Small Molecule Nitazoxanide Inhibits Osteogenic

Differentiation and Promotes Adipogenic Differentiation of

Bone Marrow Mesenchymal Stem Cells
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Objective: To investigate the potential effect of small molecule nitazoxanide (NTZ) on the
osteogenic and adipogenic differentiation of bone marrow mesenchymal stem cells (BMSCs).
Methods: Cell counting Kit-8 assay was used to examine the effect of NTZ on proliferation of
BMSCs. Quantitative reverse transcription polymerase chain reaction (QRT-PCR) and Western
blot analysis were used to measure the expression of osteogenic and adipogenic marker gene.
Alkaline phosphatase (ALP) staining and activity assay and Alizarin Red S (ARS) staining were
used to investigate the effect of NTZ on osteogenesis. Oil red O (ORO) staining assay was used
to assess the impact of NTZ on adipogenesis.

Results: NTZ significantly suppressed the osteogenic differentiation but promoted the adipo-
genic differentiation of BMSCs. Mechanistically, NTZ regulated osteogenic/adipogenic dif-
ferentiation of BMSCs by inhibiting the Wnt/[-catenin signalling pathway. The addition of
Wnt/B-catenin signalling pathway activator, lithium chloride, could reverse the effect of NTZ
on BMSCs.

Conclusion: NTZ affected osteogenic and adipogenic differentiation of BMSCs with the involve-
ment of Wnt/[-catenin signalling pathway. This finding expanded the understanding of NTZ
pharmacology and indicated that NTZ might have an adverse effect on bone homeostasis.
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In recent years, monoclonal antibodies, small mol-
ecule drugs and nanozymes have attracted widespread
attention from scientific researchers and clinicians due
to their broad application prospects in targeted ther-
apies'®. Small molecule nitazoxanide or 2-(acetyloxy)-
N-(5-nitro-2-thiazolyl) benzamide, usually shortened
to NTZ, was first successfully synthesized in the 1970s
and initially used as an antiparasitic drug for intes-
tinal protozoa and helminths®1L. Since the late 1990s,
NTZ has been found to have antiviral activity against
a brand range of both RNA and DNA viruses, includ-
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ing coronaviruses, hepatitis B virus (HBV), influenza
and other viruses!?!. Recently, NTZ was found to
exhibit efficient antiviral activity against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), a
pandemic RNA virus belonging to the genera of beta-
coronaviridae. Many studies have demonstrated that
NTZ, an FDA approved, safe and inexpensive old drug,
has great application potential for repurposing against
coronavirus disease 2019 (COVID-19)!>17. Many small
molecule drugs have been found to have an effect on
differentiation of bone marrow mesenchymal stem cells
(BMSCs)™8. Our research group previously found the
small molecule anti-inflammatory drug sulfasalazine
could promote osteogenic differentiation of BMSCs'®;
however, it is unclear whether NTZ affects osteogenic
and adipogenic differentiation of BMSCs.

BMSCs are multipotent cells that have the poten-
tial to differentiate into various kinds of cell types,
for example osteoblasts, adipocytes, chondrocytes and
myoblasts?0-2%, Normally, there is a reciprocal balance
between adipogenesis and osteogenesis, which is some-
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times disrupted in various human disorders including
osteoporosis and obesity?*?8, Numerous studies have
shown that complex signalling pathways, including the
Wnt/B-catenin and Hedgehog signalling pathways, were
involved in regulating the osteogenic and adipogenic
differentiation of BMSCs?>-33. The Wnt/B-catenin signal-
ling pathway has been found to promote osteogenic dif-
ferentiation of BMSCs and plays a crucial role in bone
homeostasis. It is activated when the Wnt ligands bind to
the cell surface receptors and induces the accumulation
of B-catenin in the cytoplasm and its final translocation
into the nucleus. Consequently, 3-catenin interacts with
T-cell factor/lymphoid enhancing factor (TCF/LEF) to
upregulate the expression of various target genes3*3°,

In the present study, we investigated the effects of
NTZ on the osteogenic/adipogenic differentiation of
BMSCs in vitro and suggested the potential effect of
NTZ on bone health.

