcomes, and cortical bone structure out-
comes were reported as the standardized mean difference
(SMD) between the probiotic group and control group for
each study. Quantitative syntheses were conducted separately
by study model (intact, ovariectomized [OVX]) and bone
site of analysis (femur, tibia, spine), provided there were at
least two articles. SMD were pooled using DerSimonian and
Laird random-effects meta-analysis, and the corresponding
95% confidence intervals (CI) were generated around the
pooled results for volumetric BMD (vBMD), trabecular bone
structure outcomes (BV/TV; trabecular thickness, Tb.Th; tra-
becular number, Tb.N; trabecular separation, Tb.Sp), and
cortical bone structure outcomes (cortical thickness, Ct.Th;
cortical area, Ct.Ar). All animals were only counted once in a
single forest plot. Where investigators re-used a single control
group to produce multiple comparisons, we corrected the
standard errors by splitting the sample size into the number
of groups compared. If the total sample size for the control
group was an uneven number, the split sample size number
was rounded down. Reasons for large heterogeneity (I > 50)
were explored using meta-regression implemented in Stata/SE
16.1 software,”? including sex (females, males), probiotic
genus (Lactobacillus, Bifidobacterium, mix of Lactobacillus,
and Bifidobactium, other genus), and type of rodent (mice,
rats). Publication bias was estimated using Egger’s regression
and a visual inspection of funnel plots—symmetrical sides
were regarded as no publication bias present. If necessary, a
trim-and-fill analysis was conducted when at least 10 studies
were available to account for publication bias.

21

Results

A total of 3252 articles were identified using MED-
LINE (7=678) and Embase (n=1560), CINAHL Complete
(n=124), ProQuest Dissertations and Theses (7=80), and
Web of Science (nz=2810). No additional articles were found
after searching grey literature and reference lists of relevant
publications. After the removal of 1164 duplicates, 2088
studies were included for title and abstract screening. From
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the list, 220 studies passed through to full-text review and
were assessed for eligibility, at which stage 149 articles were
excluded for one or more of the following reasons: not a
full-text publication in English, not a rodent model, no oral
administration or consumption of a probiotic intervention,
none of the specified primary outcomes reported, or studies
with no comparator group(s). Overall, this systematic
review consisted of data synthesis from 71 included studies
(Figure 1).

Characteristics of included studies

Of the number of studies included in our analyses, 63%
were conducted in mice (7=45 studies) and 61% were
in females (n=43 studies), compared to rats and males,
respectively. The effect of probiotics on bone outcomes was
most commonly examined using an intact model [7yjce =93
females®23726 and 182 males,?’ ™3 #,4s= 10 females® and
16 males3®; Table S3] or an OVX model [#pice =402
females 3:6:9:23-25,37-48 1 _ 355 females 8:27:49,30,51-60,
Table S4]. Other study models included co-intervention with
a high-fat diet [mpice =12 females®! and 40 males,32:62],
diabetes [1mice = 14 males??], arthritis [#mice = 61 males, 03,
Mrats = 34 males®©5 and 12 undefined sex®°], fracture healing
[mice =20 females®” and 105 males®®?], glucocorticoid-
induced osteoporosis [#Zmice = 48 males,*”0, 715 = 15 females”!
and 32 males’?], tenofovir disoproxil fumarate-induced bone
loss [#mice =20 males’3], retinoic-induced secondary osteo-
porosis [#ras =32 females’*7%], CoCrMo particle-induced
osteolysis [#pmice =10 sex not defined’®], ulcerative colitis
[Mmice =56 males””"8], dorsal incision surgery [rmice =14
females?®], depression [#;qi =16 males”?], cigarette smok-
ing inhalation [#2;5,5=16 males®®], chronic mild stress
[7rats = 24 males3?], bone cancer pain [#2ra = 12 females®!],
co-intervention with antibiotics [#yicc = 36 males®], or genetic
modification [#yice = 96 females”], as well as an orchidectomy
model [#mjce = 28 males®] (Table S5).

From 35 bacterial species, a total of 61 identified strains
and 18 unidentified strains were examined over an average
intervention duration of 7.954 5.24 weeks [median (min-
max)=6(2 — 26) weeks]. The probiotic intervention was
provided orally via gavage, diet, or within drinking water,
either independently or in combination with other strains of
the same or different species. The majority of bacteria species
studied were from the Lactobacillus (37%) or Bifidobac-
terium genera (26%); other genera studied included Bacil-
lus, Bacteroides, Enterococcus, Streptococcus, Akkermansia,
Faecalibacterium, Clostridium, Prevotella, and Propionibac-
terium (Table S6).

Quality of evidence

Findings from the quality assessment using the ARRIVE
guidelines (Table S7) suggested that suboptimal reporting
within the studies contributed to the large proportion of
unclear classifications in SYRCLE’s risk of bias assessment
(Figure 2).

Selection bias

A description of the random component in the allocation
sequence generation was reported in 9.86% of the studies
(n=7); however, two of these studies provided further details
of the baseline characteristics to support the determination of
whether the groups were comparable at baseline. Although
one study reported controlling groups for body weight at
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3,252 studies identified from:
MEDLINE (n = 678)
Embase (n = 1,560)
CINAHL Complete (n = 124)
ProQuest (n = 80)

Web of Science (n = 810)

'

2,088 titles and abstracts of
studies screened for eligibility

\

220 full-text studies assessed for
eligibility

c
2
o)

©

Q
-
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3}
=

Screening

71 studies included in the
review
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Meta-analyses:
Intact model (n = 14)
Ovariectomy model (n = 29)

Figure 1. PRISMA flow diagram.
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Figure 2. Risk of bias assessment results using SYRCLE's tool.

baseline, the lack of difference in initial body weights among
intervention groups in 28.17% of the studies (72 =20) implied
consideration for weight-matched groups. Findings from the
ARRIVE assessment suggested inconsistent reporting of study
design [“yes”: (a) groups compared =100%; (b) experimen-
tal unit=35.21%], along with methods for randomization
[“yes”: (a) methods=16.90%; (b) confounders=30.99%].
Details for allocation concealment were provided for 7.04%
of the studies (7=35), and the limited blinding reported was
demonstrated using the ARRIVE assessment, in which only
12.68% of the studies described methodology for blinding at
any stage of the study.
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==

1,164 studies removed before screening:
Duplicate records removed by Covidence

(n=1,154)
Duplicate records removed manually
(n=10)

1,868 studies excluded
(did not meet the inclusion criteria)

ER——

149 studies excluded:
Not a full-text publication in English (n = 39)
Model not using rodents (n = 1)
No oral administration/consumption of a
probiotic intervention (n = 42)
None of the specified bone outcomes
reported (n = 25)
No comparator group(s) (n = 39)

Performance bias

Random housing of the rodents (100%) and blinding of
the investigators (94.37%) were unclear due to the lack
of reported experimental unit and randomization methodol-
ogy and blinding, respectively (described above). One study
reported switching bedding and mice between cages during
the acclimatization period to limit cage effects on the micro-
biome.®”

Detection bias

One study provided details regarding random outcome assess-
ment. Like performance bias, 94.37% of studies (n=67) did
not report measures used to blind the outcome assessor(s).

