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Abstract

Imbalances in gut microbiota and their metabolites have been implicated in osteoporotic disorders. Trimethylamine-n-oxide
(TMAO), a metabolite of L-carnitine produced by gut microorganisms and flavin-containing monooxygenase-3, is known to
accelerate tissue metabolism and remodeling; however, its role in bone loss remained unexplored. This study investigates the
relationship between gut microbiota dysbiosis, TMAO production, and osteoporosis development. We further demonstrate
that the loss of beneficial gut microbiota is associated with the development of murine osteoporosis and alterations in the
serum metabolome, particularly affecting L-carnitine metabolism. TMAO emerges as a functional metabolite detrimental
to bone homeostasis. Notably, transplantation of mouse gut microbiota counteracts obesity- or estrogen deficiency-induced
TMAO overproduction and mitigates key features of osteoporosis. Mechanistically, excessive TMAQO intake augments
bone mass loss by inhibiting bone mineral acquisition and osteogenic differentiation. TMAO activates the PERK and
ATF4-dependent disruption of endoplasmic reticulum autophagy and suppresses the folding of ATFS5, hindering mitochon-
drial unfolding protein response (UPR™) in osteoblasts. Importantly, UPR™ activation by nicotinamide riboside mitigates
TMAO-induced inhibition of mineralized matrix biosynthesis by preserving mitochondrial oxidative phosphorylation and
mitophagy. Collectively, our findings revealed that gut microbiota dysbiosis leads to TMAO overproduction, impairing ER
homeostasis and UPR™, thereby aggravating osteoblast dysfunction and development of osteoporosis. Our study elucidates
the catabolic role of gut microflora-derived TMAO in bone integrity and highlights the therapeutic potential of healthy donor
gut microbiota transplantation to alter the progression of osteoporosis.
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TJP-1 Tight junction protein 1

Runx2 RUNX family transcription factor 2

ClpP Caseinolytic mitochondrial matrix peptidase
proteolytic subunit

Lonpl Lon peptidase 1

Hsp60 Heat shock protein 60

Hsp10 Heat shock protein 10

Introduction

Osteoporosis is a leading cause of skeletal fragility related
premature death among the elderly population [1]. Meta-
bolic syndromes associated obesity correlate with the
development of osteoporotic disorders [2]. For instance,
diet-induced obesity inhibits bone formation [3] and over-
activates glucocorticoid signaling in osteoblasts [4], thereby
exacerbating skeletal tissue deterioration. Additionally, dia-
betes promotes inflammasome and osteoblast pyroptosis [5],
while steering macrophages in adipose tissue into osteoclas-
togenesis, thereby impairing bone homeostasis [6].

Emerging evidence indicates that gut microorganism
dysbiosis and metabolite imbalance deteriorate gut barrier
integrity and immune response [7], enhancing osteoclastic
resorption [8] and accelerating bone loss [9]. Among these
metabolites, trimethylamine n-oxide (TMAO) is an oxidized
product of trimethylamine (TMA), which is catalyzed by
flavin containing monooxygenase 3 (FMO3) after gut micro-
organisms convert carnitine into TMA [10]. Elevated plasma
TMAQO levels are further associated with an increased risk
of osteoporotic hip fracture in obese adults [11]. Chronic
high-fat diet consumption increases gut oxygen and nitrate
availability prompting microflora to produce TMAO [12],
which augments oxidative stress for osteoclast formation
[13] and tissue inflammation [14].

Endoplasmic reticulum (ER) stress impairs protein fold-
ing capacity, leading to the accumulation of unfolded pro-
teins and the activation of the unfolded protein response
(UPR) through key regulators such as protein kinase R-link
endoplasmic reticulum kinase (PERK), activating transcrip-
tion factor 4 (ATF4), eukaryotic initiation factor 2 (elF2a),
and CCAAT/enhancer-binding protein homologous protein
(CHOP) [15]. Inhibition of UPR reduces osteoclast forma-
tion and mitigates osteoporosis development [16]. Further-
more, the mitochondrial UPR (UPR™), regulated by activat-
ing transcription factor 5 (ATFS), is crucial for maintaining
proteostasis in the mitochondrial microenvironment, ena-
bling adaptation to extracellular stresses, like obesity and
hyperglycemia [17, 18]. Control of UPR™ enhances the oste-
ogenic differentiation capacity of bone-marrow stromal cells
in ovariectomized rats [19]. Notably, TMAO is known to
activate receptor PERK pathway, disrupting mitochondrial
metabolism [20], energy production and redox capacity [21].
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However, the specific role of TMAO in osteoblastic activity
and osteoporosis development remains poorly understood.
This study aimed to characterize whether gut microbiota
affected TMAO production or bone mass loss in high-fat
diet-induced obese mice and ovariectomized mice. Addi-
tionally, we investigated how TMAO influenced osteoblastic
activity and bone homeostasis in osteoporotic bone tissue.

Materials and methods
High-fat diet-induced obesity

With the approval of Institutional Animal Care and Use
Committee of Kaohsiung Chang Gung Memorial Hospital
(Affidavit #2019091103), male C57BL/6 mice (12 weeks
old) were fed high-fat diet (HFD; 60 kcal% fat; D12450K,
Research Diet Inc. New Brunswick, NJ) or chow diet (CD;
10 kcal% fat; D1294) together with drinking water ad libi-
tum for 6 consecutive months. All animals were housed in a
specific pathogen-free vivarium. Blood glucose levels were
quantified using Biochemistry-SP-430 (Arkray Inc., Tokyo,
Japan). Animals were euthanatized to dissect bone tissue.

pCT analyses of body adipose and bone mass

Anesthetized mice were uCT scanned (50 kV, 1-mm Al fil-
ter, 0.9° rotation, and 2 frames) using 1176 Skyscan system
(Bruker, Billerica, MA). Thirty-five-um pixel size radio-
graphs of whole body were reconstructed into three-dimen-
sion images. Muscle and adipose were manually contoured
using SKYSCAN® CT-Analysis platform and Micro-CT
Mouse Phantom (QRM-70137, Freiburg, Germany) as a
reference. Volumes of visceral and subcutaneous fat of the
regions of interest (binarization thresholds, 73—90) were
calculated using the software, according to the manufac-
turer's instructions. In some experiments, femur and tibiae
specimens were UCT scanned to capture 300 slices of 9-um
pixel size radiographs, as previously described [22]. Upon
calibration with a calcium hydroxyapatite phantom (QRM-
70134), bone mineral density (BMD, mg/cmS), trabecular
volume (BV/TV, %), trabecular number (Tb.N/mm), trabecu-
lar thickness (Tb.Th, mm), trabecular separation (Tb.Sp),
structure model index (SMI), cortical BMD, cortical thick-
ness (Ct.Th, mm), and cortical porosity (%) of the specimens
were calculated using in-house software.