Materials and methods

Cell culture and reagent treatment

BMSCs were obtained from ScienCell Research Labora-
tories (Carlsbad, CA, USA). The proliferation medium
(PM) consisted of Dulbecco’s Modified Eagle Medium
(DMEM), supplemented with 10% foetal bovine serum
and 1% penicillin/streptomycin (all from Gibco, Grand
Island, NY, USA), in a humidified incubator with an at-
mosphere containing 5% CO» at 37°C. The osteogenic
medium (OM) was composed of PM supplemented with
100nM dexamethasone, 0.2 mM ascorbicacid and 10 mM
B-glycerophosphate (all from Sigma, St Louis, MO, USA).
Similarly, adipogenic medium (AM) was composed of
standard PM supplemented with 50 nm insulin,100 nM
dexamethasone, 0.5mM 3-isobutyl-1-methylxanthine
and 200 mM indomethacin (all from Sigma). Lithium
chloride (LiCl) (5 mmol/L) was used to activate Wnt/j3-
catenin signalling3®. The medium was refreshed every 2
days. All cell-based experiments were performed more
than three times.

Cell counting kit-8 (CCK8) assay

Once 80% confluence had been achieved, BMSCs were
seeded in 96-well plates, then the plates were incubated
in an incubator with standard culture conditions (37°C,
5% CO2 and 95% humidity) for 24 hours. Afterwards,
they were treated with NTZ (0, 1, 10, 20 or 50 pM) in the
presence of PM for 48 hours. The medium was replaced
with fresh DMEM supplemented with 10% CCK8 solu-
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tion (Bioscience, Shanghai, China), then the absorbance
values at a wavelength of 450 nm were detected with the
microplate reader (Bio-Rad, Hercules, CA, USA). 10 uM
of NTZ was used in the following experiment.

RNA extraction and quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) analysis

Total RNA was isolated from cells using TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA), and complementary
DNA (cDNA) was synthesised using PrimeScript RT
(Reagent Kit Takara, Tokyo, Japan). qRT-PCR was carried
out in a 7500 Real-Time PCR assay system (Applied Bio-
systems, Foster City, CA, USA) with SYBR Green Master
Mix (Roche Applied Science, Mannheim, Germany). The
thermal cycling conditions were 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C
for 1 minute. Glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) was used as the internal control for the
relative mRNA expression levels of target genes. The
data was analysed using the 222Ct method. The primer
sequences used were as follows: GAPDH, (F) GGTCAC-
CAGGGCTGCTTTTA, (R) GGATCTCGCTCCTGGAAGATG;
ALP, (F) ATGGGATGGGTGTCTCCACA, (R) CCACGAA-
GGGGAACTTGTC; RUNX2, (F) CCGCCTCAGTGATT-
TAGGGC, (R) GGGTCTGTAATCTGACTCTGTCC; PPARYy,
(F) GAGGAGCCTAAGGTAAGGAG, (R) GTCATTTCGT-
TAAAGGCTGA.

Alkaline phosphatase (ALP) staining and activity

After a 7-day culture in PM or OM, the medium was
removed. Cells were washed with 1x PBS and fixed with
4% paraformaldehyde for 10 minutes at room tempera-
ture, followed by incubation with a 5-bromo-4-chloro-
3-indolylphosphate/nitro-blue-tetrazolium (BCIP/NBT)
staining kit (CWBIO, Beijing, China) solution accord-
ing to the instructions. The stained cells were observed
under an inverted fluorescence microscope (Olympus,
Tokyo, Japan).

ALP activity assay was conducted using the ALP
Activity Kit (Biovision, Milpitas, CA, USA). The total pro-
tein of cells was determined with the BCA method using
a Pierce protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Finally, the absorbance values at
520 nm were determined using a spectrophotometry
reader and normalised to the total protein content.

ARS staining and quantification

After a 14-day culture in PM or OM, cells were washed
with 1x PBS, fixed with 4% paraformaldehyde for 10
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minutes and rinsed with distilled water. After that, cells
were stained with 1% ARS solution (Sigma) for 20 min-
utes at room temperature and images were acquired
using a scanner. For ARS quantification, the cells were
destained with cetyl-pyridinium chloride (Sigma), then
absorbance was measured with a spectrophotometer at
570 nm.

ORO staining and quantification

After a 14-day culture in PM or AM, cells were washed
three times with 1x PBS, fixed for 10 minutes in 4% para-
formaldehyde and rinsed with 60% isopropyl alcohol.
ORO (Sigma) staining solution was then added to each
well for 10 minutes at room temperature. The lipid drop-
lets of cells were observed and imaged under a micro-
scope. For quantitative assessment, they were eluted
with 100% isopropyl alcohol and measured with a spec-
trophotometer at 520 nm.