Attrition bias

A total of 35.21% of the studies (z=25) had no exclusions
or clearly explained the sample size between the methods
and results, either in the inclusions and exclusions, statistical
analyses, or results section.

Reporting bias

A priori registration of preclinical trials is currently not typ-
ical nor a mandatory requirement, making it difficult to
assess reporting bias. No study indicated protocol registration,
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resulting in unclear selective outcome reporting for all studies
(n=71).

Primary outcomes and meta-analyses

Results were reported separately by study model: intact
model, OVX, and other. BMD and bone structure were
examined using uCT or DXA and trabecular and cortical
bone structure outcomes were quantified using uCT or
histologic methodology at the femur, tibia, or spine. A meta-
analysis was conducted for the following measures obtained
using uCT: vBMD, BV/TV, Tb.Th, Tb.Sp, Tb.N, Ct.Th, and
Ct.Ar.

Intact model

This classification included male and female rodents

with intact gonads and no additional genetic
modification.3»7»8:23-26,28-32,34-36,82

Bone mineral density

In male mice approximately 14 weeks of age, Lactobacillus
reuteri ATCC PTA 6475 provided at least three times per
week for 4 weeks at 1 x 10° CFU/mL resulted in greater
BMD at the femur?®-3! and spine.?® Conversely, the bone
promoting effect of L. reuteri ATCC PTA 6475 was not
observed by Zhang et al.,>” in a similar rodent model. There
was no effect on BMD at the femur following a daily con-
sumption (1 x 10° CFU/mL) of Lactiplantibacillus (formerly
Lactobacillus) plantarum TWK10 in older male mice (age 17
or 82-95 weeks) for 8 weeks32), Lacticaseibacillus (formerly
Lactobacillus casei) paracasei DSM 13434 and Lactiplan-
tibacillus plantarum DSM 15312 mixture in male mice (age
10 weeks) for 6 weeks,> or Bifidobacterium pseudocatenu-
latum in younger male mice (age 7-9 weeks) for 14 weeks.??
There was also a lack of probiotic effect on BMD at the femur
in female mice (age 8 weeks) provided Lactobacillus paracasei
or Lactobacillus mixture for 6 weeks at 1 x 108 CFU.* How-
ever, lower BMD was observed in female mice aged 12 weeks
following a 4-week daily administration of 2 x 108 CFU
pasteurized Akkermansia muciniphila (pAKK).>3

Trabecular and cortical bone structure

Effects on bone structure outcomes were inconsistent. Greater
BV/TV, Tb.Th, Tb.N and lower Tb.Sp at the femur and
spine were reported in male mice receiving L. reuteri ATCC
PTA 6475 [0.3 mL of 1x10° CFU/mL three times per
week?3]. Others demonstrated little to no effect on bone
structure.2?>31:82 One study investigated heat-activated and
inactive Lactobacillus acidophilus ATCC 4356 [400 uL
daily], and while the inactive form demonstrated no effect on
trabecular bone structure of the femur, male mice provided
the heat-activated form had greater BV/TV and Tb.N along
with lower Tb.Sp compared to the control group.** An
increase in BV/TV at the femur, but not the spine, was shown
following administration of 1 x 10° CFU/mL Lactobacillus
rhamnosus GG (LGG) twice a week for 4 weeks.? It was later
demonstrated that daily administration resulted in greater
BV/TV at both the femur and spine.” In contrast, lower
Tb.Th and Ct.Ar at the spine were reported following 4-week
pAKK treatment [2 x 103 CFU/mL daily23]. All other studies
reported no significant effect on bone structure at the femur,
tibia, or spine.>»$,24:29,30,32,33,35 Few studies investigated
bone outcomes using dynamic histomorphometry. Greater
bone formation rate (BFR) and/or mineral apposition rate
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(MAR) were observed in studies that reported improved
vBMD or bone structure using uCT,”>*® and null findings
were reported in studies with no effect on these outcomes of
bone health.??-3!

Meta-analyses

Probiotic supplementation, in general, resulted in significantly
greater vBMD at the femur (SMD=0.43, 95% CI [0.13,
0.74], 1% = 3%, p = 0.006; Figure 3), which was consistent with
greater BV/TV (SMD =0.63, 95% CI [0.25, 1.02], I* = 57%,
»=0.001, Figure 4) and Tb.Th (SMD = 0.66, 95% CI [0.25,
1.07], I* =55%, p =0.001; Figure S1) as well as lower Tb.Sp
(SMD = —0.37, 95% CI [-0.67, —0.07], I* =26 %, p=0.02;
Figure S2), compared to the control. There was no effect
on BV/TV at the spine (SMD =0.68, 95% CI [-0.31, 1.67],
12 =83%, p =0.18; Figure 4), Tb.N at the femur (SMD = 0.42,
95% CI [—0.01, 0.84], 2=61%, p=0.05; Figure S3) or
for cortical bone outcomes at the femur, including Ct.Th
(SMD=0.20, 95% CI [-0.14, 0.54], I*=0%, p=0.24;
Figure 5) and Ct.Ar (SMD=0.13, 95% CI [-0.16, 0.41],
1?2 =0%, p =0.38; Figure S4). Further investigation was done
for outcomes with large heterogeneity, in which probiotic
genus had a significant effect (p =0.016) on BV/TV, but not
sex (p=0.853), site (p=0.986), or rodent type (p=0.818).
Sex, probiotic genus, or rodent type had no effect (p > 0.05)
on Tb.Th or Tb.N at the femur. Visual inspection of the funnel
plots and findings from the Egger regression suggested no
evidence of publication bias for vBMD, BV/TV, Tb.Sp, Tb.Th,
Ct.Th, or Ct.Ar (Figure S5A-C and E-G). Findings from the
Egger regression suggested publication bias was present for
Tb.N, and a trim-and-fill analysis was performed, resulting in
one imputed study (Figure S5D).

Ovariectomy model

OVX is a well-established rodent model used to mimic the
rapid decline of estrogen in women following
menopause.®? The depletion of estrogen induces unfavorable
bone changes compared to a sham-operated control

group.3:6:8:9,23-25,27,37-50,51-58,60,84-87

Bone mineral density

Probiotic supplementation mitigated the deleterious effects
of the OVX surgery on bone outcomes. The probiotic effect
on BMD was irrespective of intervention duration (mice = 4-
9 weeks; rats=4-16 weeks), but findings suggest the effects
to be strain specific. Greater BMD at the femur, tibia, and
spine were demonstrated following daily administration of
Bacteroides vulgatus ATCC 8482,* Prevotella bisticola,**
Rothia*® for 8 weeks; Bifidobacterium longum UBBL-
64M1395,*% Lactobacillus brevis AR281,%¢ Lactobacillus
plantarum AR495° for 7 weeks; Bacillus clausii,>” L.
acidophilus ATCC 4356,%% or L. rhamnosus UBLR-58 MTCC
5402 for 6 weeks at 1x 10° CFU/mL.3? Conversely, there
was no effect on femur BMD using L. plantarum AR2377
L. paracasei, or Lactobacillus mixture.*! Although, other
probiotics may exert an effect at a shorter intervention
duration, in which L. reuteri ATCC PTA 6475,° B. longum
35624,%3 L. paracasei GKS6,** as well as, L. paracasei GML-
678 or GML-653,%* demonstrated greater BMD at 4 weeks
at the femur, spine, and tibia, respectively, when compared
to the OVX control group. Observed effects in rat studies
were similar to those reported in mice. When compared to
the control, greater BMD was reported at the femur when
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Probiotic Control
Study or Subgroup Mean SD Total Mean SD Total Weight

