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Abstract

Oral glucocorticoid (GC) therapy rapidly and deleteriously affects bone metabolism and blood glucose regulation. The gut microbiota
regulates bone metabolism and a prior study found that Limosilactobacillus reuteri ATCC PTA6475 (L. reuteri) reduced bone loss over
12 mo in older women. Mice treated either with broad-spectrum antibiotics or with L. reuteri did not experience GC-induced trabecular
bone loss. This proof-of-concept, randomized, double-blind, placebo-controlled trial aimed to investigate if daily supplementation with L.
reuteri, compared with placebo, could mitigate or prevent the negative effects of oral GC on bone turnover and blood glucose regulation
in healthy young adults. Twenty-one men and 29 women, aged 18-45, were randomized to either placebo or L. reuteri (1 x 1070 CFU/d)
treatment for 2 wk, followed by open-label oral prednisolone 25 mg daily for 7 d. Primary outcomes were changes in blood bone status
indices (osteocalcin, C-terminal telopeptide cross-links of collagen type-I (CTX), and type-l procollagen intact N-terminal propeptide [PINP])
from baseline to 7 d after starting oral GC. Secondary endpoints included changes in blood glucose levels using continuous glucose
monitoring during the same period (ClinicalTrials.gov NCT04767711). Blood samples were collected from participants in the morning after
overnight fasting. Forty-six participants completed the 30-d study. The L. reuteri and placebo groups were well balanced in terms of baseline
characteristics (age, BMI, sex, dietary intake, and physical activity). No significant differences were found between L. reuteri vs placebo for
percent changes in CTX (—0.3 [95%CI —19.2-18.7], p = .98) or PINP (4.2 [-6.3-14.8], p = .43), or in osteocalcin levels (14.2 [-78-36.3],
p = .21), although the group-to-group difference in osteocalcin was larger. There was no effect of treatment on mean blood glucose (—0.1
[-0.3-0.1] mmol/L, p = .28). In conclusion, we failed to detect a significant effect of L. reuteri supplementation on GC-related adverse effects
on bone status indices in this proof-of-concept RCT. Larger studies are needed to identify any potential smaller effects.
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Lay Summary

Oral glucocorticoid (GC) therapy, commonly used for various medical conditions, can quickly and negatively affect bone health and blood sugar
levels. The gut microbiota plays a significant role in bone metabolism. Previous research showed that a specific probiotic, L. reuteri ATCC PTA
6475 (L. reuteri), reduced bone loss in older women over a year. This study aimed to investigate if L. reuteri daily intake could prevent the
negative effects of oral GC on bone metabolism and blood glucose levels in healthy young adults. In this trial, 50 participants were given placebo
or L. reuteri for 2 wk, followed by a week of oral GC (prednisolone). Primary and secondary outcomes were changes in bone status indices and
blood glucose levels before and after GC treatment. Results showed no significant differences between the L. reuteri and placebo groups in
bone status indices or blood glucose levels. Thus, L. reuteri did not prevent the adverse effects of GC on bone turnover or blood glucose. Further
studies are needed to explore any potential smaller effects of L. reuteri on these health aspects.
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Prevention of Glucocorticoid-Induced Impairment of Bone Metabolism
Using Probiotic Supplementation - a Proof-of-Concept RCT
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This RCT failed to detect a statistically significant effect of L reuteri on preventing GC-induced impairment of bone metabolism or dysregulation of
blood glucose. However, nonsignificant smaller reductions in osteocalcin observed levels in the L.reuteri group suggests a potential smaller benefit

that warrants further investigation.

