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tects from fat mass gain but not from bone loss. Am J Physiol
Endocrinol Metab 318: E480-E491, 2020. First published January
21, 2020; doi:10.1152/ajpendo.00425.2019.—Probiotic bacteria can
protect from ovariectomy (ovx)-induced bone loss in mice. Akker-
mansia muciniphila is considered to have probiotic potential due to its
beneficial effect on obesity and insulin resistance. The purpose of the
present study was to determine if treatment with pasteurized Akker-
mansia muciniphila (pAkk) could prevent ovx-induced bone loss.
Mice were treated with vehicle or pAkk for 4 wk, starting 3 days
before ovx or sham surgery. Treatment with pAkk reduced fat mass
accumulation confirming earlier findings. However, treatment with
pAkk decreased trabecular and cortical bone mass in femur and
vertebra of gonadal intact mice and did not protect from ovx-induced
bone loss. Treatment with pAkk increased serum parathyroid hormone
(PTH) levels and increased expression of the calcium transporter
Trpv5 in kidney suggesting increased reabsorption of calcium in the
kidneys. Serum amyloid A 3 (SAA3) can suppress bone formation and
mediate the effects of PTH on bone resorption and bone loss in mice
and treatment with pAkk increased serum levels of SAA3 and gene
expression of Saa3 in colon. Moreover, regulatory T cells can be
protective of bone and pAkk-treated mice had decreased number of
regulatory T cells in mesenteric lymph nodes and bone marrow. In
conclusion, treatment with pAkk protected from ovx-induced fat mass
gain but not from bone loss and reduced bone mass in gonadal intact
mice. Our findings with pAkk differ from some probiotics that have
been shown to protect bone mass, demonstrating that not all prebiotic
and probiotic factors have the same effect on bone.

Akkermansia; bone mass; gut microbiota; osteoporosis; probiotic

INTRODUCTION

Treatment with probiotic bacteria and/or prebiotics can alter
the composition of the gut microbiota or its metabolic activity
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and thereby confer a health benefit to its host (2). Several
studies support that different probiotic bacteria can protect
from bone loss due to sex steroid deficiency in rodents (1, 6,
20, 27, 31). In a clinical study, daily treatment with a mixture
of three Lactobacillus strains during 1 yr protected against
lumbar spine bone mineral density (BMD) decrease in post-
menopausal women (14). Moreover, Lactobacillus reuteri was
protective of decrease in volumetric BMD in distal tibia in
older women (25). Lately, the bacterium Akkermansia mucini-
phila has received attention due to its beneficial effects on
metabolic disorders and it is considered to have probiotic
potential (11, 33).

In 2012, our group demonstrated that the gut microbiota is a
regulator of bone mass in mice (39). We and others have
shown that colonized mice have decreased bone mass associ-
ated with an altered immune status in bone compared with
germ-free mice (20, 26, 28, 39). In contrast, other groups have
demonstrated no effect on bone mass or an increased bone
mass and growth associated with increased serum levels of
IGF-I after colonization of germ-free mice (34, 37). Differ-
ences in genetic background and age of the mice, length of
colonization, and diet could all be reasons for the conflicting
results. In line with this, Yan et al. demonstrated that the
short-term effect of the gut microbiota 1 mo after colonization
of germ-free mice was a reduction of bone mass and increased
bone resorption while long-term colonization increased overall
body growth and serum IGF-I, resulting in enhanced longitu-
dinal and radial bone growth (49). In a study by Li et al. (20),
sex steroid deficiency increased intestinal permeability in con-
ventionally raised mice but not in germ-free mice. Mice treated
with probiotics were protected from increased intestinal per-
meability and bone loss, suggesting that part of the effect of
sex steroid deficiency on bone mass is mediated by increased
gut permeability (20). We recently introduced the term “osteo-
microbiology” to describe the cross-disciplinary research field
where the role of gut microbiota on bone health is studied (29).

A subset of T cells, regulatory T (Treg) cells, can suppress
formation and activity of osteoclasts (15, 22, 50). Ovariectomy
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(ovx) decreases frequency of Treg cells in bone marrow, but
this is reversed by probiotic treatment (6, 27). Different strains
of the probiotic bacteria Lactobacillus, Bifidobacterium, and
Streptococcus have been shown to differentiate Treg cells both
in vitro (17, 30) and in vivo (6, 10, 17, 18, 27). In a recent
study, Tyagi et al. showed that treatment of mice with Lacto-
bacillus rhamnosus GG increased bone mass and the produc-
tion of Treg cells in Peyer’s patches, spleen, and bone marrow
(43). L. rhamnosus GG treatment increased serum levels of
butyrate that has previously been associated with a protective
effect on bone, but interestingly Tyagi et al. showed that the
effect of butyrate was dependent on Treg cells (21, 43).

Bone mass is maintained by an adequate calcium supply
from diet and uptake from the gut. Improved calcium absorp-
tion has been demonstrated in both rats and humans after
treatment with prebiotics (46, 47). Low serum concentrations
of calcium increase serum parathyroid hormone (PTH), which
in turn increases bone resorption and reabsorption of calcium
in the kidneys to maintain serum calcium levels.