Biomechanical strength analyses

Biomechanical analyses of femurs were conducted using
SHIMADZU Electromechanical Tester (EX-SX, Shimadzu,
Kyoto, Japan). Upon placing bone tissue onto a two-jig
holder (jig span, 0.5 cm), the middle parts of the specimens
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were 3-point bended under a load of 50-N, which was dis-
placed at 10 mm/min. The tester's in-house TRAPEZIVMX
software was utilized to calculate breaking force (N) and
breaking energy (J), which were normalized with the cross-
section areas of middle part of the specimens.

16S rRNA sequencing

Fresh feces of mice were harvested upon fasting for 12 h;
with all protocols were conducted under sterile conditions.
Fecal DNA was isolated using QIAamp PowerFecal DNA
Kits (Qiagen, Germantown, MA). To prepare multiplexed
SMRTbell Library, a total of 1 ng/ul DNA was used to PCR
amplify the V1-V9 regions of full length 16S rRNA genes
using specific primers (forward, 5'Phos-GCATCAGRG
TTYGATYMTGGCTCAG-3'; reverse, 5'Phos-RGYTAC
CTTGTTACGACTT-3'). PCR products were purified using
AMPure PB beads (100-265-900; PacBio®, Menlo Park,
CA); and the SMRTbell library was mixed with sequencing
primer v4. Sequel II Binding Kits (102—194-200; PacBio®)
were used for primer annealing, and polymerase binding.
Gene sequencing was conducted to produce HiFi readouts
(predicted accuracy, 30) using PacBio Sequel Ile (circular
consensus sequence mode).

Gene readout processing, clustering,
and annotation

PacBio Workflow in SMRT Link (minimal prediction accu-
racy, 0.9 and minimal number passes, 3) was used to pro-
cess the readouts of Circular Consensus Sequence. In brief,
DADAZ2 (version 1.20) pipeline was utilized for quality fil-
tration, dereplication, chimera removal, and algorithm of
amplicon sequence variants (ASVs) from full-length 16S
rRNA gene. Annotation of taxonomy classification was
conducted using QIIME2 software (version 2021.4) through
retrieving NCBI database. Sequence similarities in ASVs
against 16S ribosomal RNA database were analyzed using
QIIME2 together with MAFFT software. To normalize the
sequence depth among specimens, ASVs were rarefied to
minimal sequence depth. Bioinformatics analyses were con-
ducted using R package software (version 3.6.0), including
ggplot2, factoextra, phyloseq, vegan3d, Rtsne, mixOmics,
metagenomeSeq together with Wilcoxon rank-sum test,
ALDEX2, and MicroEco. KEGG pathways for functional
abundances of bacterial taxa with PICRUSt2, Tax4Fun2, and
FAPROTAX (versionl.2.4) was used. CPCoA, PCoA, and
Heatmap were plotted using TBtools, and ImageGP [23].

UHPLC-MS analyses for serum metabolome

Peripheral blood was drawn using an intracardiac needle.
A total of 50 ul serum was mixed with 1000 ul mixture of

methanol, acetonitrile, and water (2:2:1 in volume), centri-
fuged at 10,000 x g for 15 min. Supernatants (10 ul) were
eluted through Acquity BEH C18 column (Waters, Milford,
MA) with 0.1% formic acid and acetonitrile at 0.25 ml/
min for ultrahigh performance liquid chromatography with
tandem mass spectrometry (MS) (Orbitrap Elite; Thermo
Fischer Scientific. Waltham, MA). MS data acquisition was
conducted using positive mode (MS profile resolution, 6000)
together with a default data-dependent acquisition (resolu-
tion, 15,000), a scan range of 70— 1000 m/z with the nor-
malized collision energy set to 25. ProteoWizard software
was utilized to convert MS data into mzXML format. Data
extraction, alignment, and integration was conducted using
R package and XCMS software. MS2 bioinformation engine
was used for metabolite annotation (cutoff, 0.5) [24].

Fecal microbiota transplantation

Six grams of fresh feces from age-matched CD-fed mice
were mixed with 6 ml sterile Ringer's solution. The mix-
tures were centrifuged (500X g, 15 min) and fecal micro-
biota supernatants were harvested for transplantation. Each
HFD-fed mouse was transplanted with 0.5 ml fecal micro-
biota supernatant from CD-fed mice via oral gavage (3 trans-
plantations/week) for 5 consecutive months. In a subset of
experiments, 12-week-old female C57BL/6 mice were anes-
thetized and bilaterally ovariectomized to induce osteoporo-
sis. One week postoperatively, each ovariectomized mouse
was transplanted with 0.5 ml fecal microbiota supernatants
from aged-matched sham mice via oral gavage for 3 con-
secutive months (3 transplantations/week).

TMAO treatment

Twelve-week-old male C57BL/6 mice were fed on 0.2%
TMAO (317594; Sigma-Aldrich, St Louis, MO) in ster-
ile drinking water and chow diet ad libitum for consecu-
tive 3 months. Control mice received the same diet without
TMAO. Animals were euthanatized and peripheral blood
and bone tissue were biopsied at the end of study.