Introduction

Glucocorticoid (GC) therapy is extensively used in clin-
ical practice to treat inflammatory conditions such as
rheumatoid arthritis, inflammatory bowel disease, bronchial
asthma, allergies, ankylosing spondylitis, and some forms
of cancers.!»> Despite its recognized adverse effects, GC
treatment remains prevalent, with approximately over 1.2%
of the US population on long-term GC therapy.> Oral GC
administration induces rapid and profound effects on bone
metabolism, characterized by increased osteoblast apoptosis
and prolonged osteoclast survival, leading to enhanced bone
resorption, resulting in bone loss, especially of the trabecular
bone, and a subsequent increased fracture risk.* Oral GC
use increases the risk of nonvertebral, vertebral and hip
fracture, in a dose-dependent fashion,” and fracture may
occur in 30%-50% of patients on chronic GC therapy.®>’
Vertebral fractures related to GC therapy often remain
asymptomatic. X-ray—based morphometric assessments reveal
that over one-third of postmenopausal women undergoing
chronic oral GC therapy (exceeding 6 mo) have experienced
at least 1 vertebral fracture.” Additionally, prolonged oral
GC use increases the risk of other severe complications such
as myopathy with reduced muscle strength and function®
and may also increase the risk of infections.” Furthermore,
oral GC treatment increases the risk of steroid induced
hyperglycemia in patients with preexisting diabetes and of
steroid-induced diabetes in those without.!? Within days of
high-dose (60 mg) oral GC administration, glucose tolerance

decreases and bone turnover shifts toward decreased bone
formation and increased resorption.!! Bone formation and
bone resorption can be estimated by measuring serum bone
status indices.!?>!3 Osteocalcin and type I procollagen intact
N-terminal propeptide (PINP) reflect bone formation by
osteoblasts, and C-terminal telopeptide cross-links of collagen
type I (CTX) reflects osteoclastic bone resorption.

Emerging evidence implicates the gut microbiota in the
regulation of bone metabolism.!*!5 A placebo-controlled
randomized clinical trial (RCT) has shown that L. reuteri
6475 (L. reuteri) reduced bone loss over 12 mo by half
in older women,'® a finding that could not be verified in
another RCT investigating younger, early postmenopausal
women.!” Recently, an experimental study on mice revealed
that gut microbiota modulation, either through broad-
spectrum antibiotics or L. reuteri administration, diminished
or abolished the GC-induced bone loss in the spine and
femur.'® Furthermore, GC was found to induce intestinal
barrier breaches, an effect that could also be prevented
with L. reuteri supplementation.'® Thus, findings from both
experimental studies in mice and a clinical trial in older
women suggest that L. reuteri could be investigated as a
means to protect against bone loss due to a variety of
mechanisms.

This RCT was performed with the aim to determine if daily
supplementation with L. reuteri compared with placebo was
able to mitigate or prevent the negative effects of oral GC
on bone turnover and on blood glucose regulation in healthy
young adult men and women.
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Materials and methods
Study design

This double-blind, randomized, placebo-controlled, single-
center clinical trial was performed in the greater Gothenburg
area (southwest Sweden) between May and December
2022. The study protocol including study procedures,
inclusion and exclusion criteria, and predefined outcomes
were registered at ClinicalTrials.gov prior to study start
(number NCT04767711). The study was approved by the
Swedish Ethical Review Authority (Dnr 2021-00786) and
the Swedish Medical Products Agency (Eudra-CT number
2021-000275-36).

Participants

Participants between 18 and 45 yr old were asked to par-
ticipate by letter (2=22706). In total, 222 (1%) men and
women who contacted the clinic underwent a phone screening
process out of which 149 did not meet inclusion criteria
and 10 declined to participate. Out of the 63 assessed for
eligibility and invited to a first screening visit, 11 did not
meet inclusion criteria and 2 withdrew consent, resulting in
50 healthy men (#=21) and women (7=29), who met all
inclusion criteria, had no exclusion criteria, and consented
to participate (Figure 1). Inclusion criteria were willingness
to participate and to adhere to the protocol (study pro-
tocol in the Supplement), availability throughout the study
period, healthy men and women 18-45 yr old, and hav-
ing received a vaccination for Covid-19. Exclusion criteria
were history of diabetes or glucose intolerance defined as
an abnormal oral glucose tolerance test (OGTT), condition
of obesity (BMI>30 kg/m?), history of adrenal disease or
impairment, previous (within the last 5 yr) or current use of
antiresorptive therapy (systemic hormone therapy (estrogen),
bisphosphonates, strontium ranelate or denosumab), partici-
pation in other clinical trials, current antibiotics treatment or
within the last 2 mo prior to inclusion, current and within
the past 2 mo use of probiotic supplement, untreated hyper-
thyroidism or hyperthyroidism within the last 5 yr, known
untreated hyperparathyroidism, rheumatoid arthritis, diag-
nosed with disease causing secondary osteoporosis (chronic
obstructive pulmonary disease, inflammatory bowel disease,
celiac disease, or diabetes mellitus), or any systemic disease
that could affect bone loss, as judged by the investigator,
recently diagnosed malignancy (within the last 5 yr), systemic
skeletal disease (eg, Paget’s disease and osteogenesis imper-
fecta), oral corticosteroid use, history of peptic ulcer, diag-
nosed osteoporosis, current smoking or other use of nicotine
containing products, pregnancy, history of any psychiatric
disorder (psychosis, depression, anxiety disorder, or bipolar
disorder).

