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Abstract
Background With an ageing population, the incidence of bone loss and obesity are increasing. Numerous studies empha-
sized the multidirectional differentiation ability of mesenchymal stem cells (MSCs), and reported betaine modulated the 
osteogenic differentiation and adipogenic differentiation of MSCs in vitro. We wondered how betaine affected the differen-
tiation of hAD-MSCs and hUC-MSCs.
Methods and results ALP staining and alizarin red S (ARS) staining were proved 10 mM betaine significantly increased 
the number of ALP-positive cells and plaque calcified extracellular matrices, accompanying by the up-regulation of OPN, 
Runx-2 and OCN. Oil red O staining demonstrated the number and size of lipid droplets were reduced, the expression of 
adipogenic master genes such as PPARγ, CEBPα and FASN were down-regulated simultaneously. For further investigating 
the mechanism of betaine on hAD-MSCs, RNA-seq was performed in none-differentiation medium. The Gene Ontology 
(GO) analysis showed fat cell differentiation and bone mineralization function terms were enriched, and KEGG showed 
PI3K-Akt signaling pathway, cytokine-cytokine receptor interaction and ECM-receptor interaction pathways were enriched 
in betaine treated hAD-MSCs, demonstrated betaine had a positive inducing effect on osteogenic of hAD-MSCs in the non-
differentiation medium in vitro, which is opposite to the effect on adipogenic differentiation.
Conclusions Our study demonstrated that betaine promoted osteogenic and compromised adipogenic differentiation of hUC-
MSCs and hAD-MSCs upon low concentration administration. PI3K-Akt signaling pathway, cytokine-cytokine receptor 
interaction and ECM-receptor interaction were significantly enriched under betaine-treated. We showed hAD-MSCs were 
more sensitive to betaine stimulation and have a better differentiation ability than hUC-MSCs. Our results contributed to the 
exploration of betaine as an aiding agent for MSCs therapy.
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Introduction

Osteoporosis is a widespread disease which the bone mass, 
strength and microarchitecture were impaired [1]. Obesity 
causes diabetes, coronary heart disease and osteoarthritis 
which increases the risk of death [2]. With an ageing popu-
lation, the incidence of bone loss and obesity are increasing. 
However, there is no effective therapy to increase endog-
enous bone formation and reduce adipogenesis. Previous 
studies have shown that mesenchymal stem cells (MSCs) 
are multipotent cells that can be obtained from adipose tis-
sue, peripheral blood, bone marrow, placenta, umbilical 
cord and Wharton’s jelly (WJ) [3–5] which are capable of 
osteogenic, chondrogenic, adipogenic and myogenic differ-
entiation [6–8]. Adipose-derived mesenchymal stem cells 
are widely used because they are easy to isolate and have an 
abundant tissue source [9]. MSCs can cure some diseases 
mainly via secretion variety of cytokines, such as graft-
versus-host disease (GVHD) [10], degenerative diseases, 
diabetes, osteoarthritis and liver fibrosis [11–15].

Small molecules have been used to explore the effects on 
the differentiation of MSCs. Betaine (N, N, N-trimethylgly-
cine) is a kind of natural zwitterionic molecule and shows 
a wide distribution in many organisms. Betaine is a methyl 
donor and osmolyte that participates in the methionine cycle 
via betaine-homocysteine-methyltransferase (BHMT) [16]. 
Anthony J. Barak et al. [17] showed that betaine can remeth-
ylate homocysteine and remove S-adenosylhomocysteine 
(SAH), which may be used in the treatment of liver dis-
eases. Betaine treatment prevents the decrease of osteogenic 
differentiation caused by alcohol-induced osteonecrosis of 
the femoral head (ONFH) [18]. Tabatabai et al. claimed 
osteogenesis differentiation medium with betaine increases 
the expression of Runx2 and OCN genes, but treatment with 
betaine alone did not (Tabatabai et al. 2021). Betaine pro-
motes bone formation through signaling pathways such as 
cytosolic calcium influx, ERK activation and IGF-1 produc-
tion in human osteoblasts [19]. Betaine promotes osteogenic 
differentiation of immortalized human dental pulp-derived 
cells by mediating intracellular calcium levels [20]. Yaelle 
Joselit et al. [21] found that betaine reduced fetal body fat 
in C57BL/6J mice and prevented liver triglyceride overac-
cumulation at late gestation. It has been shown that betaine 
can prevent increased hepatic lipid accumulation, improves 
glucose tolerance and insulin sensitivity [22]. However, the 
mechanism of betaine on adipogenic and osteogenic differ-
entiation of AD-MSCs needs further study. Our study aims 
to study the effects of betaine on hAD-MSCs adipogenic 
and osteogenic differentiation and its potential molecular 
mechanism by applying transcriptome level analysis.

