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Background: Osteoporosis (OP) is a prevalent metabolic bone disease characterized by bone loss and
structural deterioration, which increases the risk of fracture especially in older people. Recent research has
shown that gut microbes play an important role in OP. Trimethylamine N-oxide (TMAQO), a gut microbiota-
derived metabolite, has been implicated in the pathogenesis of diseases, including Alzheimer’s and
cerebrovascular disease. This study aimed to examine the effect of TMAO in OP.

Methods: In this study, we firstly investigated the relationship between TMAO and OP. Serum samples
were collected from patients with OP (n=10), and healthy participants (n=10), and the TMAO level in the
serum was detected by ELISA assay. Then, bone marrow mesenchymal stem cells (BMSCs) were treated
with TMAO, and we observed its effect on adipogenic and osteogenic differentiation, cell proliferation,
reactive oxygen species (ROS) release, and inflammatory cytokine[interleukin (IL)-1B, IL-6 and tumor
necrosis factor-alpha (TNF-a)] levels. Finally, we illustrated the underlying mechanism through which
TMAO influenced BMSCs functions.

Results: Compared to the healthy group, highly significant TMAO levels were observed in the serum of
the OP patients. When studied in vitro, TMAO treatment significantly promoted BMSCs adipogenesis and
attenuated osteogenesis, increased ROS release and pro-inflaimmatory cytokine IL-1pB, IL-6 and TNF-o
production, and inhibited cell proliferation. Furthermore, we found that activation of the nuclear factor-xB
(NF-«B) signaling pathway was necessary for TMAO to induce pro-inflammatory cytokine production, ROS
release, and adipogenic and osteogenic differentiation in BMSCs.

Conclusions: Elevated TMAO levels have a strong negative correlation with the degree of bone mineral
density (BMD) in OP. TMAO regulates BMSCs cell function by activating the NF-«xB signaling pathway,
which affects the balance of bone metabolism, leading to acceleration of bone loss and further progression of
OP.
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Introduction

Osteoporosis (OP) is a systemic disorder characterized
by decreased bone density, destruction of bone
microstructures, increased brittleness, and fracture risk (1).
It is a significant public health challenge with potentially
devastating results and a high cumulative rate of fractures (2).
Recent studies have found that OP maythe kind of disease
that is caused by an imbalance of stem cell regulation,
especially in the pathogenesis of age-related OP (3). Bone
marrow mesenchyme stem cells (BMSCs) are a type of stem
cell widely existing in the bone marrow cavity, and have the
potential to differentiate into various types of bone cells and
secrete a variety of multifunctional cells that regulate bone
metabolism (4). Studies have increasingly demonstrated that
the function of BMSCs change changed in the pathological
state of the body, which leads to the imbalance of bone
metabolism and eventually contributes to OP (5).

Recently, the gut microbiota has attracted attention
regarding its connection with metabolic diseases (6). These
microbes have been considered as a key regulatory factor
for metabolic disorders including obesity (7), diabetes (8),
and OP (9). Growing numbers of studies have reported that
gut microbiota regulate bone mass through immune system
mediation (e.g., osteoclast genesis), intestinal calcium
absorption, and the release of neurotransmitters (e.g.,
serotonin) (10,11). A better understanding of how microbes
change structure and function will help us search for novel
biomarkers and understand the relationship with bone mass
disorder.

Trimethylamine-N-oxide (TMAO), a gut microbial-
dependent metabolite of dietary choline, has been
demonstrated to positively correlate with cardiovascular
risks (12). A recent study found that TMAO is closely
associated with age-related OP. Serum levels of TMAO
were significantly higher in mice from the advanced age
group compared to those from the normal group (13).
Furthermore, recent clinical research demonstrated that
TMAQ was associated with bone mineral density (BMD) in
patients with type 2 diabetes (14). However, there have been
few studies regarding how TMAO affects bone metabolism,
as well as the underlying molecular mechanisms.

In this study, we firstly analyzed TMAO concentration
in the serum of OP patients and normal people, and
found a relationship to be present between TMAO and
the occurrence and development of OP. We continued
by observing the effects of TMAO on BMSCs functions
including cell proliferation, cell differentiation, cell
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metabolism, cell information transmission, et /. and the
underlying mechanisms behind these effects. These results
led to a deepening of understanding of how TMAO affects
BMSCs, and provided evidence for the interaction between
TMAO and bone mass disorder.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5307).