ELISA

Serum was mixed with a mixture of methanol/acetonitrile
and formaldehyde (15:85) and centrifuged at 14,000 x g
for 5 min at 4 °C. The supernatants were eluted through
SUPELCO Ascentis C18 column and tandem mass spec-
trometry to quantify TMA and TMAO. In some experiments,
serum TMAO (AMS.E03T0904; Amsbio, Cambridge, MA),
L-carnitine (ab83392; Abcam, Cambridge, UK), and FMO3
(MBS9347271; MyBioSource, San Diego, CA) were quanti-
fied using specific ELISA Kkits.
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Ex vivo osteogenic and osteoclastogenic
differentiation

Bone-marrow mesenchymal cells were isolated from FMT
recipient mice or TMAO-fed mice or control mice. A total
of 2% 10° cells/well (24-well plates) were cultured in osteo-
genic medium (A1007201; Thermal Fisher Scientific) with
10% fetal bovine serum (FBS) for 18 days, as previously
described [22]. Mineralized matrices were stained using
von Kossa Stain Kits (ab150687; Abcam, Cambridge, UK).
Areas of mineralized matrix in 3 random fields of each well
from 6 wells of each experiment were measured using Zeiss
Image Analysis System. In a subset of experiments, bone-
marrow macrophages (5 x 10* cells/well, 48-well plates)
were incubated in MEM with 10% FBS, 20 ng/ml M-CSF
and 40 ng/ml RANKL (R&D Systems, Minneapolis, MN)
for 10 days [22]. Osteoclasts were stained using tartrate-
resistant acid phosphatase staining kits (MK300; Takara Bio
Inc., Shiba, Japan). TRAP-stained osteoclasts in 9 random
fields from 3 wells were counted.

Histomorphometry and immunohistochemistry

Animals were intraperitoneally injected 50 mg/kg cal-
cein 3 days and 9 days before the end of experiment. Cal-
cein-labeled mineral deposition in the sections of methyl
acrylate-embedded bone specimens were evaluated using
fluorescence microscopy. Nine random fields of 3 sections
of each specimen were selected to calculate mineral apposi-
tion rate (MAR, um/day) and bone formation rate (BFR/
BS, um®/um?/day), as previously described [25]. Sections
of paraffin-embedded bone specimens were stained using
alkaline phosphatase and tartrate-resistant acid phosphatase
histochemical staining kits and hematoxylin and eosin stain
to calculate osteoblast number (Ob.N/mm), osteoclast num-
ber (Oc.N/mm), and adipocyte number (Ad.N). In some
experiments, sections of paraffine-embedded colon speci-
mens were stained using Periodic Acid-Schiff Stain Kits
(ab150680; Abcam, Cambridge, UK) or using primary
CLDN-1 (SAB3500438; Sigma-Aldrich, St Louis, MO),
TIP-1 (ab276131; Abcam), and IL-17 (ab79056; Abcam)
antibodies together with Super Sensitive™ IHC Detection
Systems (BioGenex Laboratories; Fremont, CA). Immu-
nostained goblet cells in 9 random fields of 3 different sec-
tions of each animal were calculated.

Osteoblast culture

Murine MC3T3-E1 osteoblasts (105 cells/well,
24-well plates) were incubated in osteogenic medium
(DMEM with 10% FBS, 50 pg/ml ascorbic acid, 1 mM
B-glycerophosphate), supplemented with 50 uM, 100 pM,
200 uM and 300 uM TMAO for 1 day or 18 days. In a subset
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of experiments, osteoblasts were incubated in osteogenic
medium with 200 uM TMAO or 5 uM GSK2606414 (5107,
Tocris Bioscience, Bristol, UK) or 2.5 uM nicotinamide
riboside (72340; Sigma-Aldrich, St Louis, MO). Mineral-
ized matrices were stained using von Kossa staining kits.
Areas of mineralized matrix were calculated from 9 random
fields of 3 wells per experiment.

Osteoblast growth and senescence assay

Growth of osteoblasts (2 x 10* cells/well, 96-well plates)
were quantified using BrdU Cell Proliferation Assay Kit
(#6813; Cell Signaling Technology; Danvers, MA). Senes-
cent cells were stained using Senescence [-Galactosidase
Staining Kits (SA-fB-gal; #9860; Cell Signaling Technology).
SA-B-gal-stained senescent cells in 9 random fields of 3 dif-
ferent wells per experiment were counted.

RT-PCR

Extraction and reverse transcription of total RNA from
10° osteoblasts was conducted using PureLink RNA Mini
Kit and High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific), respectively. PCR was con-
ducted using ABI StepOne Plus 96-Well Real-Time PCR
Detection System (Thermo Fisher Scientific), with Applied
Biosystems™ TaqMan™ Universal PCR Master Mix and
specific primers (Supplementary Table 1). The relative fold
change in mRNA expression was calculated using the AACt
method, with 18S rRNA as calibrator.

Mitochondrial respiration and ATP production

Seahorse XFe Analyzer together with Seahorse XFp Cell
Mito Stress Test Kits (Agilent, Santa Clara, CA) were uti-
lized to quantify mitochondrial respiration capacity. Upon
10° cells were incubated in cartridge with Seahorse XF
DMEM Assay Medium, 2 pg/ml oligomycin, 2 uM FCCP,
and 2 uM antimycin and rotenone were added to the car-
tridge to inhibit complex activities. Oxygen consumption
rate was calculated automatically. ATP production of 10°
osteoblasts were quantified using ATP Assay Kits (ab83355,
Abcam), according to the manufacturer's manuals.

Western blotting

Primary antibodies PERK (#3192; Cell Signaling Tech-
nology), mTOR (#2983), RPTOR (#2280), FAM134B
(#61011), ATF4 (#11815), Mfn2 (#9482), Actin (#4967),
phosphorylated PERK (#PA5-102853; Thermal Fisher Sci-
entific), LC3-1I (#PA1-16930), ATF5 (#PA5-17988), Opal
(ab42364, Abcam), and Pierce™ Fast Western Blot Kits
(Thermal Fisher Scientific) were utilized for immunoblotting
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of cell lysates. To characterize aggregated Atf5, 100 ug
lysate was ultracentrifuged (125,000 x g, 1 h) to harvest pro-
tein aggregates; and proteins from the pellets were separated
using SDS-PAGE, followed by Atf5 immunoblotting [22].

Fluorescence microscopy and transmission electron
microscopy

Endoplasmic reticulum stress and mitochondria in osteo-
blasts (10% cells/slide) were stained using ER-Tracker™
(E34251; Thermo Fisher Scientific), MitoTracker™ Green
FM (M7514; Thermo Fisher Scientific), respectively.
Autophagosome and mitophagosome in cells were stained
using CYTO-ID Autophagy Detection Kits (ENZ-51031;
Enzo Life Sciences, Farmingdale, NY) and Mitophagy
Detection Kits (MDO1; Dojindo Laboratories, Tokyo,
Japan), respectively. In some experiments, osteoblasts were
fixed by 3% glutaraldehyde, post-fixed by 1% OsO,, epoxy
resin embedded, and cut into 50-nm sections, which were
further coated by gold particles. ER ultrastructure in osteo-
blasts was investigated using Hitachi SU8229 TEM System.