1.1.1 vBMD of intact rodent model, femur

Collins 2019 0.283 0.038 11 0244 0.027 10 104%
Colling 2019a 029 0.057 11 0265 0.02 10 11.8%
Fernandez-Murga 2020 02 012 10 0224 0079 10 11.7%
Lawenius 2022 0262 0.028 15 0259 0.026 15 17.3%
Lee 2021 0.53 0.02 9 053 0.05 8 10.0%
Lee 2021a 0.57 0.08 7 055 0.04 9 92%
Mccabe 2013 0.193 0.022 10 0.166 0.019 10 9.5%
Ohisson 2014 0.331 0.029 6 0.322 0.022 3 47%
Ohlsson 2014a 0.344 0.019 6 0.322 0.022 3 4.0%
Zhang 2015 0.238 0.034 10 0.223 0022 10 11.3%
Subtotal (95% Cl) 95 88 100.0%

Heterogeneity: Tau? = 0.01; Chi#=9.27, df =9 (P =0.41); P = 3%
Test for overall effect: Z = 2.77 (P = 0.006)

Total (95% CI) 95 88 100.0%
Heterogeneity: Tau? = 0.01; Chi# = 9.27, df =9 (P = 0.41); F = 3%

Test for overall effect: Z = 2.77 (P = 0.008)

Test for subgroup differences: Not applicable
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Std. Mean Difference Std. Mean Difference
IV, Random, 85% CI IV, Random, 95% CI
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Figure 3. Intact rodent model. The effect of probiotic intervention on vBMD of the femur. Abbreviations: Cl, confidence interval; df, degrees of freedom;

IV, weighted mean difference; SD, standard deviation.

Problotic Control 8td. Mean Difference 8Std. Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Welght

IV, Random, 95% CI IV, Random, 95% CI

1.2.1 BV/TV of intact rodent model, femur

Blanton 2018 74 26 5 72 37 5 36%
Collins 2016 209 7.41 7 224 5.56 7 40%
Collins 2019 4445 13.16 10 3228 11.04 1M1 44%
Collins 2019a 46.05 16.6 10 4035 74 1 45%
Jia 2021 2544 14.42 5 26.16 4.27 5 36%
Lawenius 2020 13.98 2.04 8 1561 1.07 8 4.0%
Lee 2021 13.57 567 9 761 286 8 4.0%
Lee 2021a 7.89 10.15 7 456 2.56 9 41%
Li 2016 9.66 259 10 6.06 0.76 5 36%
Li 2016a 76 1.2 10 6.06 0.76 5 37%
Madel 2023 16.63 1.9 11 161 239 14 46%
Mccabe 2013 288 569 10 198 6.38 10 41%
Mccabe 2013a 949 291 10 1012 3.26 10 45%
Ohlsson 2014 168 1.96 86 162 1715 3 33%
Ohlsson 2014a 174 1.96 6 162 1715 3 32%
Tyagi 2018 739 063 10 545 038 10 3.0%
Zhai 2023 40 39 6 339 47 3 29%
Zhai 2023a 335 68 8 339 47 3 33%
Zhang 2015 3571 942 10 30.95 5.66 10 44%
Subtotal (95% CI) 156 140 72.6%

Heterogeneity: Tau? = 0.40; Chi? = 41.39, df = 18 (P = 0.001); I?*=57%
Test for overall effect: Z = 3.23 (P = 0.001)

1.2.2 BVITV of Intact rodent model, spine

Lawenius 2020 2113 218 8 24.69 0.001 8 34%
Lawenius 2022 3161 226 15 2064 3.1 15 48%
Li2016 403 10.72 10 28.87 9.17 5 38%
Li 2016a 3324 6.33 10 28.87 9.17 5 39%
Mccabe 2013 569 8.54 8 388 854 8 35%
Mccabe 2013a 39.03 14.45 10 40.13 6.07 10 45%
Tyagi 2018 2202 452 10 896 4.36 10 34%
Subtotal (95% CI) 7 61 27.4%

Heterogeneity: Tau? = 1.46; Chi? = 36.09, df = 6 (P < 0.00001); ? = 83%
Test for overall effect: Z = 1.35 (P = 0.18)

Total (95% CI) 227 201 100.0%
Heterogeneity: Tau? = 0.63; Chi? = 77.50, df = 25 (P < 0.00001); I = 68%
Test for overall effect: Z = 3.39 (P = 0.0007)

Test for subgroup differences: Chi? = 0.01, df = 1 (P = 0.93), 2= 0%
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Figure 4. Intact rodent model. The effect of probiotic intervention on BV/TV of the femur and spine. Abbreviations: Cl, confidence interval; df, degrees of

freedom; IV, weighted mean difference; SD, standard deviation.

B. longum ATCC 15707 or Lactobacillus helveticus ATCC
27558 was provided daily for 16 weeks at 1 x 1082 CFU/mL
in rats age 14 weeks.’’>! This was supported by greater
OBS/BS, OS/BS and OV/BV along with lower OcS/BS and
ES/BS with B. longum ATCC 15707 but not L. helveticus

ATCC 27558. Older rats (age 26 weeks) had a similar
positive response to daily administration of L. rhammnosus
HNO001 (1 x10° CFU) at 12 weeks but not 4 weeks.”?
Greater whole-body BMD was also observed at 16 weeks
following oral administration of Lactobacillus interstinalis
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Std. Mean Difference

IV, Random, 95% CI IV, Random, 95% Cl

1.7.1 Ct.Th of Intact rodent model, femur

Blanton 2018 0.279 0.034 5 0.258 0.01 3 51%
Collins 2018 025 0.02 11 024 0.03 10 152%
Collins 2019a 025 0.03 1 025 0.02 10 15.5%
Lawenius 2020 0.192 0.006 8 0.197 0.006 8 10.7%
Mccabe 2013 0.17 0.03 10 017 0.03 10 14.8%
Ohlsson 2014 0.18 0.007 6 0.181 0.003 3 59%
Ohlsson 2014a 0.186 0.007 6 0.181 0.003 3 54%
Tyagi 2018 0.173 0.009 10 0.171 0.003 10 14.6%
Zhang 2015 029 0.03 10 0.28 0.03 10 12.9%
Subtotal (85% CI) 77 67 100.0%

Heterogeneity: Tau* = 0.00; Chi*=7.74, df = 8 (P = 0.46); # = 0%
Test for overall effect: Z=1.17 (P = 0.24)

Total (95% CI) 77 67 100.0%

Heterogeneity: Tau* = 0.00; Chi?=7.74, df =8 (P = 0.46); = 0%
Test for overall effect: Z=1.17 (P = 0.24)
Test for subgroup differences: Not applicable

0.64 [-0.85, 2.14]
0.38 [-0.49, 1.25] —
0.00 [-0.86, 0.86]

-0.79 [-1.82, 0.24]
0.00 [-0.88, 0.88]

-0.15 [-1.53, 1.24]
0.73[-0.73, 2.18]
0.29 [-0.60, 1.17]

0.96 [0.02, 1.89]

0.20 [0.14, 0.54]

0.20 [-0.14, 0.54]

2 - 1 2
Favours control Favours probiotic

Figure 5. Intact rodent model. The effect of probiotic intervention on Ct.Th of the femur. Abbreviations: Cl, confidence interval; df, degrees of freedom;

IV, weighted mean difference; SD, standard deviation.