Materials and methods

Cell culture

Adipose-derived stem cells (hAD-MSCs) frozen at P5 were 
donated by The First Affiliated Hospital of the Chinese Peo-
ple’s Liberation Army General Hospital. Human umbilical 
cord derived mesenchymal stem cells (hUC-MSCs) were 
donated by Biotech & Biomedicine (Shenyang) Group. 
hAD-MSCs and hUC-MSCs were thawed at 37 °C in a 
water bath for 1–2 min and diluted with Dulbecco’s modi-
fied eagle medium (DMEM, Gbico, USA) supplemented 
with 10% fetal bovine serum (Excell, Australia) and 1% 
Penicillin (1000 Units/ml) /streptomycin (10,000 µg/ml) 
(Gibco, USA) dropwise to remove cryoprotectant agent. 
The samples were centrifuged at 1000 rpm for 5 min and 
the obtained pellet was suspended in Complete medium and 
cultured at 37 °C with 5% humidified CO2. hAD-MSCs of 
passage 5–11 (P5-P11) and the hUC-MSCs of passages 3–7 
(P3-P7) were used.

Morphological characteristics and cytotoxicity test

The cytotoxic effects of betaine on hAD-MSCs and hUC-
MSCs were determined using the Cell Counting Kit-8 
(Dojindo, Japan). Briefly, hAD-MSCs (5000 cells/well, 
P11, n = 3) and hUC-MSCs (5000 cells/well, P7, n = 3) were 
plated in 96-well plates overnight and then supplemented 
with different concentrations of betaine (10 mM, 40 mM, 80 
mM, 120 mM, Sigma-Aldrich, USA ) for 24 h, 48 h, 72 and 
96 h, respectively. Betaine is dissolved in PBS ( TBD Sci-
ence, China). Afterward, 10 µL of CCK-8 buffer was added 
to each well at 37 °C and incubated in dark for 3 h. The 
absorbance was measured at 450 nm wave length and the 
percentage cell number was calculated and normalized with 
the control.

Osteogenic differentiation

For the determination of osteoblast differentiation in vitro, 
hAD-MSCs at P12 were seeded in 12-well plates (1.0 × 105 
cells/well, n = 4), hUC-MSCs at P8 were plated at 12-well 
plates (1.0 × 105 cells/well, n = 3). At 80% confluence, the 
medium were replaced with an osteogenic medium (α-MEM 
,Gibco, USA) supplemented with 100 µg/ml L(+)-ascorbic 
acid (Sigma-Aldrich, USA), 5 mM β-Glycerophosphate 
disodium salt hydrate (Sigma-Aldrich, USA) and different 
concentrations of betaine (10 mM,80 mM).
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ALP and alizarin red staining

BCIP/NBT Alkaline Phosphatase Color Development Kit 
(Beyotime, China) was used for ALP staining after 7 days 
for the early stage of osteogenic differentiation. Briefly, 
cells were fixed with 4% paraformaldehyde (Bioss Antibod-
ies, China) for 20 min and washed by PBS for three times, 
followed by incubating with the ALP staining solution in a 
dark environment at room temperature for 15 min (hAD-
MSCs) or 24 h (hUC-MSCs). Alizarin Red S (Solarbio, 
China) staining was performed after 21 days in the late stage 
of osteogenic differentiation. In a word, the cells were fixed 
with 4% paraformaldehyde for 15 min, then stained with 
0.2% Alizarin Red S solution for 30 min. In the end, stained 
cells were washed and then observed. The staining area was 
quantified by ImageJ and normalized by control.

Adipogenic differentiation assays

hAD-MSCs (5 × 104 cells/well, n = 3) at P10 were seeded 
in 24-well plates. At 90% confluence, hAD-MSCs were 
cultivated in MesenCult™ Adipogenic Differentiation Kit 
(Human) (STEMCELL Technologies, Canada) with differ-
ent concentrations betaine for 12 days and then Oil red O 
(Sangon Biotech, China) was used. The Oil red O work-
ing solution was prepared by mixing 0.5% oil red O reserve 
solution with ddH2O in a ratio of 3:2. For staining, briefly, 
cells were fixed with 4% paraformaldehyde for 10 min and 
washed by ddH2O, then treated with 60% isopropyl alcohol 
for 2 min, stained with Oil red O for 10 min, the cells were 
washed carefully and observed. The staining area was quan-
tified by ImageJ and normalized by control.