Statistical analysis

The distribution and the differences in CD and HFD-fed
mice or in vehicle and TMAO-fed mice were analyzed
using Kolmogorov—Smirnov test and Student t-test, respec-
tively. The differences in 3 or 4 groups were analyzed using
ANOVA test and post hoc Bonferroni test. P value < 0.05 is
considered significant difference.

Results

Obesity accelerated gut integrity loss
and osteoporosis development

We investigated whether diet-induced obesity can alter gut
integrity and bone homeostasis. Mice on HFD developed
prominent features of obesity, including overweight, hyper-
glycemia (Fig. 1a), and body adiposis with much higher vol-
umes of visceral and subcutaneous fat (Fig. 1b) than CD-fed
animals. Colon in obese mice showed a plethora of atrophy
features (Fig. 1c), including decreased colon length and
villus height together with goblet cell loss and thus mucin
underproduction as evident in periodic acid-Schiff staining
(Fig. 1d and 1e). Gut barrier loss and inflammation were also
present in obese mice revealing relatively low abundances of
tight junction proteins CLDN-1 and TJP-1, but high IL-17
levels in goblet cells (Fig. 1d and e). Moreover, obese ani-
mals revealed a very sparse trabecular bone network (Fig. 1f)
with decreased trabecular bone mineral density (Tb.BMD),
trabecular thickness (Tb.Th), trabecular volume (BV/TV)

and trabecular number (Tb.N), respectively, and relatively
high trabecular separation (Tb.Sp) and SMI (Fig. 1g). Min-
eral apposition rate (MAR) and bone formation rate (BFR/
BS) in obese mice were less than control animals (Fig. 1h).

Obesity induced gut microbiota dysbiosis

Altered gut microflora has been correlated with bone disor-
ders [26]. Colon integrity loss in obese mice prompted us to
conduct 16S rRNA sequencing to investigate the correlation
between the gut microbiome and bone loss. Principal com-
ponent analysis revealed distinctively different profiles in
the fecal microbiota of obese and control mice, respectively
(Fig. 2a). Gut microbiota imbalance was evident in obese
mice from decreased a-diversity but increased Firmicute to
Bacteroidetes ratios (Fig. 2b). Presence of Lactobacillaceae,
Lachnospiraceae, Bacteroidaceae, and Muribaculaceae were
indicative of microbial dysbiosis in murine colitis [27]. We
identified apparent alterations of these 4 designated bacterial
families in obese mice (Fig. 2c). Obesity resulted in a loss
of beneficial gut microbiota, revealing a depletion of benefi-
cial microorganism genera (Fig. 2d), including Muriculum,
Lactobacillus, Akkermansia, and Ruminococcaceae [28, 29].
Of bacterial species, Bacteroides plebeius and Lactobacillus
murinus abundances were reduced, while Lachnospiraceae
bacterium abundance was increased by HFD (Fig. 2e). Fur-
thermore, decreased trabecular bone microstructure and loss
of bone mass correlated with 20 genera of microorganisms,
including Akkermansia, Bacteroides, Ruminococcaceae,
Parabacteroides, Lactobacillus, and Blautia in obese mice

(Fig. 2f).
Carnitine and TMAO dysmetabolism in obese mice

Gut microorganisms produce metabolites, which may co-
regulate bone homeostasis and contribute to osteoporosis
development [30]. We characterized the serum metabolome
of obese and control mice. Principal component analyses
confirmed distinctively different profiles between these
two groups (Fig. 3a). Eighty-five metabolites were upreg-
ulated; and 187 metabolites were downregulated in obese
mice (Fig. 3b). KEGG pathway analyses revealed that these
metabolites likely contributed to a plethora of metabolic
activities, including glycolysis, lipolysis, tricarboxylic acid
cycle, fatty acid metabolism, and carnitine metabolism
(Fig. 3c). Fourteen metabolites strongly correlated with the
relative abundances of gut microorganisms (Fig. 3d). Of
metabolites, L-carnitine is metabolized into trimethylamine
(TMA) by these gut microorganisms and flavin containing
monooxygenase 3 (FMO3) which oxidizes TMA into tri-
methylamine n-oxide (TMAO) [12] (Fig. 3e). Moreover, an
excess TMAO enhances key osteoclast marker expression
and osteoclast formation of murine macrophages [13]. This
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in the richness of gut bacterial genera and less beneficial gut micro-
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biome variety in obese mice (d). HFD consumption affected the rela-
tive abundances of 3 gut bacterial species (e). Alterations in the gut
microbiome correlated with bone mass and trabecular network loss
(f). Data are calculated from 5 mice. Asterisks (*) stand for signifi-
cant difference (P <0.05) analyzed by Kolmogorov—Smirnov test and
Student t-test
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Fig.3 Altered serum metabolomic landscape in obese mice. Princi-
pal component analysis showing distinctive metabolomic profiles (a).
Volcanic plot showing 85 and 187 metabolites elevated or reduced,
respectively, in obese mice (b). KEGG pathway of metabolomic
landscapes, which may contribute to plenty of cellular metabolism
(). Heatmap showing the correlation of serum metabolites and gut
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metabolite was thus selected for subsequent experiments. Of
note, obese mice had much higher serum TMAO and FMO3
levels together with lower L-carnitine levels than CD-fed
animals. However, serum TMA levels were unaffected upon
HFD consumption (Fig. 3f).

Transplantation of gut microbiota from CD mice
mitigated obesity-mediated TMAO overproduction
and bone loss

We then investigated whether fecal microbiota transplan-
tation (FMT) changed TMAO production or bone mass
loss in obese mice. Supernatants were harvested from the
mixture of sterile Ringer's solution and fresh feces of age-
matched CD mice as donors; and were given to HFD mice
via oral gavage (3 FMT/week for 5 consecutive months)
(Fig. 4a). FMT recipients revealed a reduced body adiposis
(Fig. 4b), mucin loss, and IL-17 overproduction in colon
goblet cells (Fig. 4c) as compared to vehicle-treated ani-
mals. FMT counteracted TMAO overproduction and femur
weight loss, while body overweight was unaffected in obese
mice (Fig. 4d). The trabecular bone microstructure of FMT
recipients further revealed a wider meshed trabecular net-
work than vehicle-treated mice (Fig. 4e). FMT attenuated
obesity-mediated loss of Tb.BMD, BV/TV, Tb.Th, and Tb.N
(Fig. 4f) and biomechanical properties breaking forces and
energy (Fig. 4g); however, cortical BMD or porosity was
unaffected. Furthermore, FMT improved bone formation rate
(Fig. 4h) and osteoblast number (Ob.N/mm) and repressed
obesity-induced marrow adiposis as apparent by a reduced
number of adipose cells (Ad.N/mm) (Fig. 41).