KCTC 5052 or KCCM11812P three times per week,?” but
no effect was seen at the tibia using L. plantarum CJNU3003
daily intervention®” nor at the femur of younger rats aged
6 weeks provided Lactobacillus gasseri daily for 8 weeks.>®
Interestingly, inactive Propionibactrium freudenreichii MJ2,
but not the active form, demonstrated a positive effect on
BMD at the femur following 17 weeks of daily intervention
at either a low dose of 1x 107 CFU/mL or a high dose
of 1x10% CFU/mL.#*’ This same study also provided a
proof of the principle for bone promoting effects of their
positive control, L. plantarum.*® Tsai et al. investigated
probiotic dosages and suggested a low dose (2.07 x 10%)
of L. plantarum GMNL-662 had no effect at the femur
but higher doses (4.13 x 10% and 8.27 x 108) resulted in
greater BMD at the femur in rats age 12 weeks.®’ Using
a shorter intervention duration of 6 weeks, greater BMD
at the femur was reported following daily administration
of LGG ATCC 74695 Daily administration of L. casei,
Bacillus coagulans, Bifidobacterium, L. reuteri, L. rbamnosus,
or Lactobacillus and/or Bifidobacterium mixtures was also
studied, but inconsistent results were reported at 4 weeks
for each probiotic treatment on BMD at the tibia, spine or
whole-body.>3-3437,58

Trabecular and cortical bone structure

Unlike findings using an intact model, favorable bone
changes were more consistently shown in OVX rodents
when provided a probiotic treatment. Greater BV/TV, Tb.Th,
Tb. N, Ct.Ar, Ct.Th, connectivity density (Conn.Dn), total
area (T.Ar), total perimeter of the bone (T.Pm), and/or
periosteal perimeter (Ps.Pm) along with lower Tb.Sp were
observed at the femur, tibia and spine with B. clausii
[6 weeks; 1x10° CFU/mL daily3”], L. acidophilus ATCC
4356 [6 weeks; 1 x 10° CFU/mL daily*®] or GDMCC1.412
[6 weeks, 1x10%% CFU/mL daily**], LGG ATCC7469
[6 weeks; 1x 10° CFU/mL daily*°], L. rhamnosus UBLR-
58 MTCC 5402 [6 weeks; 1x10° CFU/mL daily*?],
Lactobacillus salivarius LI01 [6 weeks; 3 x 10° CFU/mL
daily®®], L. paracasei GMNL-653 (inactive) or GMNL-678
(active) [4 weeks; 1 x 1010 CFU/mL daily®*], L. plantarum
GMNL-662 [14 weeks; 2.07, 4.13 or 8.27 x 108 CFU/kg
daily®%], AR237 or AR495 [7 weeks; 1 x 10? CFU/mL daily?],
B. longum UBBL-64M1395 [7 weeks; 1x10° CFU/mL

daily**], B. vulgatus ATCC 8482 [8-9 weeks; § x 10° CFU/mL
every 2 d*2], inactive Propionibacterium freudenreichii MJ2
[17 weeks; 1x 107 or 108 CFU/mL daily*’], Lifespace
probiotic [containing a mixture of L. rhamnosus HNOO1,
Bifidobacterium lactis BI-04, Bifidobacterium animalis
HNO19, Lactobacillus fermentum SBS-1, L. reuteri lel,
B. longum BB536, Bifidobacterium breve M16-V, Bifi-
dobacterium infantis Bi-26, L. paracasei Lpc-37; 7 weeks;
1 x 107 CFU/mL daily®], Saccharomyces boulardii [6 weeks;
3 g/kg body weight three times per week®’], and Rothia
[8 weeks; 1x10% CFU/mL daily*®]. L. reuteri ATCC
PTA 6475 (1 x10° CFU/mL) administration three times
per week for 4 weeks resulted in a favourable trabecular
bone response at the femur, but no effect was seen at the
spine—supported by no effect on BFR.® No differences
in cortical bone outcomes in the femur were reported for
study groups.® Bone site differences were also reported with
greater BV/TV at the femur but not spine with LGG or
VSL#3 [containing a mixture of B. breve, B. longum, B.
infantis, L. acidophilus, L. plantarum, L. paracasei, Lacto-
bacillus bulgaricus, Streptococcus thermophilus; 4 weeks;
1x 10 CFU twice per week?]. Little to no effect on bone
structure was demonstrated following administration of
L. plantarum, strain undefined [4 weeks; 2 x 1011 CFU/g
daily*°] or CJNU 3003 [16 weeks; 1 x 108 CFU/kg daily%”],
L. paracasei, strain undefined [4 weeks; 2 x 1011 CFU/g
daily*], DSM 13434 alone or with DSWM 15312 and
DSM 15313 [5.5-6 weeks; 1 x 108 CFU/mL daily?*#!], L.
reuteri GDMCC1.614 alone or combined with L. acidophilus
GDMCC1.412 [6 weeks; 1 x 1082 CFU/mL daily], L. gasseri
[8 weeks; 1x10° CFU daily°®], L. rhamnosus alone or
combined with azithromycin (AZM) antibiotic [4 weeks;
3 x 108 CFU/kg daily’”], L. helveticus ATCC 27558 or
B. longum ATCC 15707 [16 weeks; 1x 10%° CFU/mL
daily,*31), P. histicola [8 weeks; 1 x 108 CFU/mL daily** or
12 weeks; 1 x 10° CFU every other day*’], or pAKK [4 weeks;
2 x 108 CFU daily??].

Meta-analysis

Irrespective of bone site examined (test for subgroup
differences [femur, tibia, spine]: p > 0.05), rodents receiv-
ing probiotic supplementation demonstrated a benefit on
trabecular bone structure compared to control animals.
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Problotic Control
Study or Subgroup Mean SD Total Mean SD Total Woeight
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Std. Mean Difference Std. Mean Difference
IV, Random, 95% CI IV, Random, 95% CI