RNA-sequencing

hUC-MSC at P5 and hAD-MSCs at P12 were seeded in 
60 mm plates and incubate cells in a 5% CO2 humidified 
incubator at 37 °C, the DMEM (Gbico, USA) supplemented 
with 10% fetal bovine serum (Excell, Australia), 1% Peni-
cillin (1000 Units/ml) /streptomycin (10,000 µg/ml) (Gibco, 
USA) and different concentrations of betaine (0 mM,10 
mM, 80 mM) were replaced when the cells approximately 
80% confluent. Three parallel wells were set in each group 
for sampling. Cell pellets were collected after 72 h, and the 
RNA was extracted, RNA integrity number (RIN) > 7.0 was 
subjected to RNA sequencing (GenePlus Co., Ltd., China). 
All purified libraries were sequenced on DNBSEQ-T7RS of 
GenePlus Co., Ltd., which is located in Shenzhen, China, to 
acquire 150 bp paired-end sequence reads.

RNA-seq data analysis

RNA-seq data analysis procedures include raw reads pro-
cessing, filtering, clean reads mapping and visualization. 
First, the quality of the raw data is checked with fastQC. Fastp 
filters out low-quality bases. Then cleaned sequence reads 
were mapping onto the human genome (GRCh38, Ensem-
bel) using STAR. Gene expression levels were quantified 
using the FeatureCounts command. Principal Component 
Analysis was complete via Origin 2021 default parameters. 
The edge R package was used, which modelled the genes via 
negative binomial generalized log-linear model to identify 
significantly differentially expression genes (DEGs). Genes 
were considered differentially expressed between samples if 
they had an adjusted p value < 0.05 and |FC| >1.5. GO and 
KEGG enrichment analyses were performed using Cluster-
Profiler packages.

Quantitative real-time PCR (RT-qPCR)

The remaining total RNA of RNA-seq is reverse transcripted 
into cDNA using HiScript III RT SuperMix for qPCR 
(Vazyme Biotech, China) following the manufacturer’s pro-
tocol. RT-qPCR was performed using TB Green™ Premix 
Ex Taq™ II (Tli RNaseH Plus) (TaKaRa, Japan) according 
to the manufacturer’s instructions. The CFX96 Real-Time 
PCR Detection System (Bio-RAD, USA) was used for the 
experiment data generation. The mRNA levels of the tar-
get genes were normalized to the expression of GAPDH. 
The relative gene expression was quantified by the 2−ΔΔCt 
method.

ELISA

ADSCs (5 × 104 cells/well, P10, n = 2) and hUC-MSCs 
(5 × 104 cells/well, P7, n = 2) were seeded in 24-well plates, 
then the experimental groups were treated with different 
concentrations betaine (10mM, 80mM)for 72 h and the cell 
supernatant were collected. The cell supernatant of hUC-
MSCs diluted 1:400 in diluent of samples and standards, 
cell supernatant of ADSCs diluted 1:50 in diluent of samples 
and standards. ELISA assay was carried out following the 
protocol of Human IL-6 ELISA kit (NEOBIOSCIENCE, 
China).

Statistical analysis

Statistical analysis was performed in Origin 2021, Graph-
Pad Prism 8. All data are represented as the mean ± SD. 
Statistically significant differences were determined using 
One-way ANOVA or Two-way ANOVA. Statistical signifi-
cance was considered when p < 0.05.
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96 h, and the high concentration (80 mM, 120 mM) betaine 
treatment showed an inhibitory effect on hAD-MSCs from 
48 to 96 h. Surprisingly, 120 mM betaine still did not reach 
the sublethal concentration of hAD-MSCs and hUC-MSCs, 
and maintained the spindle-shaped and fibroblast-like mor-
phology (Fig. 1a, b, Fig. S1a, b), indicating these cells were 
highly tolerant to betaine.