Randomization and masking

Eligible participants were included and randomized (double-
blinded) to either placebo or L. reuteri treatment for 2 wk and
then in addition received open-label oral prednisolone 25 mg
daily for 7 d. The study product consisted of capsules of freeze-
dried L. reuteri (BioGaia AB) with the dose 5 x 10° CFU and
200 TU of cholecalciferol mixed with maltodextrin powder,
taken twice daily, yielding a total daily dose of 1 x 100
CFU/d, or placebo that contained 200 IU of cholecalciferol
and maltodextrin powder only.

Randomization was carried out by the supplier of L. reuteri
(BioGaiaAB) and was generated using a web-based random-
ization tool (http://www.randomization.com). The investiga-
tors had no access to the randomization code and remained
blinded until study end and database lock.

Procedures

After randomization, study participants consumed either L.
reuteri or placebo for 30 d (27 d minimum). Study subjects
were asked to refrain from physical exercise, other than
walking, from day 14 until day 23, and keep their normal
diet during the study period. After the 14-d run-in period
(11 d minimum), all participants started to take 25 mg of oral
prednisolone every morning for 7 d. At the 14-d visit, a 24-
h glucose monitoring for the following 10 d was performed.
At the next visit on day 16, fasting morning blood samples
and feces samples were collected, and after on the same visit,
participants started their oral GC treatment. At the 19-, 23-
and 30-d visits, blood and feces samples were collected in the
morning prior to taking the GC dose (Figure 2).

Questionnaires

Standardized questionnaires were administered to collect
information regarding lifestyle habits, medical and drug
history, risk factors for osteoporosis and fracture, dietary
intake (Food Frequency Questionnaire [FFQ]),!” exercise
and physical activity habits (IPAQ),2’ and gastrointestinal
symptoms (GSRS).2!

Blood biochemistry

Fasting blood samples were collected in the morning, serum
and plasma extracted and stored at —80 °C until further
analyses. Samples from the baseline visit (day 16) were col-
lected prior to oral GC treatment start. Fasting blood glucose
was analyzed using fresh blood at screening visit (with the
addition of glycated hemoglobin Alc [HbA1c]) and at 16-,
19-, 23-, and 30-d at the Department of Clinical Chem-
istry, Sahlgrenska University Hospital. Analyses of osteocal-
cin, PINP and CTX were performed at the Department of
Clinical Chemistry, Linkoping University Hospital. Serum
osteocalcin was measured with the N-Mid Osteocalcin ELISA
(Immunodiagnostic Systems Holdings Ltd.), which detects
intact osteocalcin (amino acids 1-49) and the N-terminal-
Mid osteocalcin fragment (amino acids 1-43), with an assay
performance of analytical range 0.5-100 ug/L, intra-assay
CV of <4%, and inter-assay CV of <7%. Serum PINP was
measured with the UniQ radioimmunoassay (Aidian Oy),
with an assay performance of analytical range 5-250 ug/L,
intra-assay CV of <5%, and inter-assay CV of <6%. CTX
was assessed in EDTA plasma samples by the CrossLaps
ELISA (Immunodiagnostic Systems Holdings Ltd.), with an
assay performance of analytical range 20-3380 ng/L, intra-
assay CV of <6%, and inter-assay CV of <10%.

Oral glucose tolerance test

Fasting morning blood glucose was measured at the screen-
ing visit, followed by ingestion of 24 ¢l of glucose syrup,
containing 75 g of sugar. Blood glucose measurement was
performed after 2 h. Inclusion in the study depended on having
a normal fasting blood glucose (<6 mmol/L) and OGTT
(<7.8 mmol/L).
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Figure 1. Flowchart of the study cohort, showing the number of persons screened, eligible, randomized, and analyzed, according to the CONSORT

guidelines.