2.1.1 vBMD of OVX rodent model, femur

Britton 2014 0.222 0.031 8 0.179 0.02 8 29%
Dar 2018 0.354 0.076 10 0.177 0.013 10 22%
Dar 2018a 0.25 0.012 10 0.17 0.123 10 3.8%
Guo 2023 029 0.06 8 022 0.03 8 3.0%
Lee 2023a 0.16 0.017 6 0.16 0.016 6 3.0%
Li 2023a 0.09 0.01 6 007 001 6 21%
Ohlsson 2014b 0.302 0.017 6 0.285 0.022 3 21%
Ohlsson 2014c 0.298 0.017 6 0.285 0.022 3 21%
Parvaneh 2015 0.89 0.17 8 059 02 8 29%
Parvaneh 2018 0.91 0.141 8 076 0417 8 33%
Sapra 2021 0.37 0.049 6 027 0.024 6 1.8%
Sapra 2022 0.27 0.024 6 0.22 0.049 6 25%
Tsai 2023 0.582 0.017 10 0.56 0.018 3 22%
Tsai 2023a 0.594 0.026 10 0.56 0.018 3 22%
Tsai 2023b 0.608 0.022 10 0.56 0.018 3 1.8%
Yang 2020 0.55 0.05 9 051 003 4 27%
Yang 2020a 0.58 0.02 9 051 0.03 4 16%
Yeom 2021 0.314 0.008 8 0.299 0.008 2 15%
Yeom 2021a 0.31 0.023 8 0.289 0.008 2 19%
Yeom 2021b 0.311 0.011 8 0.299 0.008 2 17%
Yu 2021 0.081 0.003 8 0.066 0.02 4 24%
Yu 2021a 0.092 0.006 8 0.066 0.02 4 1.9%
Yu 2022 0.084 0.015 8 0.068 0.012 8 32%
Zhang 2023a 0.09 0.01 6 0.07 0.02 6 26%
Subtotal (95% CI) 190 127 57.2%
Heterogeneity: Tau? = 0.01; Chi? = 23.60, df =23 (P = 0.43); I =3%

Test for overall effect: Z = 9.24 (P < 0.00001)

2.1.2 vBMD of OVX rodent model, tibia

Dar 2018 0.351 0.076 10 0.277 0.0 10 3.7%
Dar 2018a 04 0.028 10 0.24 0.066 10 23%
Jhong 2022 0444 0.043 8 0.344 0.113 4 23%
Jhong 2022a 0.38 0.027 8 0.344 0.113 4 27%
Jin 2022 0.082 0.033 7 0.096 0.02 7 32%
Sapra 2021 0.3 0.024 6 0.23 0.024 6 1.6%
Sapra 2022 0.23 0.049 6 0.16 0.024 6 22%
Wallimann 2021 0.03 0.024 7 0 0.02 7 28%
Subtotal (95% CI) 62 54 20.9%

Heterogeneity: Tau? = 0.80; Chi? = 20.97, df = 7 (P = 0.004); I* = 67%
Test for overall effect: Z = 3.30 (P = 0.0010)

2.1.3 vBMD of OVX rodent model, spine

Britton 2014 0.204 0.028 8 0.182 0.023 8 34%
Dar 2018 0.28 0.025 10 0.174 0.063 10 3.0%
Dar 2018a 0.3 0.152 10 0.14 0.089 10 3.6%
Sapra 2021 3.02 0.294 6 1.81 0.147 6 0.8%
Sapra 2022 0.24 0.061 6 0.17 0.049 6 26%
Tsai 2023 0.629 0.037 10 0.591 0.02 3 23%
Tsai 2023a 0.639 0.028 10 0.591 0.02 3 20%
Tsai 2023b 0.647 0.027 10 0.591 0.02 3 1.8%
Yuan 2021 123 0.02 7 121 0.01 5 26%
Subtotal (85% CI) 7 54 21.9%
Heterogeneity: Tau? = 0.15; Chi* = 10.76, df = 8 (P = 0.22); I* = 26%

Test for overall effect: Z = 5.71 (P < 0.00001)

Total (95% Cl) 329 235 100.0%

Heterogeneity: Tau? = 0.17; Chi? = 56.17, df = 40 (P = 0.05); I? = 29%
Test for overall effect: Z = 10.73 (P < 0.00001)
Test for subgroup differences: Chi? = 0.43, df =2 (P = 0.81), = 0%
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Figure 6. Ovariectomized (OVX) rodent model. The effect of probiotic intervention on vBMD of the femur, tibia, and spine. Abbreviations: CI, confidence
interval; df, degrees of freedom; IV, weighted mean difference; SD, standard deviation.

There was significantly greater vBMD (SMD=1.32, 95%
CI [1.08, 1.56], I*=29%, p <0.00001; Figure 6), BV/TV
(SMD =1.51, 95% CI [1.170, 1.85], I =69%, p < 0.00001;
Figure 7), Tb.Th (SMD =0.96,95% CI [0.67,1.26], I* = 56 %,
p <0.00001; Figure $6), and Tb.N (SMD=1.23, 95% CI
[0.86, 1.59], I>=68%, p <0.00001; Figure S7) and lower
Tb.Sp (SMD=-1.20, 95% CI [-1.55, —0.85], I> =68%,

P <0.00001; Figure S8) with probiotic supplementation. The
probiotic effect on cortical bone outcomes was observed at
the tibia but not femur—greater Ct. Th (tibia: SMD =2.35,
95% CI1[0.72,3.97],1* =82%, p = 0.005; femur: SMD = 0.31,
95% CI [~0.07, 0.68], I2=27%, p=0.11; Figure 8) and
Ct. Ar (tibia: SMD=0.84, 95% CI [0.28, 1.41], I?=0%,
p=0.004; femur: SMD=1.03, 95% CI [-0.03, 2.09],
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Probiotic
Study or Subgroup Mean SD Total

Control
Mean

SD_Total Weight
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Std. Mean Difference

1V, Random, 85% CI

Std. Mean

Difference

IV, Random, 95% CI

2.2.1 BVITV of OVX rodent model, femur

Britton 2014 236 707 8
Dar 2018 2541 478 10
Dar 2018a 2655 417 10
Guo 2023 20.79 5.61 8
Jia 2021a 24.02 1495 5
Lawenius 2020a 13.53 0.96 8
Lee 2023a 8.69 15 6
Li 2016 649 1075 10
Li 2016a 6.06 0917 10
Li 2023a 3.88 092 6
Madel 2023 11.13 26 12
Ohlsson 2014b 144 147 6
Ohlsson 2014¢ 13.8 1.22 6
Parvaneh 2015 60.55 10.1 8
Parvaneh 2018 57 1867 8
Sapra 2021 26.15 558 6
Sapra 2022 25.13 11.513 6
Tsai 2023 404 14 10
Tsai 2023a 40.7 16 10
Tsai 2023b 422 11 10
Wang 2021 8353 232 10
Yang 2020 325 23 9
Yang 2020a 329 27 9
Yu 2021 4.81 2.04 8
Yu 2021a 583 153 8
Yu 2022 6.57 1.881 8
Yuan 2022 523 018 6
Zhang 2023a 31 068 6
Subtotal (85% CI) 227

Heterogeneity: Tau? = 0.51; Chi® = 61.13, df = 27 (P = 0.0002); I* = 56%

Test for overall effect: Z = 6.28 (P < 0.00001)

2.2.2 BVITV of OVX rodent model, tibia

Dar 2018 2531 076 10
Dar 2018a 26.82 1.39 10
Jhong 2022 36.8 1.6 8
Jhong 2022a 32.38 08 8
Jin 2022 4945 2.071 7
Ohlsson 2021 1267 246 7
Sapra 2021 2457 426 6
Sapra 2022 23.44 8.463 6
Wallimann 2021 0.02 0.021 7
Subtotal (95% CI) 69