Western blot analysis

Cells were harvested, lysed and extracted in the ice-cold
radio immunoprecipitation assay (RIPA) lysis buffer
(HuaxingBio Science, Beijing, China) with 1:100 volume
of PMSF (Sigma). The Pierce BCA protein assay kit was
then used to measure the concentrations of the protein
samples. Next, equal amounts of total protein from
each sample were separated on a 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDD-PAGE)
and transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, Billerica, MA, USA), then the
membranes were blocked with fat-free milk in TBST for
60 minutes at room temperature and incubated over-
night at 4°C with primary antibodies against -catenin
(1:2000) (Cell Signaling Technology, Beverly, MA, USA),
and GAPDH (1:5000) (HuaxingBio Science). After wash-
ing three times with TBST, the membranes were incu-
bated with secondary antibodies (HuaxingBio Science)
for 60 minutes at room temperature. The immunoreac-
tive bands were detected using the ECL Western Blot
Kit (CoWin Biotech, Beijing, China) and the intensity
was quantified with Image] analysis software (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis

All statistical analyses were performed using SPSS ver-
sion 23.0 (SPSS, Chicago, IL, USA). Comparisons between
two groups were analysed with independent two-tailed
Student t tests, and comparisons among three or more
groups were analysed using a one-way analysis of vari-
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Fig1 The effect of NTZ on the proliferation of BMSCs. The
cell proliferation curve was observed by CCK8 assay. BMSCs
were treated with various concentrations (0, 1, 10, 20 and 50
pM) of NTZ for 48 hours. The results were presented as mean
+SD (*P < 0.05, **P < 0.01 compared with 0 pM).

ance. Data were expressed as mean + standard deviation
(SD). P < 0.05 was considered statistically significant.
All experiments were conducted independently at least
three times.

Results

The effect of NTZ on cell proliferation of BMSCs

First, we investigated whether NTZ could affect the
proliferation of BMSCs using CCK8 assay. BMSCs were
treated with different concentrations of NTZ (0, 1, 10,
20 and 50 uM) for 48 hours. As shown in Fig 1, NTZ at
20 and 50 uM could cause a significant reduction in the
proliferation of BMSCs.

NTZ inhibited osteogenic differentiation of BMSCs

To elucidate whether NTZ has an impact on osteogenic
differentiation of BMSCs, we added NTZ into the PM and
OM. qRT-PCR showed that the mRNA expression levels
of osteogenic marker genes RUNX family transcription
factor 2 (RUNX2) and alkaline phosphatase (ALP) were
markedly decreased after NTZ treatment (Figs 2a and
b). In line with this, ALP and ARS staining demonstrated
that NTZ reduced the mineral deposition significantly
and inhibited the ALP activity of BMSCs (Figs 2c to f). All
these data implied that NTZ suppressed the osteogenic
differentiation of BMSCs.

NTZ promoted adipogenic differentiation of BMSCs

In general, osteogenic and adipogenic differentiation
are two reverse directions of differentiation in BMSCs.
Next, we assessed the role of NTZ in adipogenic differen-
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Fig2 NTZ suppressed osteogenic differentiation of BMSCs.
Cells were treated with proliferation medium (PM) or osteogen-
ic medium (OM) and NTZ (10 pM) or DMSO (control) was added
to the medium. (a and b) Relative mRNA expression levels of
osteogenic markers (RUNX2 and ALP) were detected by qRT-
PCR at day 5. (c and d) Representative images of ALP staining
and quantification at day 7. (e and f) Representative images
of ARS staining and quantification at day 14. The results were
presented as mean + SD (**P < 0.01 compared with control).

tiation of BMSCs. As expected, qRT-PCR results showed
that the mRNA level of adipogenic marker gene per-
oxisome proliferator activated receptor y (PPARy) was
markedly upregulated in the presence of NTZ (Fig 3a). In
line with this result, ORO staining showed the lipid drop-
lets were increased in the NTZ treated group (Figs 3b
and c). Taken together, the results of qRT-PCR and ORO
staining all suggested that NTZ has a positive effect on
the adipogenic differentiation of BMSCs.