Methods
Clinical samples

We collected over 20 reports of menopausal patients who
were examined physically or had BMD checked during
their stay in the Department of Spinal Surgery, Affiliated
Hospital of Guangdong Medical University from October
2018 to August 2019. After ruling out other relevant
metabolic diseases, 10 OP patients aged <70 (inclusive)
with T-scores <-2.5 SD (inclusive) at the femoral neck
were included in the experimental group. The control
group included 10 healthy people with T-scores >-1.0 SD
(inclusive). Fresh venous blood was collected and measured
by human trimethylamine oxide (TMAQO) ELISA kit.

All procedures performed in this study involving human
participants were in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by
the Medical Institutional Review Board of the Affiliate
Hospital of Guangdong Medical University (approval
number YJYS2020063). Because of the retrospective nature
of the research, the requirement for informed consent was
waived.

Chemicals and antibodies

TMAO (Cat# 317594, Sigma-Aldrich, Burlington,
MA, USA),fetal bovine serum (FBS) (Cat# 12483020,
Thermo Fisher Scientific, Waltham, MA, USA), alpha-
modified Eagle’s medium (o-MEM) (Cat# SH302265.01,
Hyclone, Logan, Utah, USA), adipogenic differentiation
medium (Cat# RASMX-90031, Cyagen, Guangzhou,
China),osteogenic differentiation medium (Cat#
RASMX-90021, Cyagen, Guangzhou, China),reactive
oxygen species (ROS) assaykit (Cat# KGT010-1, KeyGen
Biotech, Nanjing, China), human trimethylamine oxide
(TMAO) ELISA Kit (Cat# JL47698, Jianglaibio, Beijing,
China). Enzyme-linked immunosorbent assay (ELISA) kits
for tumor necrosis factor-alpha (TNNF-a), interleukin (IL)-
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1B, IL-6 were purchased from CUSABIO Biotechnology
Company (Wuhan, China). Antibodies against nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-xB)-p65 (Cat# ab16502) were procured from Abcam
(Cambridge, MA, USA). Antibodies against peroxisome
proliferator-activated receptor y (PPARy) (Cat# AF6284),
and runt-related transcription factor 2 (RUNX2) (Cat#
AF0313) were obtained from Affinity Biosciences (Jiangsu,
China).

Primary culture and characterization of BMSCs

Rat BMSCs were isolated and expanded as previously
described (15). In brief, a six-week-old Sprague Dawley
(SD) rat was sacrificed by cervical dislocation, and was
then immersed in 75% ethanol for 5-10 minutes. Using
sterile surgical instruments, we carefully separated the
intact rat tibia and femur. Bone marrow cells were flushed
and centrifuged in a 1.073 g/mL Percoll density gradient.
Enriched cells were collected from the interface and
transferred into culture flasks with a-MEM supplemented
with 10% FBS and 1% penicillin-streptomycin-neomycin
(PSN) (all from Gibco, NY, USA).

After seeding for 72 h, nonadherent cells were discarded,
and adherent cells were washed twice with phosphate-
buffered saline (PBS). Fresh complete medium was added
and replaced every 3 d. Cells from passages 3-5 were used
for subsequent experiments.

Cell proliferation assay

To determine the dose-effect of TMAO on cell viability
from cell line BV2, cells were treated with different doses
(0, 50, 100, 200, 400, 600 uM) of TMAO. Cell viability was
assessed using the CCKS solution (Beyotime, Shanghai,
China) at five different time periods. The absorbance at
450 nm was detected using a microplate reader (Biotek,
Winooski, CA, USA), in order to count each value and
compile a proliferation curve.

ROS assay

The accumulation of intracellular ROS was detected
using a ROS Assay Kit according to the manufacturer’s
instructions. In brief, BMSCs cells were treated with
different concentrations of TMAO for 48 h. Cells were
then collected, washed twice with a serum-free cell culture
medium, and incubated with dichlorodihydrofluorescein
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diacetate (DCFH-DA) at 37 °C for 30 min in the dark.
After being washed 3 times with the serum-free cell culture
medium to fully remove any DCFH-DA that did not enter
the cells, the ROS levels were detected by a FACSCanto™
II flow cytometry (BD Biosciences, San Jose, CA, USA).