Heterogeneity: Tau? = 1.93; Chi* = 38.45, df = 8 (P < 0.00001); I* = 79%

Test for overall effect: Z = 4.02 (P < 0.0001)

2.2.3 BVITV of OVX rodent model, spine

Britton 2014 29.29 721 8
Dar 2018 2183 013 10
Dar 2018a 24.01 0.32 10
Lawenius 2020a 2135 158 8
Li 2016 23.08 10.056 10
Li2016a 2443 5692 10
Sapra 2021 253 262 (]
Sapra 2022 208 1.066 6
Tsai 2023 446 1.8 10
Tsai 2023a 45.6 1.7 10
Tsai 2023b 47 14 10
Yuan 2021 18 3 7
Subtotal (95% CI) 105

136 3.68
13.21 10.15
185 6.77
154 3.38
11.74 267
1425 226
1055 1.79
3.89 0.759
3.89
273
7.16

'S
0
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o -
(3] N
-
NOCAPPRLAOWWWNDINOOWWONINNDOUN®P®OO®

169

2011 111 10
20.05 0.92 10
309 11 4
3098 11 4
4418 0623 7
11.01 1.03 7
13.77 691 6
12.765 5.266 6
0 0.019 7

61

23.63 4.08 8
1653 367 10
1433 054 10
2113 175 8
11.21 2.561 5
11.21 2.561 5
1822 287 6
16.27 1.739 6
919 1.2 3
419 1.2 3
419 1.2 3
13 3 5

72

2.3%
2.5%
2.5%
2.4%
2.1%
2.5%
2.2%
2.0%
2.0%
22%
2.4%
2.0%
2.1%
2.5%
2.5%
16%
2.2%
2.0%
2.0%
1.5%
2.5%
2.3%
2.3%
22%
1.8%
2.4%
0.4%
2.3%
59.6%

1.5%
1.4%
14%
2.1%
2.4%
2.4%
2.0%
21%

2.4%
17.7%

2.4%
2.4%
0.2%
2.5%
2.3%
2.0%
1.8%
1.7%
2.0%
1.8%
1.5%
2.1%
22.7%

Heterogeneity: Tau? = 1.63; Chi* = 45.86, df = 11 (P < 0.00001); # =76%

Test for overall effect: Z = 4.62 (P < 0.00001)
Total (95% CI) 401

Test for overall effect: Z = 8.68 (P < 0.00001)

Test for subgroup differences: Chi? = 5.69, df = 2 (P = 0.06), I? = 64.8%

302 100.0%
Heterogeneity: Tau* = 0.95; Chi* = 152.50, df = 48 (P < 0.00001); * = 69%
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Figure 7. Ovariectomized (OVX) rodent model. The effect of probiotic intervention on BV/TV of the femur, tibia, and spine. Abbreviations: Cl, confidence
interval; df, degrees of freedom; IV, weighted mean difference; SD, standard deviation.

12=82%, p=0.06; Figure S9)—in rodents provided the
probiotic supplementation. Probiotic genus or rodent type
were not reasons for the large heterogeneity (p > 0.05)
among studies for vBMD, BV/TV, Tb.Th, Tb.N, Tb.Sp, or
Ct.Ar. There was a significant effect of bone site for Ct.Th

(p <0.0001). Visual inspection of the funnel plots suggested
no evidence of publication bias for vBMD, BV/TV, Tb.Th,
Tb.N, or Ct.Ar (Figure SI0A-D, G). Findings from the Egger
regression suggested publication bias was present and a trim-
and-fill analysis was performed resulting in five imputed
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Problotic Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI IV, Random, 95% CI
2.7.1 Ct.Th of OVX rodent model, femur
Britton 2014 0.27 0.03 8 025 003 8 64% 0.63 [-0.38, 1.64] ]
Chen 2023 0.18 0.079 10 0.18 0.063 3 5.6% 0.00 [-1.29, 1.29] - T
Chen 2023a 0.16 0.079 10 0.18 0.063 3 56% -0.24 [-1.54, 1.05] —
Chen 2023b 0.16 0.079 10 0.18 0.063 3 56% -0.24 [-1.54, 1.05] |
Dar 2018 1.09 1.87 10 054 0.9 10 68% 0.40 [-0.49, 1.28] =
Dar 2018a 074 0.79 10 011 0.22 10 6.6% 1.04 [0.09, 1.99] =
Lawenius 2020a 0.184 0.006 8 0.186 0.008 8 65% -0.27 [1.25, 0.72] s
Ohlsson 2014b 0.173 0.005 6 0.168 0.005 3 50% 0.89 [-0.60, 2.38] B [N
Ohlsson 2014c 0.176 0.005 6 0.168 0.005 3 46% 1.42[-0.22, 3.06] i
Sapra 2022 0.167 0.022 6 0.145 0.02 ] 5.8% 0.97 [-0.28, 2.19] S 5
Wang 2021 0.18 0.01 10 0.188 0.003 10 66% -1.04 [-1.99, -0.09] —
Yeom 2021 0.312 0.312 8 0.198 0.021 2 48% 0.35[-1.21, 1.91] -
Yeom 2021a 0.302 0.089 8 0.198 0.021 2 45% 1.12 [-0.55, 2.80] =
Yeom 2021b 0.247 0.128 8 0.198 0.021 2 48% 0.37 [-1.19, 1.93] — =
Subtotal (85% CI) 118 73 79.1% 0.31 [-0.07, 0.68] 4
Heterogeneity: Tau? = 0.14; Chi? = 17.77, df =13 (P = 0.17); P =27%
Test for overall effect: Z = 1.58 (P = 0.11)
2.7.2 Ct.Th of OVX rodent model, tibia
Dar 2018 743 0.92 10 5.03 0.28 10 5.1% 3.38[1.92, 4.84] - =
Dar 2018a 07 016 10 011 022 10 54% 2.94[1.60, 4.28] —
Ohlsson 2021 021 0.03 7 02 0.03 7 6.3% 0.31[-0.74, 1.37] =
Sapra 2022 0.143 0.005 6 0.115 0.011 6 41% 3.03[1.16, 4.89] ——
Subtotal (85% CI) 33 33 20.9% 2.35[0.72, 3.97] e
Heterogeneity: Tau? = 2.20; Chi? = 16.27, df = 3 (P = 0.0010); I2= 82%
Test for overall effect: Z = 2.83 (P = 0.005)
Total (85% Cl) 151 106 100.0% 0.75[0.23, 1.27] <P
Heterogeneity: Tau? = 0.85; Chi? = 53.98, df = 17 (P < 0.00001); I* = 69% _L 2 ° 2 45

Test for overall effect: Z = 2.80 (P = 0.005)

i 4 Favours control Favours probiotic
Test for subgroup differences: Chi? =5.77, df = 1 (P = 0.02), 1> = 82.7%

Figure 8. Ovariectomized (OVX) rodent model. The effect of probiotic intervention on Ct.Th of the femur and tibia. Abbreviations: Cl, confidence interval;
df, degrees of freedom; IV, weighted mean difference; SD, standard deviation.

studies for Tb.Sp (Figure S10E), and two imputed studies
for Ct.Th (Figure S10F).