Continuous glucose monitoring

Continuous glucose monitoring (CGM) using FreeStyle Libre
ProiQ (Abbott Diabetes Care Ltd.) started at day 14, allowing
a 48-h observation period prior to commencement of oral
prednisolone dosing. CGM was used from day 14 until ending
prednisolone treatment on day 23.

Primary and secondary outcomes

The primary outcome was the percent change in serum
bone status indices osteocalcin, CTX, and PINP after 7 d of
treatment with prednisolone, with L. reuteri compared with
placebo. Secondary outcomes were changes in the following
CGM endpoints after 7 d of treatment with prednisolone:
mean glucose, SD of glucose values, time in range (TIR;
3.9-10 mmol/L [70-180 mg/dL]), time in tight range (TITR;

3.5-7.8 mmol/L [63-141 mg/dL]), time above range (TAR;
>10 mmol/L [>180 mg/dL]), time above tight range (TATR;
>7.8 mmol/L [>141 mg/dL]),and TAR level 2 (>13.9 mmol/L
[>250 mg/dL]) with L. reuteri compared with placebo.
Exploratory CGM endpoints included time in hypoglycemia
(<3.0 mmol/L [<54 mg/dL]), time below range (<3.9 mmol/L
[<70 mg/dL]), coefficient of variation (CV=SD/mean) of
glucose values, and mean amplitude of glycemic excursions
(MAGE). Fasting blood glucose was evaluated after 3, 7, and
14 d of treatment with prednisolone. Additional secondary
endpoints listed in the study protocol included serum markers
of intestinal permeability (endotoxin levels), serum and
feces markers of intestinal inflammation (lipocalin-2 and
calprotectin), and gut microbiota composition, were not
analyzed or evaluated.
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Figure 2. Timeline of the study procedures, including screening, randomization (day 0), pre-treatment period with L. reuteri or placebo (day 0-16), treatment
prednisolone (day 16-23), and study end (day 30). Abbreviation: L. reuteri, Limosilactobacillus reuteri ATCC PTA 6475.

Statistical analyses

Descriptive data are presented using the mean and SD or
median and IQR for numeric variables. Categorical variables
are presented in numbers and percentages.

Statistical analyses were performed according to intention-
to-treat (ITT), including all randomized subjects. Compar-
isons between groups were performed using analysis of
covariance (ANCOVA), adjusting for baseline values. Robust
standard errors (HC3 method) were employed for non-
normally distributed variables for osteocalcin, CTX, PINP,
and CGM endpoints TATR, TAR, and TAR level 2. Missing
data were handled using multiple imputation by chained
equations, using regression imputation with randomization
group and measurements at preceding visits as auxiliary
variables. Log-normally distributed data (osteocalcin, CTX,
and PINP) were log-transformed prior to imputation. Times
in glycemic ranges were imputed within the feasible range
0%-100%. This study was designed to detect group-to-group
differences of at least 21% with >90% statistical power,
assuming an SD of 17% and a drop-out rate of 8% with a
minimum of 42 study participants completing the study.

Sensitivity analyses without imputation of missing data
were performed using repeated measures ANOVA and
ANCOVA. An unstructured covariance matrix for the
correlation between repeated measures was used. Sensitivity
analyses for modeling assumptions were performed using
the Fisher-Pitman nonparametric permutation test for the
mean difference. Corresponding Cls were calculated by test
inversion. Sensitivity analyses evaluating the treatment effect
in men and women and for participants with a high (higher
than median) or low (lower than or equal to median) BMI
were performed by similar methods as above.

All tests were 2-tailed and conducted at the 5% significance
level with corresponding 95% ClIs for the treatment effect.
The overall type I error rate of the 3 primary endpoints were
controlled using a sequential alpha-splitting test procedure.
Further details may be found in the Statistical Analysis Plan
in the Supplements. The prespecified primary efficacy anal-
ysis was the analysis of covariance on log-transformed data
(osteocalcin, CTX, and PINP), with treatment effect as fold
change between groups. However, for ease of interpretation
and consistency with previous publications, results in the
manuscript are presented as the mean difference in percentage
changes between groups.

All analyses were performed using SAS/STAT Software,
Version 9.4 of the SAS System for Windows (SAS Institute
Inc.).