A. muciniphila is a major intestinal species that represents
1-5% of the microbial community in humans (4, 8, 9). Treat-
ment with A. muciniphila was previously shown to protect
from metabolic disorders, including fat-mass gain, metabolic
endotoxemia, adipose tissue inflammation, and insulin resis-
tance when mice were fed a high-fat diet (11). Interestingly,
pasteurized A. muciniphila (pAkk) enhanced protection from
metabolic disorders in mice fed high-fat diet (33). Mice treated
with pAkk also had increased goblet cell number, suggesting
increased mucus layer and improved gut barrier function (33).
Moreover, pAkk was recently evaluated in a clinical trial of
individuals with the metabolic syndrome. Treatment with pAkk
improved insulin sensitivity, reduced insulinemia and plasma
total cholesterol, and was demonstrated to be safe and well
tolerated (7). The purpose of this study was to determine if
treatment with pAkk can protect from ovx-induced bone loss in
mice by protecting from increased intestinal permeability and
thereby reducing inflammation.

MATERIALS AND METHODS

Ovx mouse model and treatment with pasteurized Akkermansia
muciniphila. Twelve-week-old female C57BL/6 mice from Janvier
Laboratories (France) were housed in a standard animal facility under
controlled temperature (22°C) and photoperiod (12-h light-dark cycle)
and had free access to fresh water and pellet diet (Teklad diet 2016,
Envigo). The ovx model is included in the FDA guidelines for
preclinical and clinical evaluation for agents used for the treatment of
postmenopausal osteoporosis (42). Mice were randomized into four
groups (n 8—12/group) and treatment with pAkk started 3 days
before ovx or sham surgery. pAkk (2 X 108 colony-forming units/150
wl with 2.5% glycerol in PBS) or vehicle (PBS with 2.5% glycerol)
were given by daily oral gavage for 4 wk. pAkk was produced as
previously described (33). In brief, A. muciniphila was pasteurized for
30 min at 70°C, which is a relatively mild pasteurization that limits the
denaturation of cellular components (32, 35). A surface protein on A.
muciniphila was shown in an earlier study to mediate the beneficial
effects of both live A. muciniphila and pAkk (33). The surface protein
was stable for temperatures used for the pasteurization. At the end of
the study, mice were anesthetized with Ketalar/Dexdomitor vet, bled
from the axillary vein, and thereafter killed by cervical dislocation.
Tissues for RNA preparation were snap frozen in liquid nitrogen.
Bones were excised and fixed in 4% paraformaldehyde. All experi-
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mental procedures involving animals were approved by the regional
animal ethics committee in Gothenburg, ethics no. 136-2016.

Dual-energy X-ray absorptiometry. BMD of dissected femurs were
analyzed using Faxitron UltraFocus dual-energy X-ray absorptiom-
etry (DXA; Faxitron Bioptics, Tuscon, AZ,). Femurs were scanned
using X-ray energy of 40 kV and 0.28 mA for 2.53 s with the spatial
resolution 24 pwm using X2 geometric magnification. Images were
analyzed using the software VISION DXA (Faxitron Bioptics,
Tuscon, AZ).

High-resolution microcomputed tomography. High-resolution mi-
crocomputed tomography (wCT) analyses were performed using Sky-
scan 1172 scanner (Bruker MicroCT, Aartselaar, Belgium) as previ-
ously described (24). Briefly, femur and vertebra (L5) were imaged
with an X-ray tube voltage of 50 kV, a current of 200 nA, and a
0.5-mm aluminum filter. The scanning angular rotation was 180°, and
the angular increment was 0.70°. The voxel size was 4.5 pm isotro-
pically. NRecon (version 1.6.9) was used to perform the reconstruc-
tion after the scans. In femur, the trabecular bone proximal to the
distal growth plate was selected for analyses within a conforming
volume of interest (cortical bone excluded) commencing at a distance
of 650 wm from the growth plate and extending a further longitudinal
distance of 134 pm in the proximal direction. Cortical measurements
were performed in the diaphyseal region of the femur starting at a
distance of 5.2 mm from the growth plate and extending a further
longitudinal distance of 134 wm in the proximal direction. In vertebra,
the trabecular bone in the vertebral body caudal of the pedicles was
selected for analysis within a conforming volume of interest (cortical
bone excluded) commencing at a distance of 5 wm caudal of the lower
end of the pedicles and extending a further longitudinal distance of
225 pm in the caudal direction.