FMT attenuated estrogen deficiency-induced
osteoporosis

In ovariectomized (OVX) mice as an in vivo model of post-
menopausal osteoporosis, we also identified gut microor-
ganism alterations (Fig. 5a) and a decreased abundance of
the beneficial bacterial families Bacteroidaceae and Akker-
mansiaceae (Fig. 5b) together with increased serum TMAO
levels. These data prompted us to investigate whether FMT
affected estrogen deficiency-mediated bone loss. One
week postoperatively, gut microbiota from age-matched
sham mice were transplanted into OVX mice for 12 weeks
(Fig. 5¢). FMT attenuated femur weight loss and serum
TMAO overproduction, while body weight was unaffected
(Fig. 5d). Bone trabeculae from FMT recipients showed a
more interwoven network than vehicle-treated OVX mice
(Fig. 5e). Improvement of trabecular bone microarchitec-
ture by FMT further included Tb.BMD, BV/TV, Tb.N, and
Tb.Th (Fig. 5f). FMT also reversed cortical bone structure
Ct.BMD, Ct.Th, Ct.Vol, and cortical porosity (Fig. 5g).
Likewise, FMT resulted in reduced loss of BFR and Ob.N

together with fewer marrow adipocyte formation and osteo-
clast overburden (Fig. Sh) as compared to vehicle-treated
animals.

TMAO accelerated bone mass loss

To better characterize the role of TMAO in bone turno-
ver, animals were fed chow diet and drinking water with
0.2% TMAO at libitum for 3 consecutive months (Fig. 6a).
Water, feed consumption or body weight gain was unaffected
throughout the study. Serum TMAO and key bone resorption
markers CTX-1 and TRAP5b levels were much higher in
TMAO-fed mice as compared to control animals (Fig. 6b).
Bone microstructure in TMAO-fed animals was relatively
porous (Fig. 6¢), revealing low Tb.BMD, Tb.N, BV/TV, and
Tb. Th together with high Tb.Sp, and SMI (Fig. 6¢); Ct. BMD
was also reduced, but Ct.Th was unaffected in these ani-
mals (Fig. 6d). Excess TMAO consumption reduced BFR/
BS and Ob.N (Fig. 6e) and enhanced Oc.N (Fig. 6f). TMAO
intake resulted in a consistent underproduction of mineral-
ized matrix and a decreased expression of key osteogenic
markers, like Runx2, collagen lal, osteocalcin, and bone
alkaline phosphatase together with an increased expression
of osteoclastogenic cytokine RANKL expression by bone-
marrow mesenchymal cells (Fig. 6g). As a result, osteoclast
formation from bone marrow macrophage precursor cells
was higher in TMAO-fed mice than in vehicle-fed animals
(Fig. 6h). Collectively, our investigations suggested that
excess TMAO dysregulated bone formation and resorption
to accelerate bone loss.

TMAO enhanced endoplasmic reticulum stress
and senescence in osteoblasts

We further investigated how TMAO can inhibit osteogenic
activity during the development of osteoporosis. Interest-
ingly, this metabolite dose-dependently reduced the prolif-
erative and anabolic activity of mouse calvaria osteoblasts,
as evident in bromodeoxyuridine uptake (Fig. 7a) and osteo-
genic marker expression (Fig. 7b). The greatest inhibition
was achieved by 200 pM TMAO, which significantly sup-
pressed the production of mineralized matrix and was thus
elected for subsequent experiments (Fig. 7c).

Increasing evidence suggests that TMAO binds to endo-
plasmic reticulum (ER) regulator PERK or enhances cel-
lular senescence [14, 20]. Our data uncovered that TMAO
enhanced mRNA expression as well as protein levels of
PERK and phosphorylated PERK, together with key ER
stress regulator activating transcription factor 4 signaling
(Atf4; Fig. 7d and Supplementary Fig. S1 and S2). Further-
more, TMAO-treated osteoblasts were fluorescently stained
using ER-Tracker to reveal a disrupted ER ultrastructure
(Fig. 7e and Supplementary Fig. S3a). Inactivation of PERK
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Fig.4 Effects of fecal microbiota transplantation (FMT) on body fat
formation, gut integrity, and bone mass in obese mice. Schematic
depiction of the transplantation procedure of fecal microbiota from
CD mice to HFD mice (a). FMT improves body fat volume (b); scale
bar, 10 mm, mucin production and IL-17 levels in colon (c); scale
bar, 10 pm, and femur weight and serum TMAO levels (d) in obese
mice. FMT counteracted obesity-mediated bone loss at a trabecular
microstructural level (e); scale bar, 50 pm, and Tb.BMD, Tb.Th, BV/
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Fig.5 FMT-induced bone changes in ovariectomized (OVX) mice.
Distinct gut microbial profiles of sham mice and OVX mice (a).
Changes in gut bacterial families in sham and OVX mice (b). Sche-
matic illustration of the transplantation procedure of fecal microbiota
from aged-matched sham mice to OVX mice (¢). FMT suppressed
OVX-induced femur weight loss and TMAO overproduction in serum
(d). FMT suppressed the loss of trabecular bone (e), Tb.BMD, BV/

TV, Tb.N, Tb.Th (f), Ct. BMD, Ct.Th, Ct.Vol and cortical porosity (g)
in OVX mice. FMT preserved BFR and Ob.N and repressed marrow
adipocyte formation and osteoclast overabundance in OVX mice (h);
scale bar, 20 pm. Data are means =+ standard errors calculated from 5
to 6 mice. Asterisks (*) stand for significant difference (P <0.05) from
sham group; and hashtags (#) resemble significance from OVX-Veh
group analyzed by ANOVA test and post hoc Bonferroni test
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by GSK2606414 mitigated TMAO-mediated PERK as well

as Atf4 activation, ER stress, and ER network loss.