Adipogenic and osteogenic differentiation

BMSCs were seeded in 12-well plates and treated with
osteogenic induction medium (OIM) containing 107 M
dexamethasone, 10 mM B-glycerophosphate and 50 pM
ascorbate-2-phosphate (all from Sigma Chemical Co, St
Louis, MO, USA) or adipogenic induction medium (AIM)
containing 10 M dexamethasone, 0.2 mM Indomethacin,
0.1 mg/mL insulin, 1 mM 3-isobutyl-1-methylxanthin
(IBMX) (Sigma). On day 14, the differentiation capacity
was assessed by staining with Alizarin Red S or Oil Red O
(Cyagen Biosciences, Santa Clara, CA, USA) following the
manufacturer’s instruction. In briefly, for calcium deposit
formation, cells were washed with PBS and fixed with 70%
ethanol for 15 min. Then, cells werestained with 0.5%
Alizarin Red S (pH 4.1) for 10 min at room temperature
and washed three times with distilled water. Orange-red
staining indicated the position and intensity of calcium
deposits. Intracellular calcium deposition was observed by
a light microscope. For fat droplets formation, cells were
washed with PBS and fixed with 10% formaldehyde for 30
min. After two washes in PBS, cells were stained for 1 h
in freshly diluted Oil Red O solution. Then, the stain was
removed and the cells were washed twice with PBS. Images
of cell stained with Oil Red O were obtained using an
inverted microscope.

Detection of pro-inflammmatory cytokine concentrations in
cell supernatant

BMSCs were treated either with or without TMAO for 12,
24 and 48 h, respectively, and then the cell supernatant was
collected. Pro-inflammatory cytokines (IL-1f, IL-6 and
TNF-a) were determined using commercial ELISA kits in
accordance with the manufacturer’s stipulations.

Western blot analysis

After 48 h of cell stimulation, different groups of proteins
were extracted using radio immuno precipitation
assay(RIPA) (with PMSF), and protein concentrations
were determined using a bicinchoninic acid (BCA) protein
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assay kit (Beyotime, Shanghai, China). Total protein
(10 pg) was separated on 10% or 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore Corp., USA). The membranes were then blocked
in tris buffered saline (TBS) containing 5% non-fat dry
milk for 1 h, after which they were incubated with primary
antibodies against PPARy (1:500), C/EBP-a (1:1,000),
RUNX2 (1:1,000), OPN (1:1,000), NF-«B (1:1,000), and
GAPDH (1:2,000) overnight at 4 °C. The membranes
were then washed with TBST and incubated for 1 h
with secondary antibodies. The antibody-reactive bands
were detected using the Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, Waltham, MA,USA).
Quantification of band intensity was analyzed using Image ]
software (version 1.48; National Institutes of Health, USA).

Statistical analysis

The data were obtained from at least three independent
experiments and presented as mean = standard deviation.
Single factor analysis of variance (ANOVA) and the #-test
were adopted for comparison between groups. The data
were analyzed by SPSS 20.0 (SPSS Company, Chicago,
IL, USA). The level of difference was considered to be
statistically significant when P<0.05.

Results

Serum TMAO level in OP patients is often bigher than
it is in normal people, and there is a negative correlation
with BMD

Clinical samples were collected in accordance with the
current standard protocols. Serum samples of 10 OP
patients and 10 normal people were used to measure
TMAO concentration and BMD by ELISA kit and dual-
energy X-ray bone densitometer, respectively. Correlation
analysis was performed between the TMAO concentration
and BMD. The results indicated that the concentration of
TMAO had a significant negative correlation with BMD
(R’=-0.518, P=0.019) (Figure 1A4). Furthermore, compared
to the normal group, TMAO concentration was significantly
higher in the OP patients (P=0.007<0.01) (Figure 1B).