Gene expression analyses. RNA from kidney, jejunum, ileum, and
colon were isolated using RNeasy Mini QIAcube kit (Qiagen). RNA
from the middiaphyseal cortical bone (tibia) was extracted using TRIzol
Reagent (Sigma) followed by RNeasy Mini QIAcube kit (Qiagen).
Real-time PCR analyses were run using StepOnePlus Real-Time PCR
systems (Applied Biosystems). Predesigned probes for Rankl (Tnfsfll,
MmO00441908_ml), Opg (Tnfrsfl1b, Mm00435452_m1), Trap (Acp5,
Mm00475698_ml), Ctsk (Mm00484036_ml), Collal (MmO0801666_
gl), Trpv5 (MmO01166037_ml), Saa3 (Mm00441203_m1l), Tnfo
(Mm0043258_ml), ILI7A (MmO00439619_ml), Ocln (Mm00500912_
ml), Cldn2 (Mm00516703_s1), Cldn3 (Mm00515499_s1), and
Cldnl5 (MmO00517635_m1) were used from Applied Biosystems. The
mRNA abundance of each gene was calculated using the AACt
method, adjusted for expression of 18s ribosomal RNA (4310893E,
Applied Biosystems), and presented as percentage of vehicle-treated
sham-operated mice.

Serum and urine analyses. Analyses were performed according to
manufacturer’s directives for serum and urine calcium using Quan-
tiChrom Calcium Assay Kit (Bioassays systems, Hayward, CA) and
urine creatinine using Mouse Creatinine Kit (Crystal Chem, Downers
Grove, IL). An EIA kit was used to measure serum 25-hydroxy
vitamin D (Immunodiagnostic Systems, Herlev, Denmark) and serum
collagen type I COOH-terminal telopeptides (Immunodiagnostics
Systems, Herlev, Denmark). ELISA kits were used to measure serum
osteocalcin using Mouse Osteocalcin Kit (Immutopics, San Clemente,
CA), PTH using Mouse-I-PTH ELISA Kit (Elabscience, Houston,
TX), and Mouse SAA-3 ELISA Kit (Millipore, Billerica, MA).

Flow cytometry. Bone marrow cells from one femur and mesenteric
lymph nodes cells were isolated and erythrocytes in bone marrow
were lysed using 0.83% ammonium chloride. Cells were stained with
eBioscience Fixable Viability Dye eFluor 780 according to the man-
ufacturer’s protocol (Invitrogen, ThermoFisher Scientific). Cells were
extracellularly stained with anti-CD3-BV510 (Clone 17A2, Nordic
BioSite AB, Tiby, Sweden), anti-CD4-FITC (Clone RM4-5,
Nordic BioSite AB, Tédby, Sweden), and anti-CD25-APC (Clone
3C7, BD, Franklin Lakes, NJ). Cells were fixed and permeabilized
using the FoxP3 staining buffer kit (Invitrogen, Thermofisher
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Fig. 1. Treatment with pasteurized Akker- I I
mansia muciniphila reduces fat mass. Out-
line of study design (A). Twelve-week-old
female mice were treated with either vehicle - 3 days 0 days 25 days
(Veh) or pasteurized Akkermansia mucini-
phila (pAkk) by daily oral gavage during 28 B 26- Cc 0.6
days, starting 3 days before ovariectomy Veh/pAkk p<0.05 271 Vveh/pAkk p<0.01
(Ovx) or sham surgery. At the end of the 24 Sham/Ovx NS = = 051 Sham/Ovx NS
study, body weight (B) and percentage of S Interaction NS & £ Y97 Interaction NS
retroperitoneal fat (C) were measured. Val- = 224 v v © o °
ues are given as means = SE (n = 8§-12). < v w. g d;’ 0.4+ o * *
The overall effect of treatment (Veh/pAkk) o 20 RS o v
and surgical procedure (Sham/Ovx) and their g 18- %1 = 'g 0.3+ % Vo
interaction were calculated using two-way > ° v 8_ o % [ ] @ %
ANOVA followed by Tukey’s post hoc test T 164 O uw= 0.2
. . o s0 ® 9. Yy
to correct for multiple comparisons between m v 0 .o v
all groups, *P = 0.05 for pAkk-treated sham 14+ x < 0.1
mice and pAkk-treated ovx-mice vs. veh- T
treated ovx-mice. 0 T T T T 0.0 T T T T
‘(\'b& 04“' v(“ 04“' *o'b& 04‘\' ‘\,bé‘ 04“'
¥ VAl ¥ » <
R Q
Scientific) and intracellularly stained with anti-Foxp3-PE (Clone = RESULTS

FJK-16s, ThermoFisher Scientific) according to manufacturer’s
instruction. Treg cells were defined as CD4+CD25+Foxp3+, and
results are expressed as frequency of live cells or number of cells.
Samples were run on BD FACSVerse (BD, Franklin Lakes, NJ), and
data were analyzed using FlowJo software (version 10.4.1).

Statistics. GraphPad Prism (version 7.03) was used for all statistical
analyses. Results are presented as means *= SE. Normal distribution
was analyzed using the Shapiro-Wilk test. If the sample distribution
did not pass the normality test, values were normalized by log
transformation before analysis. The overall effect of treatment (Veh/
pAkk) and surgical procedure (Sham/Ovx) and their interaction were
calculated using two-way ANOVA followed by Tukey’s or Dunnett’s
post hoc test to correct for multiple comparisons between all groups or
all groups versus vehicle-treated sham mice. P = 0.05 was considered
significant.