Moroever, TMAO inhibited mRNA expression of the
autophagic markers Atg4, Atgl2, and p62 and protein levels
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of LC3-II, mTOR and ER-phagy marker FAM134B on pro-
tein levels [31] (Fig. 7f and Supplementary Fig. S1 and S2).
This metabolite, in turn, repressed autophagic puncta for-
mation and onion ring-like ER-phagic body ultrastructure
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«Fig. 6 Effects of TMAO intake on bone phenotypes. Schematic illus-
tration of the TMAO feeding regime (a). Increased serum TMAO,
bone resorption markers CTX-1, and TRAP5b levels in TMAO-fed
mice (b). pCT images showing a sparse trabecular bone microstruc-
ture; scale bar, 50 pm. TMAO suppressed Tb.BMD, BV/TV, Tb.N,
and Tb.Th and enhanced Tb.Sp. and SMI (c¢). Ct.BMD was reduced
in TMAO-fed mice (d); scale bar, 50 pm. TMAO intake resulted
in relatively low BFR/BS and Ob.N (e); scale bar, 20 pm, and high
Oc.N in bone tissue (f); scale bar, 20 pm. TMAO inhibited the syn-
thesis of mineralized matrix production as well as osteogenic marker
expression, but enhanced RANKL expression of bone-marrow mes-
enchymal cells (g); scale bar, 5 mm. High osteoclast formation capac-
ity of bone-marrow macrophages in TMAO-fed mice (h); scale bar,
20 pm. Data are means+standard errors calculated from 5 mice.
Asterisks (*) stand for significant difference (P <0.05) from vehicle
group analyzed by Kolmogorov—Smirnov test and Student t-test

(Fig. 7g and Supplementary Fig. S3a). As a result, osteoblast
senescence was enhanced upon TMAO treatment revealing
increased expression of senescence markers pl6, p21, and
p-galactosidase staining intensity (Fig. 7h). In contrast,
GSK2606414 improved TMAO-mediated ER autophagy
loss and senescence.

TMAO reduced mitochondrial unfolded protein
response, respiration and mitophagy

PERK signaling regulates mitochondrial protein homeosta-
sis and bioenergetics to adapt to extracellular stress [32].
TMAO inhibited plenty of UPR™ regulators, including Atf35,
ClpP, Lonp1, Hsp60, and Hsp10 expression (Fig. 8a). It also
reduced Atf5 protein levels but enhanced levels of ubiquit-
inated Atf5 levels (Fig. 8b and Supplementary Fig. S1 and
S2). Misfolded proteins usually turn into insoluble aggre-
gates dysregulating protein homeostasis to inhibit intracel-
lular organelle function [33]. Given that TMAO disrupted
UPR™, we thus investigated whether TMAO affected Atf5
folding. Upon ultracentrifugation of cell lysates, aggregated
proteins in pellets were characterized using electrophoresis.
TMAO enhanced the amounts of protein aggregates cor-
responding to 150~ 15 kDa. Relatively high Atf5 levels
corresponding to 31 kDa were also detected in the pellets,
suggesting that misfolded AftS was increased in these osteo-
blasts (Fig. 8c and Supplementary Fig. S1 and S2). Of inter-
est, inhibition of PERK by GSK2606414 or gain of UPR™
function by nicotinamide riboside [34] mitigated TMAO-
mediated Atf5 ubiquitination and aggregation.
Furthermore, TMAO reduced the key mitophagy mark-
ers Pink1, Parkin, and LC3-II (Fig. 8d and Supplemen-
tary Fig. S1 and S2) and repressed mitochondrial mass
and mitophagosome formation, as evident by fluorescent
Mtphagy Dye/Lyso Dye labelling (Fig. 8e and Supplemen-
tary Fig. S3b). As a result, TMAO inhibited mitochondrial
respiration capacity, including basal, maximum, and ATP-
linked oxygen consumption rate (Fig. 8f). Mitochondrial

OXPHOS (Fig. 8g. and Supplementary Fig. S1 and S2) and
ATP production (Fig. 8h) were also repressed upon TMAO
incubation. GSK2606414 or nicotinamide riboside also
reversed TMAO-mediated inhibition of mitochondrial bio-
energetics, proliferation capacity (Fig. 8h), and mineralized
extracellular matrix anabolism (Fig. 81).

Discussion

A plethora of hormonal and biochemical pathways directly
or indirectly regulate skeletal tissue and bone turnover,
majorly affecting bone homeostasis [35]. Dysbiosis of gut
microorganisms correlates with the development of osteopo-
rosis [36], a low bone mass phenotype. An increasing body
of evidence has revealed that gut microorganisms produce a
great deal of extracellular vesicles or metabolites, which can
affect, among others, the osteogenic differentiation of bone-
marrow mesenchymal stem cells and bone formation capac-
ity [37]. Our investigations, for the first time, uncovered the
novel catabolic actions of gut microflora-derived metabolite
TMAO on bone homeostasis during obesity- and estrogen
deficiency-induced osteoporosis. We further shed light onto
the molecular mechanisms underlying the osteoblast-inhib-
iting actions of TMAQ, which disrupted ER integrity and
UPR™ to accelerate senescence and hindered mineralized
extracellular matrix underproduction.

Barrier loss and inflammation in the gut microenviron-
ment, like mucin underproduction, tight junction protein
loss, and increased IL-17 levels were associated with bone
loss in obese animals. Our data are in agreement with other
studies showing that gut microecological alteration may
interfere with host immune response [38] or brain-gut-bone
crosstalk [39] driving the skeleton towards osteoporotic
changes. We conducted 16S rRNA sequencing to charac-
terize the gut microbiome landscapes; and correlated gut
beneficial microorganisms Akkermansia and Lactobacillus
to a plethora of prominent features of the osteoporotic skel-
eton, including a low BMD, a fragile trabecular network, and
an imbalanced bone formation rate. Loss of abundance of
Akkermansia in the gut accelerates bone loss in ovariecto-
mized animals [40]; and probiotic lactobacillus supplemen-
tation promotes the antioxidative capacity, repressing osteo-
clast formation and bone loss in ovariectomized mice [41].
Furthermore, our data revealed relatively low abundances of
Bacteroides plebeius, Lactobacillus murinus, and Lachno-
spiraceae bacterium in obesity-induced osteoporotic mice.
Dysbiosis of these 3 bacterial species are correlated with
rheumatoid arthritis-mediated bone destruction [42], space-
flight-induced bone loss [43] and estrogen deficiency-indced
osteoporosis [44]. A reduced loss of bone microarchitec-
ture in obese or ovariectomized mice upon FMT treatment
strongly suggests a contribution of gut microbiome to bone