Results

A total of 50 healthy men and women with a mean age of
30 yr (SD 8 yr) were randomly assigned to receive placebo
or L. reuteri (1 x 1010 CFU/d) treatment for 2 wk and then
in addition 25 mg of open-label oral prednisolone daily for
7 d. The ITT analysis included 50 participants (z=25 in
the L. reuteri group and n=235 in the placebo group). Four
participants were excluded in the per protocol population
(PP), of which 3 did not complete the study and 1 had a
protocol violation (7=3 in the L. reuteri group and n=1 in
the placebo group; Figure 1).

At randomization, the groups were overall well balanced
in terms of anthropometrics, dietary intake, physical activity,
gastrointestinal symptoms according to the GSRS, bone status
indices (osteocalcin, CTX, PINP), HbA1c level, OGTT, and



Table 1. Demographics and baseline characteristics of the ITT population.
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Characteristic L. reuteri Placebo
(n=25) (n=25)
Age (yr) 30.4 (8.6) 29.4 (7.3)
Female sex 14 (56%) 15 (60%)
Height (cm) 176 (9.3) 175 (9.2)
Weight (kg) 73.8 (12.5) 71.1 (12.8)
Body mass index (kg/m?) 23.7 (2.7) 23.1(2.9)
Time from screening to randomization (d) 6.2 (5.5) 5.0 (4.1)
GSRS total score 1.25 (0.29) 1.37 (0.33)
Energy intake (kcal/d) 1530 (370) 1490 (370)
Protein intake (g/d) 63.7 (14.1) 59.1(17.9)
Fat intake (g/d) 58.8 (16.7) 57.6 (18.7)
Carbohydrates intake (g/d) 168 (50.4) 160 (41.7)
Fiber intake (g/d) 17.7 (7.6) 19.6 (8.5)
Salt intake (g/d) 5.3(1.3) 5.0 (1.6)
Calcium intake (mg/d) 919 (300) 867 (260)
Physical activity (METs/wk) 2066 (996-3760) 1775 (1345-3123)
Osteocalcin (ug/L) 18.3 (8.1) 21.3 (9.6)
CTX (ng/L) 639 (386) 665 (348)
PINP (png/L) 60.8 (27.6) 65.4 (29.9)
HbA1c (mmol/mol) 31.3 (2.9) 31.5 (2.7)2
Oral glucose tolerance test, 2-h glucose value (mmol/L) 4.9 (1.2) 5.1 (1.1)2
Fasting blood glucose (mmol/L) 5.1(0.4) 5.2(0.4)2

Continuous variables are presented as mean (SD) or median (IQR). Categorical variables are presented as numbers and percentage. Abbreviations: GSRS,
gastrointestinal symptom rating scale; HbAlc, glycated hemoglobin Alc; ITT, intention-to-treat; L. reuteri, Limosilactobacillus reuteri ATCC PTA 6475;
MET, metabolic equivalent of task; PINP, type I procollagen intact N-terminal propeptid. 27 =24.

fasting blood glucose (Table 1). Demographics and baseline
characteristics of the PP population are presented in Table S1
and Table S2 in the Supplement.

There were significant changes in osteocalcin, CTX, and
PINP between baseline, day 3 and day 7 in both the L. reuteri
and placebo groups (Table S3). There were no significant
differences between L. reuteri and placebo in the ITT popula-
tion with regards to primary or secondary outcomes. From
baseline to day 7, osteocalcin decreased by 29.2 % in the
L. reuteri group (p = .02) and by 45.7% (p < .001) in
the placebo group. After 7 d of treatment with prednisolone,
the adjusted mean difference between L. reuteri treatment and
placebo in percentage change of bone status indices was 14.2
(95% CI —7.8 to 36.3, p = .21) for osteocalcin, —0.3 (—19.2
to 18.7,p = .98) for CTX, and 4.2 (—6.3 to 14.8, p = .43) for
PINP (Table 2, Figure 3; descriptive data by visit in Table S2
in the supplement). Similarly, there was no difference in mean
glucose levels measured by CGM, with a mean difference of
—0.1 mmol/L (95% CI —0.3 to 0.1, p = .28). Other secondary
outcomes, including TITR, TIR, TAR, TAR level 2, and SD
of glucose values, also showed no effect of treatment with L.
reuteri compared with placebo (Table 2).