Table 1. Organ weights

Treatment with pasteurized Akkermansia muciniphila re-
duces fat mass gain. Twelve-week-old female mice were
treated with either vehicle (veh) or pAkk by daily oral gavage
during 28 days, starting 3 days before ovx or sham surgery
(Fig. 1A). Ovx resulted in an expected decrease in uterus
weight and increase in thymus weight that was similar in both
treatment groups (Table 1). Earlier studies have shown that
pAkk has beneficial metabolic effects and protects from fat
mass accumulation. In the present study pAkk-treated mice had
decreased body weight and retroperitoneal fat independent of
ovx (Fig. 1, B and C). The percentage of retroperitoneal fat was
reduced for both gonadal intact pAkk-treated mice (—36%) and

Surgery Two-Way ANOVA (P Value)
Treatment Sham Ovx Sham/Ovx Veh/pAkk Interaction
Uterus, %BW
Veh 0.332 = 0.037 0.062 = 0.004 P =0.01 NS NS
pAkk 0.350 = 0.070 0.054 = 0.006
Thymus, %BW
Veh 0.219 = 0.006 0.284 = 0.009 P =0.01 NS NS
pAkk 0.217 = 0.016 0.261 = 0.010
Kidney, %BW
Veh 1.022 £ 0.018 1.016 = 0.019 P =0.05 NS P =0.05
pAkk 1.094 = 0.034 1.003 = 0.012
Liver, %BW
Veh 4.085 = 0.092 4.378 = 0.062 NS NS NS
pAkk 4.285 = 0.191 4.365 = 0.070
M. quadriceps, %BW
Veh 0.669 = 0.031 0.639 = 0.031 NS NS NS
pAkk 0.696 = 0.034 0.631 = 0.029

Twelve-week-old female mice were treated with either vehicle (Veh) or pasteurized Akkermansia muciniphila (pAkk) by daily oral gavage during 28 days,
starting 3 days before ovariectomy (Ovx) or sham surgery. At the end of the study tissues were dissected and weighed. Values are given as means * SE and
expressed relative to body weight (BW) (n = 8-12). Two-way ANOVA to test the effect of treatment (Veh/pAkk) and surgical procedure (Sham/Ovx) and their

interaction was used.
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Table 2. Bone parameters in femur
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Surgery Two-Way ANOVA (P Value)
Treatment Sham Ovx Sham/Ovx Veh/pAkk Interaction
Tb N, I/mm
Veh 3.26 = 0.09 322 £0.15 NS NS NS
pAkk 3.07 £0.18 3.10 £0.10
Tb Sp, mm
Veh 0.128 = 0.001 0.126 = 0.001 NS NS NS
pAkk 0.128 = 0.002 128.2 = 0.001
Crt Thk, mm
Veh 0.197 = 0.002 0.186 = 0.003 P = 0.01 NS NS
pAkk 0.192 = 0.002 0.184 = 0.002
Femur length, mm
Veh 15.37 = 0.15 15.61 = 0.08 NS P =0.05 NS
pAkk 15.19 = 0.07 1527 = 0.13

Twelve-week-old female mice were treated with either vehicle (Veh) or pasteurized Akkermansia muciniphila (pAkk) by daily oral gavage during 28 days,
starting 3 days before ovariectomy (Ovx) or sham surgery. At the end of the experiment, dissected femurs were analyzed with high-resolution wCT. Trabecular
number (Tb N), trabecular separation (Tb Sp), cortical thickness (Crt Thk), and femur length were analyzed. Values are given as means * SE, (n = 8§-12).
Two-way ANOVA to test the effect of treatment (Veh/pAkk) and surgical procedure (Sham/Ovx) and their interaction was used.

pAkk-treated ovx-mice (—34%) compared with veh-treated
ovx-mice indicating that pAkk protects from ovx-induced fat
mass accumulation (Fig. 1C). Treatment with pAkk decreased
femur growth indicating a reduced growth of the long bones
(Table 2). In contrast, the vertebral height and relative muscle
weight were normal in pAkk-treated mice (Tables 1 and 3).

Ovx significantly decreased the relative weights of the kid-
neys, and this effect was more pronounced in mice treated with
pAkk, supported by a significant interaction factor (Table 1).

Treatment with pasteurized Akkermansia muciniphila re-
duces bone mass in gonadal intact mice and does not protect
against bone loss after ovariectomy. Several probiotic strains
have positive effects on bone, and to determine the possible
preventive effect of pAkk treatment on ovx-induced bone loss,
we measured bone parameters in femur and vertebra by wCT at
the end of the study. Dissected femurs were also analyzed by
DXA.