Betaine promoted osteogenesis differentiation in 
hAD- and hUC-MSCs

To determine the effect of betaine on osteogenic differentia-
tion of hAD-MSCs and hUC-MSCs, ALP and Alizarin red S 
(ARS) staining were evaluated. 10 mM betaine significantly 
increased the number of ALP-positive cells for 7 days dif-
ferentiation (Fig. 2a, d; Fig. S2a, c) and exhibited a signifi-
cant increase in plaque calcified extracellular matrices after 
21 days osteogenic induction compared to control (Fig. 2b, 
d; Fig. S2b, c), whereas 80 mM betaine had an inhibitory 
effect on osteogenesis, indicating that long-term treatment 
with high concentration of betaine inhibit the proliferation 
of hAD-MSCs and hUC-MSCs, which was consistent with 
CCK-8 assay (Fig. 1a, b, Fig. S1a, b). As shown in Fig. 2e, 
the expression levels of OPN, Runx-2, and OCN in 10 mM 
betaine-treated group were significantly up-regulated com-
pared with B_0 mM.

Betaine inhibited adipogenic differentiation of hAD-
MSCs

To evaluate the effect of betaine on the adipogenic poten-
tial of hAD-MSCs, oil red O staining was performed. The 

Results

High concentrations of betaine showed no toxicity 
to hAD-MSCs

To test the potential toxicity of betaine on hAD-MSCs and 
hUC-MSCs, cells were maintained in a growth medium 
supplemented with 10, 40, 80, 120 mM betaine. The cell 
viability were assessed by CCK-8 assay. As shown in Fig. 1, 
low concentration (10 mM, 40 mM) betaine administration 
showed an elevated proliferation levels of hAD-MSCs at 

Fig. 2 Effect of betaine on hAD-MSCs osteogenic and adipogenic 
differentiation
a ALP staining was performed after 7 days (scale bar = 500 μm) and 
b ARS staining was performed after 3 weeks (scale bar = 100 μm), c 
Oil red O staining was performed after 12 days (scale bar = 100 μm). 
d The staining area were quantified by ImageJ, n = 4. e The mRNA 
expression levels of adipogenic and osteogenic markers, n = 3. Data 
were presented as the mean ± SD, *p < 0.05, **p < 0.01.

 

Fig. 1 Proliferation of betaine-treated MSCs
a Morphological characteristics of hAD-MSCs treated with different 
concentrations of betaine (10, 40, 80, 120 mM) from 24 to 96 h, scale 

bar = 50 μm. b The cell proliferation (%) of betaine-treated hAD-
MSCs were assessed by CCK-8 kit, n = 3. OD values were detected at 
a wavelength of 450 nm. *p < 0.05, **p < 0.01, ***p < 0.001.
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Transcriptome analysis showed potential 
mechanisms of betaine on hAD-MSCs differentiation

To investigate the mechanism of betaine involved in the 
differentiation of hAD-MSCs and hUC-MSCs, RNA-seq 
was performed in none-differentiation medium with beta-
ine. Since the proliferation and differentiation experiments 
showed hAD-MSCs were more sensitive to betaine stimu-
lation and have a better differentiation ability than hUC-
MSCs (Figs. 1 and 2, Fig. S1-2), we focused on the effect of 
betaine on hAD-MSCs for further studies.

Principal component analysis (PCA) showed the sepa-
ration of the control group from the betaine treated group, 
the first three PCs (PC1, PC2 and PC3) explained 78.4% 
of the variation (Fig. 3a). There were 314 significantly dif-
ferentially expression genes (DEGs) shared in 10 mM and 
80 mM betaine-treated groups, 74 genes were up-regulated 
and 240 genes were down-regulated (Fig. 3f). PPARGC1A, 
IGF1, SCD were down-regulated by 2.13, 1.56, and 1.59 
folds in 10 mM betaine-treated group respectively (Fig. 3b, 
Table. S1), FASN, IGF1, PDE3B, SCD, SOCS3 were down-
regulated by 1.78, 2.89, 3.22, 2.93 and 1.5 folds in 80 mM 
betaine-treated group (Fig. 3c, Table. S1), these genes were 
proved up-regulated during the adipogenic differentiation 

reduction of lipid droplets number and size were accompa-
nied by a significant decreased in the expression of adipo-
genic master genes such as PPARγ, CEBPα, FASN, SCD1 
and FABP4, indicating adipogenic differentiation of hAD-
MSCs was significantly suppressed by betaine (Fig. 2c-e). 
Due to the weak adipogenic potential of hUC-MSCs, it is 
difficult to observe the inhibition of 80 mM betaine-treated 
(data not shown), which is consistent with the compromise 
adipogenic differentiation potential of the MSCs derived 
from umbilical cord [23]. Previous studies have revealed 
that osteogenic and adipogenic differentiation of MSCs 
may be mutually exclusive [24, 25], in consistent with the 
ALP, ARS and oil red O staining of 10 mM betaine treat-
ment, however, osteogenic and adipogenic of hAD-MSCs 
were down-regulated both in 80 mM betaine-treated group 
(Fig. 2a-d ) suggesting that betaine may be not only have 
an inhibiting effect but also be harmful for the cells upon 
high concentration. Therefore, 10 mM should be the optimal 
concentration of betaine for hAD-MSCs and hUC-MSCs.