@ Springer



13 Page 14 of 19

Y-H.Linetal.

c & 28
R
1.2, 7 1.5 . f AP E
S ° Veh /- LS‘.‘" )= 21
(=] o A - | ©
0 % o c o * o ¥ 25 / @
o 1.0 * ] Mo % 3 L R ¥ =
> * £ 1.01$98 m° % [ Veh Sl S 44
5 S oy * g ** ?
S 0.8 % Blaw |8 * oo [50um < g
3 L 0.5 % | IPIE* ¢ 88 @100 um ;""" g 7
S 0.6 < .- [ 200 uM TMAO Heay, £,
& : 300 M N4 -
0.4/ E 0.0/ M 300 27 TMAO - +
BrdU uptake Col1a1 Ocn Runx2
e TMAO+GSK
d
TMAO .
Veh + GSK kDa E
S
PERK s s i <125 ot
N 1]

mRNA (Fold changes)

0.
PERK Atf4 Chop Elf2a

[ Vehicle ] TMAO T TMAO+GSK

f TMAO

Veh + GSK kDa

0.0-
Atg4 Atg12 p62

[ Vehicle ] TMAO [ TMAO+GSK

7 3

N Veh
s

52 =

T

5 &

g :

< <

g )

m —
£ o

Fig.7 TMAO regulated endoplasmic reticulum (ER) integrity and
senescence in osteoblasts. TMAO dose-dependently suppressed
BrdU uptake (a), expression of osteogenic makers Collal, Ocn, and
Runx2 (b), and von Kossa-stained mineralized nodule production (c);
scale bar, 5 mm. TMAO enhanced mRNA expression of PERK and
ATF4 as well as protein levels of PERK and phosphorylated PERK,
and ATF4 (d). Fluorescent ER tracker staining (scale bar, 10 pm)
and disrupted ER ultrastructure (scale bar, 1 pm) in TMAO-treated
osteoblasts (e). GSK2606144 counteracted TMAO-induced ER stress
and integrity loss. Decreased mRNA expression of Atg4, Atgl2,
and p62 and protein levels of LC3-1I, mTOR, and FAM134B (f) and
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autophagosome formation (scale bar, 10 pm) and ER-phagic ultras-
tructure (scale bar, 0.5 pm) (g); scale bar, 10 pm, upon TMAO treat-
ment. Senescence-associated [3-galactosidase staining and increased
pl6, and p21 expression in TMAO-treated cells (h); scale bar, 40 pm.
GSK2606414 attenuated TMAO-mediated autophagy loss and senes-
cence. Data are mean +standard errors calculated from at least three
independent experiments, including immunoblotting. Asterisks (¥)
stand for significant difference (P <0.05) analyzed by ANOVA test
and post hoc Bonferroni test. GSK, GSK2606414; SA-B-gal, senes-
cence association -galactosidase



Trimethylamine-N-oxide accelerates osteoporosis by PERK activation of ATF5 unfolding Page150f19 13
a 20- b TMAO c TMAO
T Veh + GSK NR gpa Veh + GSK NR kDa
g 1.5 A5 | s s - < 31 " & <135
5 ] <100
2 1.0 E. <50
L IP;Atf5 @ <40
§ 0.5- IB:Ub - S <« 31 7 <30
14
€ 0.0 - &' Atf5 -— <31
Atf5 Lonp1 CIpP Hsp60 Hsp10
Actin — — — <45 ACHN | e s e <45
[ ] Vehicle [ ] TMAO [[]] TMAO+GSK [Il] TMAO+NR b et
d e .
Vehicle TMAO+GSK TMAO+NR
TMAO
Veh + GSK NR kDa
Opal S g s wo <100
Mfn2 S SED am am <82
Pink1 | R S e « 5
Parkin -_— : : — 450
v <15
LC3-lI — : -‘ <10
ACtin | qums s anmm awe < 45
ye/Lyso Dye/DAPI
f FoCP . g TMAO
. . _ % 1
250, Ollgo;nycm v  Rotenone _ 250 ,i.'L' ,-*-.'i' ] Vehicle Veh + GSK NR kDa
c 9 o2\
= = 200{ M R R ® ] T™MAO CV-ATP5A —— == = — <55
£ 200 E 18 Bl [l 2 rwaowsk CMFUQCRC2 — — o <48
= 150 % 1501 | g & = CVI-MTCO1 —— — —~ <40
2 £ & o@ [ TMAONR
£ 1001 £ 100 ol CII-SDHB == = ww - <30
[+ x i
O 50 g 959 II ofe. 2g@ea  CI-NDUFBS <20
S | A8 AR _
00 25 80 75 100 Basal Max. ATP-link Spare Proton Actin e s - = < 45
Time (minutes)
h |
* *
15, = 7 15 » 2% o x
c *x o * ° *
[ o 12{ ;5 g x70 .
2 % 3 2 1.0 8 g ol o .E! ] I:l\/h' I
S S 09{[] o S o8 S ehicle
2 S 7 % = Py i [ TMAO
K] o 06 L 0.5 % 8 ] TMAO+GSK
g £ 03 = B K [ TMAO+NR
c S ; e (14 ﬁ
0.0 — £ 0.0
BrdU uptake TMA TMAO+NR Collal Ocn Runx2

Fig.8 TMAO suppressed UPR™, mitophagy, mitochondrial energet-
ics, and mineralized matrix anabolism. GSK2606144 or nicotinamide
riboside counteracted TMAO-induced losses of mRNA expression
of UPR™ marker, ATF5, Lonpl, ClpP, Hsp60, and Hsp10 (a) as well
as suppression of protein levels of ATF5 and ubiquitinated ATFS5 (b)
and aggregated AftS (¢). GSK2606144 or nicotinamide riboside pre-
served Pinkl, Parkin, and LC3-II levels (d) and suppressed TMAO-
induced losses of MitoTracker Green-staining of mitochondrial mass
and Mitphay Dye/Lyso Dye-staining of mitophagic puncta formation