Treatment with pAkk did not protect from ovx-induced
decrease in areal BMD (Fig. 2A), trabecular thickness (Fig.
2C), cortical area (Fig. 2D), or cortical thickness in femur
(Table 2). On the contrary, treatment with pAkk decreased areal
BMD (Fig. 2A) and the trabecular bone volume fraction (BV/

Table 3. Bone parameters in vertebra

TV, Fig. 2B). Moreover, there was a tendency (P = 0.06) for
decreased cortical area when treating mice with pAkk (Fig.
2D). The gonadal intact mice treated with pAkk had signifi-
cantly decreased areal BMD compared with veh-treated control
mice (Fig. 2A). The other bone parameters in femur are shown
in Table 2.

In line with the results in femur, treatment with pAkk did not
protect from ovx-induced bone loss in the vertebra (Fig. 3,
A—C, and Table 3). Furthermore, treatment with pAkk resulted
in decreased trabecular thickness and cortical area in vertebra
of gonadal intact mice compared with veh-treated control mice
(Fig. 3, B and O).

Treatment with pasteurized Akkermansia muciniphila in-
creases serum levels of PTH and SAA3 and affects gene
expression in cortical bone. An adequate calcium supply from
the diet and sufficient absorption in the gut is of importance to
maintain bone mass. Neither ovx nor pAkk treatment affected
serum calcium levels (Fig. 4A). There was a tendency for
decreased calcium/creatinine ratio in urine in mice treated with
pAkk (P = 0.10, Fig. 4B). This is in line with the markedly
increased PTH levels in pAkk-treated mice (Fig. 4C). More-
over, pAkk-treated gonadal intact mice had a tendency (P =

Surgery Two-Way ANOVA (P Value)
Treatment Sham Ovx Sham/Ovx Veh/pAkk Interaction
Tb N, 1/mm
Veh 5.07 £0.11 478 =0.12 NS NS NS
pAkk 5.15 £ 0.19 495 £ 0.11
Tb Sp, mm
Veh 0.150 = 0.002 0.154 = 0.003 NS NS NS
pAkk 0.146 = 0.004 0.152 = 0.002
Crt Thk, mm
Veh 0.065 = 0.001 0.056 = 0.001 P =0.01 NS NS
pAkk 0.060 = 0.002 0.056 = 0.001
Vertebral height, mm
Veh 3.02 = 0.02 3.06 £ 0.01 NS NS NS
pAkk 3.04 £0.02 3.06 £ 0.02

Twelve-week-old female mice were treated with either vehicle (Veh) or pasteurized Akkermansia muciniphila (pAkk) by daily oral gavage during 28 days,
starting 3 days before ovariectomy (Ovx) or sham surgery. At the end of the experiment, dissected vertebras were analyzed with high-resolution microcomputed
tomography (wCT). Trabecular number (Tb N), trabecular separation (Tb Sp), and cortical thickness (Crt Thk) were analyzed. Values are given as means = SE
(n = 8-12). Two-way ANOVA to test the effect of treatment (Veh/pAkk) and surgical procedure (Sham/Ovx) and their interaction was used.
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0.08) for increased level of PTH compared with veh-treated
gonadal intact mice (Fig. 4C). PTH mobilize calcium by
increasing bone resorption and reabsorption of calcium in the
kidneys. In line with increased serum PTH levels, the mRNA
expression of Trpv5, a transporter for uptake of calcium in the
kidneys, was increased for gonadal intact mice treated with
pAkk (Fig. 4D). The nonactive form of vitamin D, 25 hydroxy
vitamin D [25(OH)Ds], in serum was not affected by pAkk
treatment but increased with ovx (Table 4). Together these data
indicate a decreased calcium absorption from the gut in mice
treated with pAkk.

As expected ovx increased bone turnover, reflected both by
serum levels of the resorption marker COOH-terminal telopep-
tides and the formation marker osteocalcin (Table 4). The
increased bone turnover was reflected in mRNA expression in
cortical bone (Fig. 5, A, B, E, and F). The Rankl/Opg ratio, a
major determinant of osteoclastogenesis and bone resorp-
tion, was increased by ovx independent of treatment (Fig.
5A). Treatment with pAkk decreased the expression of Opg
(Fig. 50).

Serum amyloid A (SAA) is a family of apolipoproteins
whose levels can rise 1,000-fold in the circulation during
inflammation, injury, or infection (44). We originally measured
SAA3 as a marker of inflammation to determine the inflam-
matory effects of ovx and treatment with pAkk. Mice treated
with pAkk had a pronounced increase in serum SAA3 levels
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and increased Saa3 expression in colon indicating increased
inflammation (Fig. 6, A and B). However, we observed no
differences when treating with pAkk in expression of other
inflammatory markers (Tnfo and 1117A) in the intestine (data
not shown). Interestingly, SAA3 has been linked with gut
microbiota and its production in the colon is associated with
the reinforcement of the gut barrier by increasing mucus
production signals (41). Accordingly, we found increased Saa3
expression in colon of mice treated with pAkk (Fig. 6B).
However, SAA3 has also recently been identified as a potential
mediator of the effects of PTH to suppress bone formation and
increase bone resorption (3). In line with increased serum
levels of PTH, we also found that mice treated with pAkk had
increased serum SAA3 levels (Fig. 6A). Moreover, pAkk-
treated gonadal intact mice had a tendency (P = 0.09) for an
increased level of SAA3 and pAkk-treated ovx-mice had sig-
nificantly increased levels of SAA3 compared with veh-treated
sham mice (Fig. 6A).