Other models

The effect of probiotics on bone outcomes was also examined
using preclinical models with diabetes,”” arthritis,*’»03-6¢
fracture healing,®’~%° tenofovir disoproxil fumarate-induced
bone loss,”? retinoic-induced secondary osteoporosis,’ 4”3
CoCrMo particle-induced osteolysis,”® ulcerative colitis,””>
dorsal incision surgery,”® glucocorticoid-induced osteo-
porosis,*/0=72 depression,”’ cigarette smoking inhalation,>®
chronic mild stress,’? bone cancer pain,3! co-intervention
with a high-fat diet,>01:628% or antibiotics,” genetic mod-
ification,” as well as an orchidectomy model.>> Due to the
limited number of studies within each of these conditions, no
meta-analyses were conducted.

Bone mineral density

In female rats, L. fermentum ZS40 and L. plantarum
HFY15 treatment [6 weeks; 1 x 101 CFU daily] protected
against femur bone loss associated with retinoic-induced
secondary osteoporosis.”*’5 In males, L. plantarum KRHPS1
[4 weeks; 1 x 10° CFU daily], L. reuteri ATCC PTA 6475
[4 weeks; 1x10° CFU/mL three times per week’’] and
a medium or high dose of L. plantarum 1LP45 [8 weeks;
1-2x10° CFU daily’?] demonstrated protective bone
effects using a glucocorticoid-induced osteoporosis mouse
model”' —VSL#3 had no effect at the femur of male rats
[4 weeks; 1 x 10° CFU/mL three times per week’?]. However,
in combination with a high-fat diet, VSL#3 (8 weeks;

1 x 10° CFU/mL every other day) demonstrated greater BMD
at the femur in female mice.®! No effect was reported in male
mice provided Bifidobacterium pseusocatenulatum CECT
776 [14 weeks; 1x 10° CFU/mL daily] or Lactobacillus
coryniformis subsp. Torquens (10 weeks; 1 x 10° CFU/mL
daily) at the femur.3>%? Furthermore, a bone-promoting
probiotic effect at the femur and tibia was observed in
a chronic mild stress model using a probiotic mixture
of Bifidobacterium and Lactobacillus species®® but not
Faecalibacterium prausnitzii”’ In males, probiotics were
protective against bone mineral loss associated with orchidec-
tomy,>® diabetes,?” arthritis,***=%¢ and tenofovir disoproxil
fumarate”? but no effect was observed in male rats exposed to
cigarette smoke.>® Females were not included in these studies.

Trabecular and cortical bone structure

The observed increase in BMD was accompanied by
greater BV/TV, Tb.N, and/or Tb.Th as well as lower
Tb.Sp.>»2%:39,49,61,65,66,68,70-75  Bone changes were also
supported by greater BFR and MAR.*??/3 When BMD did
not differ between study groups, there were some positive
trabecular bone structure changes,’2:3¢:62:88 also with greater
BFR and MAR 3¢

Secondary outcomes

Limited studies reporting measures of bone strength

Few studies (7=13) examined the potential protective
role of probiotics on bone strength outcomes. The OVX

model resulted in significant reductions in bone strength
outcomes at the femur and B. longum UBBL-64M1395, L.
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brevis AR281, and L. plantarum GMNL-662 were able to
attenuate these detrimental changes, comparable to SHAM
levels,**:09:8¢ Compared to the OVX control, L. rhamnosus
(strain undefined) increased the load, displacement, and
energy at the proximal tibia,”” while L. rhamnosus HN001
had no effect on bone strength at the femur—a large variance
among the data was denoted by the authors.>> The protective
effect on bone strength was less consistent among other rodent
models. Interestingly, a dose-dependent effect of L. plantarum
LP45 on bone strength of the femur was observed in female
rats with glucocorticoid-induced osteoporosis.”> However,
probiotics had no effect on bone strength properties in male
mice amid some improvements in bone structure outcomes
previously described.*’? VSL#3, but not L. coryniformis
subsp. Torquens, administration increased peak load at
the femur in mice consuming a high-fat diet.’*> LGG
administration resulted in favorable bone strength changes
of tenofovir disoproxil fumarate-induced bone loss at the
femur but not tibia in mice post-antibiotics.>’3> Only one
study reported probiotic effects on bone strength outcomes
usin%6a model of cigarette smoke exposure, but findings were
null.-

Using serum and bone marrow analytes to probe the
potential mechanisms of probiotic-mediated bone
modulation

Probiotic supplementation increased the short-chain fatty acid
butyrate in the intestines.”~”>3380 In intact rodents, LGG
increased butyrate and CD8™" regulatory T (Treg) cells in
the bone marrow and subsequently upregulated Wnt10b to
stimulate bone formation.” This was also shown in rodents
fed a high-fat diet and in diabetes.2”>32 Probiotic supplemen-
tation resulted in higher levels of bone formation markers,
including serum procollagen type I N-terminal propeptide
or osteocalcin,’>72432:3% but not osteocalcin in the bone
marrow.>* Compared to the control group, the serum bone
resorption marker C-terminal telopeptide of type I collagen
(CTx) was lower in mice provided L. acidophilus,>* but N-
terminal telopeptide of type I collagen (NTx) was greater in
the probiotic group containing a mixture of Lactobacillus and
Bifidobacterium .50

Short-chain fatty acids also reduce proinflammatory T-
helper cells (Th17) and decrease osteoclast differentiation. In
OVX rats receiving a probiotic supplementation, there was
a significant effect on the Th17/Treg ratio in the bone mar-
row—decreased Th17 and increased CD4*TCD25"Foxp3™
Treg cells,337:3%49:55 a5 well as C19% Breg cells.** Con-
trary to these findings, there was no probiotic effect on
CD4TCD25%Foxp3™ Treg cells using L. paracasei DSM
13434 or a Lactobacillus mixture,”* while pAKK reduced
Treg cells in the bone marrow in both intact and OVX mice.’
Since Th17 cells release pro-inflammatory cytokines, studies
subsequently reported decreased serum IL-17, tumor necrosis
factor alpha (TNF-«), and/or IL-6,33773%4547 a5 well as
receptor activator of NF-kB ligand (RANKL), TNF-«, and/or
IL-17 in the bone marrow.0>%>4:37-39:47,55,60 Grydies also
reported lower serum bone resorption markers (pyridinoline,
tartrate-resistant acid phosphatase, CTx, and/or NTx) among
OVX rodents provided LGG, L. gasseri, or Lp. plantarum
compared to the control,3»*3-%60—other probiotic supple-
ments (L. paracasei DSM 13434, Lactobacillus mixture, and
L. rhamnosus) showed no effect on serum tartrate-resistant
acid phosphatase and/or CTx.2*"7 L. plantarum CJNU 3003,
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Lp. Plantarum, L. rbamnosus, and L. intestinalis resulted
in decreased serum alkaline phosphatase,?’»7-8:60:87 while
other bacteria strains had null effects.?3:27*8 No probiotic
effect on serum osteocalcin or osteocalcin in the bone marrow
was reported in mice provided pAKK or a Lactobacillus
mixture, respectively.23-24