In the PP population, similar results were found. For the
primary endpoints, the difference in percent change of osteo-
calcin was 15.2 (95% CI —9.2 to 39.6, p = .22), for CTX
1.4 (—=15.4 to 18.1, p = .87), and for PINP 4.4 (—6.7 to
15.4,p = .43). No significant differences between groups were
seen for secondary endpoints (Table S4 and Table S5 in the
supplement).

Sensitivity analyses using repeated measures modeling tech-
niques (ANOVA and ANCOVA), nonparametric permutation
tests, and analyses stratified by sex and BMI, revealed similar
results, with no significant differences between treatment
groups (Table S6 and Table S7 in the supplement).

During the study duration, both groups had an equal
proportion of participants experiencing adverse events. No

serious adverse events or discontinuation due to adverse
events were reported in either group (Table 3).

Discussion

The present proof-of-concept RCT aimed to evaluate the effi-
cacy of L. reuteri supplementation in mitigating or preventing
GC-induced impairment of bone metabolism and dysregula-
tion of blood glucose in healthy adults. Despite the rigorous
study design and execution with a low drop-out rate and
high compliance, the results did not demonstrate a statistically
significant L. reuteri treatment effect on the primary and
secondary outcomes after 7 d of prednisolone administration
in the ITT and per-protocol-populations.

The primary outcomes, represented by the percentage
change in bone status indices osteocalcin, CTX, and PINP,
showed no significant differences between the L. reuteri and
placebo groups. Specifically, the adjusted mean difference in
percentage change was 14.2% for osteocalcin, —0.3% for
CTX, and 4.2% for PINP. Although these results were not
statistically significant, the nonsignificant but larger difference
observed for osteocalcin levels suggests a potential but smaller
positive effect of L. reuteri on osteocalcin regulation, a bone
formation marker and an indicator of energy metabolism. In
contrast to PINP and CTX, osteocalcin (undercarboxylated)
has been found to upregulate insulin production in the
pancreas and enhance insulin sensitivity in skeletal muscle
and adipose tissue in mice,”” although these effects are no
fully elucidated in humans.>3 Although the increase in mean
blood glucose was numerically greater in the placebo than the
L. reuteri group, there was no significant difference.

The mechanisms of action for the L. reuteri effect on bone
metabolism has not been fully elucidated. In a murine model,
uCT demonstrated that L. reuteri treatment increased male
trabecular bone parameters, including BMD, bone volume
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Table 2. Primary, secondary, and exploratory efficacy analyses: the effect of L. reuteri on bone status indices and glucose values after 7 d of treatment

with prednisolone on the ITT population.

Endpoint L. reuteri Placebo Adjusted mean diff. p-value
(n=25) (n=25) (95% CI)

Primary endpoints, change from BL to 1 wk
Osteocalcin (% change) ~29.2(56.2) —45.7 (12.3) 14.2 (~7.8,36.3) 21
CTX (% change) 28.8 (34.0) 28.3 (26.6) —0.3 (—=19.2,18.7) 98
PINP (% change) —24.5(22.2) —28.8 (12.3) 4.2 (—6.3,14.8) 43

Secondary endpoints, change from BL to 1 wk
Mean glucose (mmol/L) 0.6 (0.4) 0.8 (0.4) —-0.1(-0.3,0.1) 28
SD of glucose values (mmol/L) 0.4 (0.2) 0.5 (0.2) —0.1(-0.2,0.1) 40
Time in tight range (% 3.5-7.8 mmol/L) —8.1(8.3) -9.9 (9.0) 1.6 (—3.9,7.1) 57
Time above tight range (% >7.8 mmol/L) 10.0 (6.1) 11.6 (7.9) —-1.9 (—6.3,2.4) .38
Time in range (% 3.9-10 mmol/L) 1.9 (8.0) 0.4 (6.5) 1.2(-0.8,3.4) 23
Time above range (% >10 mmol/L) 1.4 (1.7) 2.5 (4.2) —0.6 (—=2.0,0.9) 46
Time above range level 2 (% >13.9 mmol/L) 0.0 (0.1) 0.0 (0.1) —0.0 (—0.0, 0.0) .16