To evaluate the effect of pAkk treatment in the ovx model on
gut permeability we analyzed the expression of tight junction
proteins (Ocln, Cldn2, Cldn3, and Cldnl5) in jejunum, ileum,
and colon. There were no differences between the groups (data
not shown).

Treatment with pasteurized Akkermansia muciniphila re-
duces the frequency of regulatory T cells in the bone marrow.
Some probiotic bacteria mediate their anti-inflammatory ef-
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Fig. 3. Treatment with pasteurized Akkermansia muciniphila reduces bone
mass in vertebra of gonadal intact mice and does not protect against bone loss
after ovariectomy (Ovx). Twelve-week-old female mice were treated with
either vehicle (Veh) or pasteurized Akkermansia muciniphila (pAkk) by daily
oral gavage during 28 days, starting 3 days before ovx or sham surgery. At the
end of the experiment, dissected vertebras were analyzed with high-resolution
RCT to measure trabecular bone volume fraction (BV/TV; A), trabecular
thickness (B), and cortical (C) area. The overall effect of treatment (Veh/pAkk)
and surgical procedure (Sham/Ovx) and their interaction were calculated using
two-way ANOVA followed by Dunnett’s post hoc test to correct for multiple
comparisons between all groups vs. vehicle-treated sham mice, **P = 0.01
and *P = 0.05.
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fects by inducing Treg cells, and the presence of Treg cells can
ameliorate bone loss. Earlier studies suggest that Treg cells
mediate the beneficial effect of probiotics on bone. Since
treatment with pAkk caused reduced bone mass in gonadal
intact mice and did not protect against bone loss after ovx, we
were interested in the effect on Treg cells. Flow cytometry
analysis of bone marrow showed that the frequency of Treg
(CD4+CD25+Foxp3+) cells in bone marrow was decreased
by ovx (Fig. 7, A and E). Interestingly, treatment with pAkk
decreased the frequency of Treg cells in the bone marrow also
in gonadal intact mice (Fig. 7, A and E). The decrease was
similar in magnitude as the one observed in veh ovx-mice
compared with veh sham mice. Since the number of bone
marrow cells changes with ovx, we also analyzed the absolute
number of Treg cells in bone marrow. Number of Treg cells
decreased both in gonadal intact and ovx-mice treated with
pAkk while there was no effect in veh ovx-mice compared with
veh sham mice (Fig. 7B). To analyze a lymphoid organ closer
to the gut where pAkk has its initial effects, we did flow
cytometry analysis of cells from mesenteric lymph nodes.
There was a tendency (P = 0.08) to a decreased frequency and
a significantly decreased absolute number of Treg cells in
mesenteric lymph nodes for mice treated with pAkk (Fig. 7, C
and D).

DISCUSSION

In the present study, we show that treatment with pAkk
decreased body weight and retroperitoneal fat mass accumula-
tion. However, treatment with pAkk did not protect from
ovx-induced bone loss and reduced bone mass in gonadal intact
mice. The lower bone mass observed in pAkk-treated mice was
associated with increased serum levels of PTH and increased
expression of the calcium transporter 7rpv5 in kidney and
decreased Opg expression in cortical bone suggesting in-
creased turnover of calcium. Moreover, the serum level of
SAA3 and gene expression of Saa3 in colon was increased for
pAkk-treated mice. In addition, the number of Treg cells, which
are known to be protective of bone, was decreased in bone
marrow and mesenteric lymph nodes after treatment with pAkk.

Mice treated with pAkk had reduced body weight and retro-
peritoneal fat mass independent of ovx. This is in line with
earlier studies where mice fed a high-fat diet and treated with
pAkk had reduced fat mass accumulation (33). Mice normally
gains body weight after ovx, but this was not observed in the
veh-treated ovx-mice compared with veh-treated sham mice. In
a study by Li et al., the ovx-mice also lacked body weight gain
when treating by biweekly gavage (20). We believe this could
be due to stress of the oral gavage.

In contrast to our hypothesis, treatment with pAkk did not
protect from ovx-induced bone loss but reduced bone mass in
gonadal intact mice in both femur and vertebra. The effects of
pAkk were observed both in trabecular and cortical bone.
Moreover, mice treated with pAkk had decreased femur length
suggesting that treatment with pAkk suppressed overall longi-
tudinal bone growth. The femur continues to grow slowly after
3 mo of age until 6 mo of age in mice (12). We have previously
shown that treatment with three different probiotic Lactobacil-
lus plantarum and Lactobacillus paracasei strains protects
from ovx-induced bone loss (27). Moreover, the probiotic
Lactobacillus reuteri protected from ovx-induced bone loss
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and treatment with the probiotic L. rhamnosus GG in sex
steroid-deficient mice also protected from bone loss (1, 20). To
conclude, different types of bacteria can have completely
opposite effects on bone mass. However, it is important to
note that in these studies they used live and not pasteurized
bacteria.