Effect of TMAO on BMSCs cell proliferation

The results from clinical samples have suggested that
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TMAO plays an important role in the development of OP,
but its biological role requires further research. BMSCs
were selected to be subjected to in vitro experiments. By
examining how the TMAO levels changed in OP patients’
blood samples, we selected the appropriate TMAO
concentration for subsequent exploration. In the cell
proliferation experiment, the results showed that exposure
to TMAO at the concentrations of 50 and 100 pM did not
significantly influence cell viability, while the concentration
of TMAO in the range of 200-600 pM significantly
inhibited cell growth in a time- and dose-dependent manner

(Figure 2).

Effects of TMAO on ROS release and pro-inflammatory
cytokine levels in BMSCs

TMAO treatment led to an increase in ROS formation in
BMSC:s, especially so when the level of TMAO was in the
range of 200-600 pM (Figure 3A4,B). Based on these results,
the TMAO concentration of 200 pM was selected in the
subsequent experiments. To elucidate the effects of TMAO
on pro-inflammatory cytokine levels in BMSCs, cell
supernatants were detected using commercial ELISA kits.
The results demonstrated that the levels of IL-1p (P<0.001),
TNF-a (P<0.001) and IL-6 (P<0.001) were significantly
increased by TMAO treatment, when compared to the
control group (Figure 3C,D,E).

TMAO promotes the adipogenic differentiation and
inbibits the osteogenic differentiation of BMSCs

To elucidate the effects of TMAO on adipogenic
differentiation and osteogenic differentiation of BMSCs,
we treated BMSCs with or without TMAO in adipogenic
induction medium (AIM), or osteogenic induction medium
(OIM). Oil red O staining was performed to evaluate
the formation of fat droplets. Alizarin red staining was
performed to evaluate calcium deposit formation. The
results showed that cells treated with TMAO developed
more fat droplets than the control cells did, and
concurrently decreased mineralized nodules (Figure 4A,B).
We further measured the corresponding osteogenic (Runx2
and OPN) or adipogenic (PPARy and C/EBP-0) hallmark
expression using western blotting. The results showed that
TMAO increased the expression of PPARy and C/EBP-a
protein, and decreased the expression of Runx2 and OPN
protein (Figure 4C,D). These results implied that TMAO
could promote BMSCs adipogenic differentiation while it
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Figure 1 Serum trimethylamine N-oxide (TMAO) level in osteoporosis (OP) patients is often higher than that in unaffected people, and it
has a negative correlation with bone mineral density (BMD). (A) The correlation between serum TMAO level and BMD was detected in OP

patients (n=10) and normal people (n=10); (B) the level of TMAO in serum was measured by ELISA assay in OP patients and normal people.
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Figure 2 Effects of increasing concentrations of TMAO on
BMSCs proliferation. Data are presented as mean = SD from 3
independent experiments in triplicate.*, P<0.05, **, P<0.01, ***,
P<0.001 vs. control group. TMAO, trimethylamine N-oxide;

BMSCs, bone marrow mesenchymal stem cells.

inhibited osteogenic differentiation.

TMAO regulates BMSC functions via NF-XB signaling
pathway

The NF-kB signaling pathway has been demonstrated to
play a pivotal role in the regulation of bone metabolism (16).
We assayed the protein level of NF-kB in order to identify
whether the NF-«B signaling pathway participated in the
TMAO-treated BMSC differentiation function. No matter
whether under AIM or OIM, NF-kB protein expression
levels in BMSCs were both increased in the presence of

TMAO (Figure 4C,D). To confirm whether NF-kB activity
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was involved in TMAO-regulated BMSCs function, we
applied BAY 11-7082, an inhibitor of NF-«B, to block the
activity of NF-kB. As shown in Figure 54 and B, compared
with the TMAO-treated group, BAY 11-7082 treatment
significantly reduced the level of ROS. Similarly, ELISA
results revealed that pretreatment with BAY 11-7082
markedly attenuated TMAO-induced pro-inflammatory
cytokine levels (IL-1pB, IL-6, and TNF-a) (Figure 5C,D,E).
Moreover, Runx2 protein expression and mineralized
nodules were significantly increased in the BAY 11-7082
treatment group, after the TMAO-treated BMSCs were in
OIM (Figure SEG). In summary, these results suggested that
NF-«B activity played a crucial role in TMAO-treated cell
functions of BMSCs (Figure SH).