Fig. 3 Effect of betaine on gene expression of hAD-MSCs
a PCA analysis of different concentrations betaine treatment groups. 
b, c Volcano plot of DEGs in B_10 mM vs. B_0 mM and B_80 mM 
vs. B_0 mM. Purple and cyan indicate |FC| > 1.5 and p.adj < 0.05. d 
qPCR analysis of genes expression levels in hAD-MSCs treated with 

different concentration betaine. e Determination of IL6 expression in 
hAD-MSCs with and without betaine-treated by ELISA. f Overlap 
between B_10 mM vs. B_0mM differentially expressed genes (adj. p 
value < 0.05 and log2 FC > 1.5) and B_80 mM vs. B_0mM differen-
tially expressed genes.
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showed PI3K-Akt and MAPK signaling pathway were the 
most significantly enrichment signaling pathway in 10 mM 
betaine treatment. Cytokine-cytokine receptor interaction, 
ECM-receptor interaction, TGF-beta signaling pathway and 
cholesterol metabolism were also enriched in administration 
groups (Fig. 4b, d). PI3K-Akt signaling pathway has been 
shown to play an important role in adipogenic and osteo-
genic differentiation previously [30–32]. Takashi Hoshiba et 
al. [24] demonstrated extracellular matrix (ECM) played an 
important role in controlling the balance between osteogenic 
and adipogenic differentiation of MSCs. In conclusion, 
these results indicated that betaine regulated adipogenic and 
osteogenic differentiation of hAD-MSCs through PI3K-Akt 
signaling pathway, cytokine-cytokine receptor interaction 
and ECM-receptor interaction in non-differentiated medium 
in vitro.

of MSCs in previous study [26]. 80 mM betaine treatment 
showed a 1.53 folds down-regulation of NOX4, Shigetada 
Furukawa et al. [27] demonstrated that NOX4 induces adi-
pogenesis in hAD-MSCs. We observed that BMP6 and 
BMPR1B were down-regulated in both betaine-treated 
groups, BMPR1B is a proved regulator of bone homeostasis 
[28]. Several important cytokines involved in ECM break-
down and inflammation such as MMP3, TGFB3 and CCL7 
were down-regulated (Table. S1) [29]. RT-qPCR and ELISA 
were applied to examine the expression levels of the 8 can-
didate genes of hAD-MSCs which were in accordance with 
RNA-seq (Fig. 3d, e).

To better understand the overall changes induced by 
betaine, Biological Process (BP) of Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis were applied. The most enriched BP 
terms is extracellular matrix organization shared in admin-
istration groups. Ossification, fat cell differentiation and 
bone mineralization were also enriched (Fig. 4a, c). KEGG 

Fig. 4 Enrichment analysis of DEGs in hAD-MSCs.
a, c Biological Process of GO terms using DEGs of B_10 mM vs. B_0 
mM, B_80 mM vs. B_0 mM. The size of the circles is proportional to 
the number of genes in that category, reflecting differential expression, 
while color indicates p.adj. b, d KEGG analysis associated with the 

DEGs. Vertical coordinate represents pathway name, and horizontal 
coordinate represents GeneRatio. The size and color of points respec-
tively represent the number of differentially expressed genes in the 
pathway and p.adj.
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In conclusion, data presented in this study demonstrated 
that betaine promoted osteogenic and compromised adip-
ogenic differentiation of hUC-derived and hAD-derived 
mesenchymal stem cells upon low concentration adminis-
tration. These effects were mediated by PI3K-Akt signal-
ing pathway, cytokine-cytokine receptor interaction and 
ECM-receptor interaction. Here, we showed hAD-MSCs 
were more sensitive to betaine stimulation and have a better 
differentiation ability than hUC-MSCs. To our knowledge, 
this study would be the first investigation that betaine had 
a positive inducing effect on the osteogenic differentiation 
of hAD-MSCs in the non-differentiation medium in vitro, 
which is opposite to the effect on adipogenic differentiation. 
Our study provided theoretical basis for the application of 
betaine in the treatment of osteoporosis and diseases caused 
by obesity.
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