PTH levels in serum were increased in pAkk-treated mice, in
line with the observed tendency for decreased calcium/creati-
nine levels in urine. Furthermore, the mRNA expression of the
calcium transporter 7rpv5 in kidney was increased for pAkk-
treated mice, suggesting increased reabsorption of calcium in

Table 4. Serum measurements

the kidneys. The expression of Trpv5 in the kidneys has
previously been shown to be regulated by serum levels of PTH
(45). Another mechanism for PTH to mobilize calcium is by
promoting bone resorption via increased Rankl and decreased
Opg expression (19, 23). The Rankl/Opg ratio is a major
determinant of osteoclastogenesis, and the Rankl/Opg ratio was
increased for ovx-mice, independent of treatment. Interest-
ingly, treatment with pAkk decreased Opg expression in corti-
cal bone. In contrast, treatment with L. plantarum and L.
paracasei strains was found to increase expression of Opg in
ovx-mice indicating a completely different mode of action on

Surgery Two-Way ANOVA (P Value)
Treatment Sham Ovx Sham/Ovx Veh/pAkk Interaction
25(0OH)D3, ng/ml
Veh 417+ 1.2 445 * 1.3 P=0.05 NS NS
pAkk 38.1 £ 2.8 429 *1.0
COOH-terminal telopeptides, ng/ml
Veh 272 *1.6 439 £ 8.0 P =0.05 NS NS
pAkk 31.1 £3.2 333 %20
Osteocalcin, ng/ml
Veh 96.8 = 3.8 1163 = 8.8 P=0.05 NS NS
pAkk 104.1 = 8.6 1194 =73

Twelve-week-old female mice were treated with either vehicle (Veh) or pasteurized Akkermansia muciniphila (pAkk) by daily oral gavage during 28 days,
starting 3 days before ovariectomy (Ovx) or sham surgery. At the end of the experiment, serum was analyzed. Values are given as means = SE (n = 8-12).
Two-way ANOVA to test the effect of treatment (Veh/pAkk) and surgical procedure (Sham/Ovx) and their interaction was used.
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bone compared with pAkk (27). The decrease in Opg expres-
sion in pAkk-treated mice could be due to increased PTH levels
and thereby increased resorption. The requirement to mobilize
calcium in pAkk-treated mice might be a result of decreased
calcium uptake in the intestine in response to pAkk. Saa3
expression in colon is associated with increased expression of
Muc2, the key gene involved in mucus production (41). We
found increased Saa3 expression in colon of mice treated with
pAkk, suggesting increased mucus production. Earlier studies
have demonstrated that live A. muciniphila increases the pro-
duction of mucus and reinforces the gut barrier function (11,
33, 38). Furthermore, the pAkk-treated mice had a pronounced
increase in serum SAA3 levels, independent of ovx. Recently,
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it was shown that SAA3 suppresses bone formation and was
necessary for the relative increase in bone resorption and bone
loss in response to PTH treatment in mice (3). Our results
suggest that SAA3 might be the factor mediating the negative
impact of pAkk on bone. SAA3 is also known to be a marker
for inflammation, but we observed no differences when treat-
ing with pAkk in the expression of other inflammatory markers
(Tnfa and IL17A).

Treatment with probiotic L. plantarum and L. paracasei
strains in ovx-mice has previously shown to protect from
decrease in frequency of Treg cells (6, 27). Treg cells suppress
osteoclasts and are suggested to be protective of bone (22, 50).
In bone marrow, ovx decreased the frequency of Treg cells in

/gjpendo (077.171.048.227) on Apri
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um amyloid A 3 (SAA3) levels in serum and Saa3 expression in colon.

Twelve-week-old female mice were treated with either vehicle (Veh) or pasteurized Akkermansia muciniphila (pAkk) by daily oral gavage during 28 days, starting
3 days before ovariectomy (Ovx) or sham surgery. SAA3 was analyzed at the end of the experiment by measuring serum levels (A) of SAA3 (n = 6-12) and
mRNA expression (B) of Saa3 in colon (n = 8—12). Values are given as means = SE. Statistical analysis of serum SAA3 was performed on log-transformed
data. The overall effect of treatment (Veh/pAkk) and surgical procedure (Sham/Ovx) and their interaction were calculated using two-way ANOVA followed by