Exploratory endpoints, change from BL to 1 wk
Time in hypoglycemia (% <3.0 mmol/L) 0.3 (0.9) —-0.4 (1.1) 0.0 (—0.1,0.1) 44
Time below range (% <3.9 mmol/L) 3.2 (8.1) —2.7 (4.0) —0.1(-0.8,0.7) .88
CV of glucose values (%) 5.6 (3.6) 6.1(4.2) —0.7 (=2.9, 1.5) 51
Mean amplitude of glycemic excursions (mmol/L) 1.0 (0.6) 1.2 (0.7) —0.2 (-0.6,0.2) 25
Fasting blood glucose, BL to day 3 (mmol/L) —0.2 (0.5) —0.1(0.3) —0.0 (-0.2,0.2) .86
Fasting blood glucose, BL to 1 wk (mmol/L) —0.3 (0.3) —0.1(0.4) —0.1(-0.3,0.0) .09
Fasting blood glucose, BL to study end (mmol/L) —0.1(0.3) 0.0 (0.4) -0.1(-0.3,0.1) .35

Descriptive data are presented as means and SDs. Statistical analyses were performed using analysis of covariance (ANCOVA), adjusting for baseline values.
Robust standard errors (HC3 method) were employed for non-normally distributed variables osteocalcin, CTX, and PINP, and CGM endpoints TATR, TAR,
and TAR level 2. Abbreviations: BL, baseline; CGM, continuous glucose monitoring; CV, coefficient of variation; L. reuteri, Limosilactobacillus reuteri ATCC
PTA 6475; PINP, type I procollagen intact N-terminal propeptide; TAR, time above range; TATR, time above tight range.

Table 3. Summary of adverse events on the safety population.

L. reuteri Placebo

(n=25) (n=25)
Any AE, n (%) 9 (36) 9 (36)
Any SAE, 7 (%) 0 (0) 0 (0)
Any treatment-related AE, # (%) 2 (8) 3(12)
Any treatment-related SAE, # (%) 0 (0) 0 (0)
Any AE leading to discontinuation®, 7 (%) 0 (0) 0 (0)

Data are presented as numbers and percentages. Abbreviations: AE, adverse event (gastro-intestinal symptoms, dizziness during oral glucose tolerance test,
common cold, headache, dry skin under both eyes, upper respiratory tract infection, threw up, flu-like symptoms); L. reuteri, Limosilactobacillus reuteri,
ATCC PTA 6475; SAE, serious adverse event.  Discontinuation of study product.

fraction, trabecular number, and trabecular thickness in the
distal femur metaphyseal region as well as in the lumbar
vertebrae.2* In contrast, in an ovariectomized (Ovx) mouse
model mimicking menopause, L. reuteri treatment signifi-
cantly protected Ovx mice from bone loss. This protection
was accompanied by decreased osteoclast bone resorption
markers and activators (tartrate-resistant acid phosphatase
isoform 5b and RANKL) as well as osteoclastogenesis in L.
reuteri treated mice. Consistent with this, L. reuteri suppressed
Ovx-induced increases in bone marrow CD4+ T-lymphocytes
(which promote osteoclastogenesis) and directly suppressed
osteoclastogenesis in vitro.'* In vitro studies indicated that
this strain has strong tolerance to acid environments, as do
many other L. reuteri strains and that it has the unusual
ability to interfere with TNF-alpha mediated propagation of
inflammatory responses in human macrophages.

Prior studies have shown that GC therapy increases
osteoblast apoptosis and prolongs osteoclast survival, leading
to enhanced bone resorption and significant bone loss,
especially in the trabecular bone.*?3-2¢ In the study by
Schepper et al.'® the involvement of the gut microbiota
and intestinal barrier function in glucocorticoid-induced
osteoporosis (GIO) was explored. They demonstrated that

GC treatment not only induces osteoblast and osteocytes
apoptosis but also causes significant changes in the gut
microbiota composition and increases intestinal permeability.
Their murine experiment showed that depletion of the
microbiota through broad-spectrum antibiotics prevented
GC-induced bone loss, indicating the critical role of the
gut microbiota in GIO. Furthermore, treatment with L.
reuteri was effective in preventing bone loss and maintaining
intestinal barrier integrity. The study also identified that GC
treatment increased the abundance of certain microbial taxa
and caused intestinal barrier leaks, which were mitigated by
L. reuteri and antibiotics. Moreover, bone-specific overex-
pression of Wnt10b was found to prevent GIO, suggesting
that targeting gut microbiota and enhancing intestinal barrier
function could serve as novel therapeutic strategies for GIO
prevention. These findings highlight the gut-bone axis and
propose the gut microbiota as a potential therapeutic target
for managing GC-induced bone deterioration.'®