Discussion

OP is characterized by enhanced skeletal fragility due
to the reduction of bone quantity and/or quality. Bone
strength cannot be directly measured iz vivo, but BMD is
highly correlated with bone strength. Thus, BMD value
is often used as a key clinical indicator to predict fracture
risk (17). In this study, TMAO level showed a significant
negative correlation with BMD value. Serum TMAO level
in OP patients was higher than in the control group. These
data indicate that TMAO plays an important role in the
occurrence and development of OP.

Recent studies have shown that gut microbes can
be key regulatory factors in bone physiology (18). The
gut microbiota can activate inflammatory responses
in various tissues including bone marrow by way of
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Figure 3 Effects of TMAO on ROS release and pro-inflammatory cytokine levels in BMSCs. (A) BMSCs were treated with TMAO,
intracellular ROS was detected by flow cytometry; (B) quantification of ROS level was presented as percentage change of mean fluorescence;
(C,D,E) the pro-inflammatory cytokine (IL-1B, TNF-a and IL-6) levels were measured by ELISA assay. *, P<0.05, **, P<0.01, ***, P<0.001
vs. control group. TMAO, trimethylamine N-oxide; BMSCs, bone marrow mesenchymal stem cells.

bacterial modifications, or through the actions of their
metabolites (19). TMAO, a gut microbial-dependent
metabolite of dietary choline, has been demonstrated to
correlate with OP. In this study, cell proliferation was
significantly decreased while the pro-inflammatory cytokine
levels (IL-1pB, TNF-a and IL-6) were significantly increased
in BMSCs after treatment with TMAQ. Furthermore, the
intracellular ROS production increased in TMAO-treated
BMSC:s in a dose-dependent manner. These data indicated
that the effects of TMAO on BMSCs function may be via
the activation of inflammatory responses.

Currently, OP is widely considered to be a disease caused
by the abnormal metabolism of BMSCs (20,21). Several
lines of evidence have demonstrated that osteoporotic
BMSC:s have defects in intrinsic signals that cause functional
alterations, leading to poor osteogenic differentiation
capacity, and favoring increased adipogenesis (22). In this
study, we found that TMAO could induce and promote
the adipogenic differentiation of BMSCs, but inhibit the
osteogenic differentiation of BMSCs. At the same time, the
expression of adipogenic differentiation marker proteins
PPARy and C/EBP-o were up-regulated, and the expression
of osteogenic differentiation protein Runx2 and OPN was
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down-regulated. These results confirmed that TMAO
was involved in the development of OP by regulating the
differentiation of BMSCs.

NF-«B is a master regulator of inflammation and the
bone-remodeling process. Increased NF-«xB activity is
accompanied by enhanced bone-resorption and reduced
bone-formation abilities (23). This study showed that
NF-kB p65 expression was increased following TMAO
treatment. To determine whether modulation of NF-«B
was related to the TMAO-mediated BMSCs function, cells
were pretreated with a specific inhibitor of NF-xB, BAY
11-7082,for 2 h, and then treated with TMAO. The results
demonstrated that compared with TMAO treatment, NF-
kB inhibitor BAY 11-7082 caused a significant decrease
in pro-inflammatory cytokine (IL-1p, TNF-a and IL-
6) production and ROS release in BMSCs. Furthermore,
the expression of Runx2 (P<0.05) and calcium nodes were
significantly reversed by BAY 11-7082 treatment.

However, there were several limitations in this study.
Firstly, the sample size is relatively small; a larger sample
size is needed for expansion of this research. Secondly,
although this study demonstrated that TMAO modulates
the function of BMSCs (including cell proliferation, cell
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differentiation, and inflammatory response) via the NF-
kB signaling pathway, other signaling pathways (such as the
autophagy signaling pathway) may also be involved, which
requires further verification. Finally, how TMAO inhibits
BMSCs osteogenic differentiation needs to be further
verified in vivo study.

Conclusions

Our results have demonstrated that TMAO level is
significantly negatively correlated with BMD value. TMAO
decreases BMSCs proliferation, increases pro-inflammatory
cytokine production and ROS release, inhibits osteogenic
differentiation and promotes adipogenic differentiation
by up-regulating the NF-«B signaling pathway, which
may contribute to a bone metabolic imbalance, leading to
aggravation of bone loss and further causation of OP.
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