Discussion

Probiotic treatment improved outcomes of bone health in
some but not all studies using rodent models. The beneficial
effects were most prominent in OVX rodent models and
align with the findings from clinical studies.'?~'3 With the
exception to one study using Bacillus subtills C-3102,'0 these
human studies have demonstrated bone supporting effects of
probiotics in postmenopausal women using Lactobacillus as
a single-strain, a mixture of strains or within a multispecies
supplement.' =13 However, in terms of strain-specific effects,
defining specific Lactobacillus strains to promote bone health
in humans require further investigation. In our systematic
review, further analyses on probiotic strains were not per-
formed because many different strains were studied. Findings
in intact rodent models were less consistent and depended on
the probiotic genus. Other rodent models included a limited
number of studies that reported inconsistent effects, so it is
difficult to comment on the efficacy of probiotic treatments
in these other models. For example, two studies used a model
of microbiome dysbiosis via antibiotic treatment [AZM pro-
vided to OXV rats®” or ampicillin + neomycin provided to
male mice’] but the antibiotic effect on bone was inconsistent.
Specifically, AZM treatment for 4 weeks had a favourable
effect on femur histomorphometric structure in OVX rats.>’
In contrast, ampicillin and neomycin reduced BV/TV at the
femur and vertebrae and resulted in lower femur Tb.Th and
Tb.N and greater Tb.Sp in male mice.® L. reuteri 6475, but not
LGG or L. rbamnosus, resulted in favourable bone outcomes
in these models.’»” Of note is that non-pathogenic, non-
probiotic Escherichia coli was used as a negative control in a
few studies that used different models (OVX, administration
of tenofovir disproxil fumarate or antibiotics) and was shown
to have a null effect on bone outcomes.?>>3

The bone-promoting effects of probiotics are mediated by
supporting the optimal state of the gut microbiome, including
the mitigation of microbial dysbiosis, intestinal inflam-
mation, and gut permeability.>=® Additionally, probiotic-
produced metabolites such as the short-chain fatty acid
butyrate are increased in the small intestine and increase the
expression of Treg cells in the bone marrow.” This signals
an upregulation of Wnt10b expression, which stimulates
bone formation through the Wnt signaling pathway in
osteoblasts.” In OVX models, Th17-mediated release of
IL-6, IL-17A, TNF-a, and RANKL increased osteoclast
differentiation.®>8:%,24,37-39,45,47.55,60 Findings consistently
demonstrated that probiotics rebalanced Th17/Treg cells,
shown to be skewed during OVX, and thus reduced bone
resorption.$:37:39:4355 Decreased Th17 cells results in a
reduction in pro-inflammatory cytokines in the serum and
bone marrow and the downstream effects of probiotics
to reduce osteoclast activity or increase osteoblast activity,
resulting in higher BMD and more favorable bone structure
properties.®»37:3%:45:55 Because probiotics affect bone in a
strain-specific manner, formulating the ideal combination
of bacteria strains to optimize BMD and strength via the


https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae187#supplementary-data

Journal of Bone and Mineral Research, 2025, Volume 40 Issue 1

upregulation of bone formation and/or downregulation of
bone resorption remains unknown.

There was large heterogeneity among the included stud-
ies—particularly for the syntheses of BV/TV (intact, OVX),
Tb.Th (intact, OVX), Tb.N (intact, OVX), Tb.Sp (OVX),
Ct.Ar (OVX), and Ct.Th (OVX). We explored probiotic genus,
bone site of analysis, sex, and rodent type as potential reasons
for the observed heterogeneity. Probiotic genus contributed
minimally to the heterogeneity, and a lower level of biological
classification (ie, species or strain) may be required. Using
intact rodents, Lactobacillus strains were the most studied
probiotics (71 % of studies), followed by probiotics containing
a combination of Lactobacillus and Bifidobacterium strains
(14% of studies; Table S3). One study investigated a Bifi-
dobacterium strain, and few studies investigated other genera
either alone or in a probiotic mixture, including Akkermansia,
Saccharomyces, and Streptococcus, Bacillus, and Enterococ-
cus (Table S3). Similar to the intact rodent models, most stud-
ies investigated the effects of Lactobacillus strains on bone
outcomes in OVX rodents (65% of studies), followed by 25%
of the studies investigating other genera beyond Lactobacillus
or Bifidobacterium (Bacillus, Akkermansia, Saccharomyces,
Streptococcus, Prevotella, Rothia, Propionibacterium, Bac-
teroides; Table S4). Three studies used a probiotic containing
Bifidobacterium strains, and one study investigated a pro-
biotic containing a mixture of Lactobacillus and Bifidobac-
terium strains (Table S4). The assessment of bone site, sex, or
rodent type subgrouping was limited. The femur, compared
to the tibia and spine, was the most studied site. However, the
bone outcomes reported were not consistent among all studies
and complicate the comparisons. Accordingly, recommenda-
tions for a minimum set of bone outcomes to be reported
when using uCT have been developed as an attempt to stan-
dardize studies and foster transparency.®’ Of note, DXA was
used as an alternative method of quantifying BMD in a few
studies,?*>?7%% but was not included in the meta-analyses
due to differences in the values obtained compared to £ CT.””
There was limited reporting on functional measures of bone
strength outcomes. Two rat studies and two mouse studies
reported strength measures, resulting in no effect and greater
bone strength with a probiotic intervention, respectively. The
difference between the response in rats and mice may be
attributed to the different methodology and sizes of the bones.
Further investigation on functional measures is warranted as
a predictor of fracture. In intact rodents, only one study in
rats was included in the meta-analysis, while all other studies
were conducted in mice. The opposite is true for OVX studies
in which rats rather than mice were predominately studied,
with similar responses between species. Sex did not influence
the probiotic effect. Most studies included one sex of rodents,
while one study allowed for investigating sex-specific effects
in which a probiotic treatment resulted in increased BMD and
favorable trabecular bone structure changes in healthy male
but not female mice.?$

Interpretation of the current findings should consider the
inconsistencies with reporting specific study details, large
heterogeneity among studies, and challenges with general-
ization to humans. Quality assessment using the ARRIVE
guidelines'® suggested an opportunity to improve the
transparency and reporting of intervention studies in animals
and consideration of the essential information that has been
less commonly reported, including aspects of the study design,
sample size calculation, inclusion and exclusion criteria,

m

randomization methods, blinding, defining outcome mea-
sures, and assumptions considered in the statistical analysis.
The lack of reporting from the individual studies influenced
the risk of bias assessment, as demonstrated by the “unclear”
ratings for all items.

While this review focused on probiotics in the form of
isolated bacteria strain(s), future study can include fermented
food products containing probiotics. When foods are fer-
mented with bacteria, it can become a source of probiotics—
though not all fermented foods contain probiotics. While
fermentation can increase the shelf-life of foods, it has
quickly regained interest in the dietary landscape with
emerging evidence suggesting a positive influence on the gut
microbiome and human health.”! Because the fermentation
process changes the nutritional composition of food products
and presents potential nutrient interactions, this area requires
future study.

The overall findings from rodent models suggest bone-
promoting effects of probiotics, particularly for attenuating
OVX-induced bone loss, while specifics regarding the optimal
probiotic strain(s), dose, source, and frequency of exposure
can be elucidated in future investigations. These findings can
inform the design of future clinical trials studying probiotic
supplementation.
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