(e); scale bar, 10 pm. GSK2606144 or nicotinamide riboside miti-
gated TMAO-induced suppression of mitochondrial basal, maximum,
ATP-linked oxygen consumption (f), OXPHOS (g), ATP production,
proliferation capacity (h), and mineralized matrix synthesis as well
as osteogenic marker expression. Data are means =+ standard errors
calculated from a minimum 3 independent experiments, includ-
ing immunoblotting. Asterisks (*) stand for significant difference
(P<0.01) analyzed by ANOVA test and post hoc Bonferroni test.
GSK, GSK2606414; NR, nicotinamide riboside
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Fig.9 Hypothetical model of how gut microbiota-derived TMAO
changes bone integrity. Gut microorganism dysbiosis elevates TMAO
production in obese or ovariectomized mice. This metabolite then
activates PERK and ATF4 to suppress ER autophagy and thus ele-
vating ER stress, which leads to mitochondrial ATF5 misfolding and
UPR™ disruption, together with decreased mitophagy, OXPHOS, and
ATP synthesis. This consequently accelerates osteoblast dysfunc-
tion, leading to bone loss. FMT (from healthy donors), PERK inhibi-
tor or UPR™ activator mitigates TMAO-induced loss of osteoblastic
activity loss and bone mass. FMT, fecal microbiota transplantation;
TMAO, trimethylamine-n-oxide; PERK, protein kinase R-link endo-
plasmic reticulum kinase; ATF4, activating transcription factor 4;
ER, endoplasmic reticulum; ATFS5, activating transcription factor 5;
NR, nicotinamide ribose; UPR™, mitochondrial unfolding protein
response; OXPHOS, oxidative phosphorylation

integrity. Our data demonstrate the impact of a dysregula-
tion of the gut ecosystem can have on skeletal metabolism
in mice with obesity or estrogen deficiency.

Serum metabolomic investigations further identified the
dysregulation of the L-carnitine metabolism as another con-
tributor to bone loss, resulting from a gut microorganism
dysbiosis. L-carnitine is a cofactor for fatty acid metabolism

@ Springer

in the mitochondrial compartment [45]. Decreased carni-
tine levels are present in patients with low bone mass upon
weight control and physiological levels of L-carnitine are
advantageous to bone formation [46]. L-carnitine supple-
mentation also attenuates glucocorticoid-induced bone loss
and trabecular microstructure destruction [47]. Furthermore,
L-carnitine can be modified into TMAO by gut microorgan-
isms and key enzyme FMO3 [10]; and gut microecological
dysregulation has been shown to enhance TMAO produc-
tion in HFD mice [12], which is in line with our results.
Loss of serum L-carnitine appears to be a notable feature
in explaining the inhibitory effects of obesity on skeletal
tissue integrity.

Metabolomic landscapes also showed alterations in other
metabolic pathway, like mineral resorption, lipolysis, and
fatty acid biosynthesis during bone loss. Lipolysis is impor-
tant to fuel osteogenic differentiation activity of bone-mar-
row mesenchymal stem cells at the expense of bone mar-
row fat [48]. Mitochondrial fatty acid metabolism has been
shown to be required to maintain osteoblastic activity and
healthy bone mass [49]. The dysregulation of lipid and fatty
acid metabolism hinted towards an overall contribution of
gut microbiota to the development of fatty bone marrow in
the osteoporotic skeleton.

Our investigations uncovered that TMAO is a functional
gut microbiota-derived metabolite for obesity and estrogen
deficiency-induced osteoporotic changes in the skeleton
and thus profoundly interferes with bone mass homeostasis.
Specifically, excess TMAO intake accelerated bone loss by
disrupting the balance between bone formation and osteo-
clastic bone resorption. Little is known about how this gut
microbiota-derived metabolite affected bone turnover, while
only one study has demonstrated that TMAO drives bone-
marrow mesenchymal stromal cells toward adipocytes at
the cost of bone-forming cells [50]. TMAQO usually binds to
receptor PERK, which then regulates endoplasmic reticulum
homeostasis [20] and mitochondrial activity [21]. We now
revealed that TMAO activated PERK-dependent ER stress
through disrupting autophagic program and to ultimately
augment osteoblast senescence. Not surprisingly, reducing
ER stress through PERK inhibition was advantageous to
osteoblast survival under TMAO stress. Collectively, these
findings conveyed new insights into the suppressive function
of TMAO on bone formation.

TMAO appeared to exert context-dependent actions
regarding the biosynthesis of a mineralized matrix. In
cardiovascular tissues, TMAO is known to enhance osteo-
genic transcription factor Runx2, consequently leading to
calcified extracellular matrix synthesis of vascular smooth
muscle cells through activating the NLRP3-dependent
inflammasome pathway [51]. TMAO also aggravates
mitochondrial stress, promoting an osteogenic response of
aortic valve interstitial cells [52]. Not surprisingly, TMAO
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now inhibited mineralized matrix production in osteogenic
cells and in two experimental models of osteoporosis. To
the best of our knowledge, our data are the first indica-
tion revealing that TMAO disrupts UPR™ by promoting
crucial regulator Atf5 misfolding. Additionally, TMAO
interrupted a plethora of mitochondrial homeostatic key
reactions for energy production, mitophagy, mitochondrial
respiration and OXPHOS. All of which are indispensable
for mineralized matrix production by osteoblasts [53]. Of
note, reversing UPR™ by nicotinamide ribose preserved
mitochondrial energetics, steering osteoblasts to produce
mineralized extracellular matrices in TMAO stress. Our
investigations make clear how this gut microbiota-derived
metabolite suppresses mineralized matrix anabolism dur-
ing osteoporosis.

We cannot exclude the possibility that other gut micro-
biota-derived metabolites may affect osteoblastic activity
and bone mass homeostasis as well. TMAO may influence
other mitochondrial metabolic pathways, like glycolysis,
TCA cycle or fatty acid biosynthesis to affect osteoblast
dysfunction. Our metabolomic studies point towards a
complex nature of the gut-microbiota-bone axis. In con-
clusion, our data show that gut microbiota dysbiosis and
dysmetabolism accelerate bone loss. TMAO, among oth-
ers, is an active gut microbiota-derived metabolite inhibit-
ing osteoblastic activity by enhancing ER stress and Atf5
unfolding in UPR™. Our data highlight a bone-protective
effects of gut microbiota transplantation with potential to
slow down osteoporosis (Fig. 9).
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