As expected, oral GC treatment had great and rapid effects
on the levels of all measured bone status indices.'! Although
the differences between groups were negligible for CTX and
PINP, the magnitude of difference (14.2%) observed for osteo-
calcin is intriguing and warrants further study. Since the study
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Figure 3. Changes in bone status indices osteocalcin, PINR and CTX
during the study period in persons treated with L. reuteri (n=25) and
placebo (n=25) on the ITT population. The points and error bars represent
means with 95% Cls. Bone status indices and CGM were analyzed prior
to prednisolone treatment on day 16 (visit 4), and during prednisolone
treatment on day 19 (visit 5) and day 23 (visit 6). Abbreviations: CGM,
continuous glucose monitoring; ITT, intention-to-treat; L. reuteri, Limosilac-
tobacillus reuteri ATCC PTA 6475; PINP type | procollagen intact N-terminal
propeptide.

had 80% power to detect a difference between groups of
21%, it cannot be concluded if the lack of significance for
change in osteocalcin was due to a lack of treatment effect or
due to insufficient statistical power in the study sample. The
anticipated effect of a 21% group-to-group difference is in
line with the previously demonstrated size of the effects of the
weak antiresorptive raloxifene, which reduced osteocalcin by
20% after 52 wk treatment in postmenopausal women with
osteopenia.?’
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Dysbiosis increases with age and has been associated with
diseases like obesity, diabetes, and osteoporosis. Probiotic
supplements may be superfluous in people with healthy gut
microbiota and have the greatest effect in those with dysbiosis.
In this study, participants were healthy young adults, with an
expected relatively healthy gut microbiota. This could have
limited the potential impact of L. reuteri supplementation. We
recently demonstrated that supplementation with L. reuteri
vs placebo had no effect on bone loss or bone turnover
over 2 yr in an RCT of 239 early postmenopausal women.
Interestingly, an interaction between BMI and treatment effect
was observed, indicating a treatment effect in those with high
BMI, suggesting that L. reuteri supplementation might be
influenced by the baseline metabolic status, associated with
dysbiosis, of the participants. Dysbiosis due to advanced age
could also have contributed to the previous RCT demonstrat-
ing a reduction of bone loss in older postmenopausal women
with L. reuteri supplementation compared with placebo.!”

The study has several limitations that should be acknowl-
edged. The relatively small sample size and short duration
of GC administration may have contributed to the lack of
significant findings, given that the group-to-group differences
did not reach the anticipated 21% target. Additionally, the
healthy young adult population may not fully represent those
most at risk for GC-induced bone loss, such as older adults or
individuals with chronic inflammatory conditions requiring
long-term GC therapy. For ethical reasons, older or frail
individuals, or those with prediabetes, could not be included
due to the risk of adverse events such as fractures and hyper-
glycemia because of the relatively high oral GC dose given.

Although the groups were well-balanced, indicating suc-
cessful randomization, several potential sources of bias, such
as vitamin D levels and family history of osteoporosis, were
not accounted for, which could have influenced the results.
The study also has strengths. The utilized RCT design allows
testing of causality, and the study was successful in terms of
a low drop-out rate and high compliance to the interven-
tion. Furthermore, extensive testing procedures were used,
and state-of-the-art glucose measurements undertaken. This
proof-of-concept randomized controlled trial (RCT) was the
first to assess whether L. reuteri could counteract the effects
of GCs on bone metabolism. The findings can inform future
studies by providing an effect size to support power calcula-
tions for larger trials.

In conclusion, this RCT did not demonstrate a statistically
significant effect of L reuteri on preventing GC-induced
impairment of bone metabolism or dysregulation of blood
glucose. However, the observed nonsignificant smaller
reductions in osteocalcin levels in the L. reuteri group
suggests a potential smaller benefit that warrants further
investigation.
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