Dunnett’s post hoc test to correct for multiple comparisons between all groups

line with earlier publications (6, 27). In contrast to treatment
with L. plantarum and L. paracasei strains, pAkk-treated mice
had decreased frequency of Treg cells. The gonadal intact mice
treated with pAkk had a similar decrease as the veh-treated
ovx-mice. Furthermore, the number of Treg cells was also
decreased for pAkk-treated mice in bone marrow. The decrease
in Treg cells could explain the decrease in bone mass for the
mice treated with pAkk. The mechanism of how Treg cells are
recruited by probiotics is not fully understood, but it has been
shown that different probiotic bacteria directly differentiate
Treg cells in vitro (17, 30) and induce Tregs in vivo (10, 17, 18,
43). pAkk seems to counteract the differentiation of Treg cells.
We also analyzed a lymphoid tissue close to the intestine,
mesenteric lymph nodes. While ovx showed no effect, a
significant decrease in number of Treg cells was observed in
pAkk-treated mice indicating that pAkk also affects Treg-cell
differentiation in tissues in close contact with the intestine.
Oral administration of A. muciniphila has earlier been shown to
increase the number of Treg cells (Foxp3+) in adipose tissue
of obese mice and in pancreas of diabetic prone mice (13, 38).
This may be secondary to the improved glucose tolerance and
decreased fat mass accumulation in A. muciniphila-treated
obese or diabetic prone mice leading to a healthier and less
inflamed adipose tissue (48).

In a study by Li et al. (20), germ-free mice were protected
from trabecular bone loss induced by sex steroid depletion.
Conventionally raised sex steroid-deficient mice lost bone and
had increased gut permeability, as well as upregulated oste-
oclastogenic cytokines in the small intestine and the bone
marrow (20). In the same study, ovx-mice treated with the
probiotic L. rhamnosus GG were protected from increased
intestinal permeability and bone loss, which indicates that an
improved gut barrier and thereby decreased antigen load pass-
ing through the intestinal barrier activating immune cells are
mechanisms for the beneficial effect of probiotics on bone.
Furthermore, in a study by Schepper et al., treatment with a
mucus supplement prevented from increased gut permeability
and bone loss caused by antibiotic treatment, indicating a

AJP-Endocrinol Metab « doi:10.1152/z
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vs. vehicle-treated sham mice, **P = 0.01.

mechanistic link between increased intestinal permeability and
bone loss (36). pAkk-treated mice fed a high-fat diet were also
protected from increased intestinal permeability (33). We
therefore hypothesized that treatment of ovx-mice with pAkk
would decrease gut permeability and protect from bone loss.
We found no difference in the expression of tight junction
proteins in the gut by ovx or pAkk treatment. This is in line
with an earlier study that found that the expression of tight
junction proteins in the gut following ovx varied in a spatial
and temporal manner with no clear effect in either direction
(5). A limitation of our study is that we have not measured gut
permeability directly. However, opposite to our hypothesis,
pAkk reduced bone mass in gonadal intact mice and did not
prevent from ovx-induced bone loss.

It was previously shown that mice treated with live A.
muciniphila did not change the composition of the gut micro-
biota (11). Moreover, neither live A. muciniphila nor pAkk
treatment in humans altered the microbiota composition (7).
Furthermore, a systematic review found that six out of seven
studies where humans were treated with probiotics had no
effect on the microbiota composition (16). Therefore, we
did not analyze the composition of the microbiota in this
study. Taken together, the effect of either the live bacteria or
the pasteurized bacteria is likely due to alterations of met-
abolic activity of the microbiota and not a change in com-
position.

To conclude, treatment with pAkk reduces the body weight
and retroperitoneal fat accumulation in mice. In contrast to our
original hypothesis, pAkk did not protect from ovx-induced
bone loss. pAkk reduced bone mass in the gonadal intact mice
associated with increased serum levels of PTH and SAA3 and
decreased frequency and number of Treg cells in bone marrow,
suggesting increased bone resorption. This study does not
support a protective role of pAkk for bone.
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Fig. 7. Treatment with pasteurized Akkerman-
sia muciniphila decreases the frequency and
number of regulatory T cells in bone marrow
and number of regulatory T cells in mesenteric
lymph nodes. Twelve-week-old female mice
treated with either vehicle (Veh) or pasteurized
Akkermansia muciniphila (pAkk) by daily oral
gavage during 28 days, starting 3 days before
ovariectomy (Ovx) or sham surgery. At the end
of the study bone marrow (BM) cells from
dissected femur and cells from mesenteric
lymph nodes were stained with antibodies rec-
ognizing CD4, Foxp3, and CD25. Values rep-
resent the frequency of regulatory T cells
(Treg, CD4+CD25+Foxp3+) of gated live
cells for BM (A) and mesenteric lymph nodes
(C) and absolute number of Treg cells in BM
(B) and mesenteric lymph nodes (D). Repre-
sentative images of Treg populations in bone
marrow from flow cytometry analyses (E).
Values are given as means = SE (BM: n =
8—12; mesenteric lymph nodes: n = 6-12).
The overall effect of treatment (Veh/pAkk)
and surgical procedure (Sham/Ovx) and
their interaction were calculated using
two-way ANOVA followed by Dunnett’s
post hoc test to correct for multiple com-
parisons between all groups vs. vehicle-
treated sham mice, **P = 0.01.
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