NTZ regulated differentiation of BMSCs via the Wnt/
B-catenin pathway

Previous studies revealed that NTZ inhibited the Wnt/(-
catenin signalling pathway in colorectal cancer cells.
Thus, we hypothesised that NTZ regulated differentia-
tion of BMSCs with the involvement of the Wnt/B-catenin
signalling pathway. To confirm the mechanism, we first
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Fig3 NTZ promoted adipogenic differentiation of BMSCs.
Cells were treated with PM or adipogenic medium (AM) and
NTZ (10 uM) or DMSO (control) was added to the medium.
(a) Relative mMRNA expression level of PPARy was detected
by gRT-PCR at day 5. (b and c) Representative images and
quantification analysis of ORO staining at day 14. The results
were presented as mean + SD (*P < 0.05, **P < 0.01 compared
with control).

performed western blot analysis to detect the level of
B-catenin after NTZ treatment. As shown in Figs 4a and
b, the protein level of B-catenin was evidently down-
regulated in the NTZ group compared with the control
group. Since LiCl is a well-established inhibitor of gly-
cogen synthase kinase-3 and widely used as an agonist
to activate Wnt/B-catenin signalling, we treated the NTZ
group with LiCl to recover the level of B-catenin. gRT-PCR
analyses showed that the effect of NTZ on the expression
of RUNX2, ALP and PPARy was significantly restored by
LiCl treatment (Figs 4c to e). Collectively, these results
revealed that NTZ suppressed the osteogenic differentia-
tion of BMSCs and promoted the adipogenic differentia-
tion via the Wnt/B-catenin signalling pathway.

Discussion

Small molecule NTZ, a thiazolide antiparasitic agent,
has been widely commercialised for treating parasitic
infection. In recent years, researchers have identified
the antiviral activity and antitumoural effect of NTZ.
To date, NTZ has been reported to have some common
adverse effects, such as diarrhoea, abdominal pain,
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Fig4 NTZregulated differentiation of BMSCs by targeting the
Wnt/B-catenin pathway. (a) Immunoblot images showing the
protein expression of B-catenin after NTZ (10 uM) treatment
or lithium chloride (LiCl) (5 mmol/L) treatment for 48 hours.
DMSO was used as control group. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control.
(b) Quantification of (a). (c-e) Relative mRNA expression levels
of RUNX2, ALP and PPARy were examined by qRT-PCR at day 5.
The results were presented as mean + SD (*/#P < 0.05, **/##P
< 0.01, *compared with control, # compared with NTZ group).

headache and nausea3’*?; however, its effect on BMSCs
has not yet been reported.

Small molecule drugs refer to those drugs with a
molecular weight < 1000 Da. Recently, several small
molecule drugs have been demonstrated to regulate
osteogenic differentiation of BMSCs. For example,
many studies have proved that the widely used choles-
terol-lowering drug simvastatin promotes bone repair
by upregulating BMP2 expression and activating osteo-
genesis-related pathways*3. The conventional anticon-
vulsant drug valproic acid has recently been found to
promote osteogenic differentiation of mesenchymal
stem cells by inhibiting histone deacetylase**. The most
commonly used antidiabetic drug metformin has also
been discovered to promote osteogenic differentiation
of rat bone marrow mesenchymal stem cells*. We
wondered whether NTZ had an impact on osteogenic
differentiation of BMSCs and performed a series of
experiments. The results showed that NTZ negatively
regulated osteogenic differentiation and upregulated
adipogenic differentiation of BMSCs.

In this study, we found that NTZ regulated osteogenic
and adipogenic differentiation through the Wnt/f-
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Fig5 Schematic diagram of the effect of NTZ on osteogenic
and adipogenic differentiation of BMSCs

catenin signalling pathway; however, NTZ has been
demonstrated to be able to regulate multiple signalling
pathways. For example, Lii et al*® found that NTZ inhib-
ited the STAT3 pathway, Ye et al*’ found NTZ suppressed
the AKT/mTOR pathway in osteosarcoma cells and Khan
and Lee*® revealed that NTZ might exert anti-hepatocel-
lular carcinoma effects by affecting multiple signalling
pathways, such as the MAPK signalling pathway. Thus,
NTZ might regulate osteogenic and adipogenic differ-
entiation via other signalling pathways. Besides, the
effect of NTZ in vivo remains unclear. Further studies
including animal experiments are required to clarify
the effect and detailed mechanism of NTZ.

Conclusion

In summary (as shown in Fig 5), we investigated the
function of small molecular NTZ in BMSCs and found
that NTZ inhibited the osteogenic differentiation and
promoted the adipogenic differentiation of BMSCs by
inhibiting the Wnt/B-catenin pathway, suggesting that
NTZ could pose a potential risk for bone health.
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