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Purpose: Bone remodeling is affected by mechanical stimulation. Osteocytes are the
primary mechanical load-sensing cells in the bone, and can regulate osteoblast and
osteoclast activity, thus playing a key role in bone remodeling. Further, bone mass
during exercise is also regulated by Leukemia inhibitory factor (LIF). This study aimed
to investigate the role of LIF in the mechanical response of the bone, in vivo and in vitro,
and to elucidate the mechanism by which osteocytes secrete LIF to regulate osteoblasts
and osteoclasts.

Methods: A tail-suspension (TS) mouse model was used in this study to mimic
muscular disuse. ELISA and immunohistochemistry were performed to detect bone
and serum LIF levels. Micro-computed tomography (CT) of the mouse femurs was
performed to measure three-dimensional bone structure parameters. Fluid shear stress
(FSS) and microgravity simulation experiments were performed to study mechanical
stress-induced LIF secretion and its resultant effects. Bone marrow macrophages
(BMMs) and bone mesenchymal stem cells (BMSCs) were cultured to induce in vitro
osteoclastogenesis and osteogenesis, respectively.

Results: Micro-CT results showed that TS mice exhibited deteriorated bone
microstructure and lower serum LIF expression. LIF secretion by osteocytes was
promoted by FSS and was repressed in a microgravity environment. Further
experiments showed that LIF could elevate the tartrate-resistant acid phosphatase
activity in BMM-derived osteoclasts through the STAT3 signaling pathway. LIF also
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enhanced alkaline phosphatase staining and osteogenesis-related gene expression
during the osteogenic differentiation of BMSCs.

Conclusion: Mechanical loading affected LIF expression levels in osteocytes, thereby
altering the balance between osteoclastogenesis and osteogenesis.

Keywords: bone remodeling, osteocytes, leukemia inhibitory factor, osteoblasts, osteoclasts

INTRODUCTION

Mechanical loading plays an essential role in the maintenance
of bone quality and quantity, and osteocytes are critical for
sensing mechanical stimulation (Dallas et al., 2013; Bellido,
2014; Choy et al., 2020). In vivo studies have shown that
osteocytes always exist in a complex mechanical environment,
which includes shear stress, tensile strain, and pressure (Iolascon
et al., 2013). When stimulated by mechanical strain (Wang
et al., 2019), osteocytes can regulate osteoblast proliferation and
differentiation by releasing signaling molecules, such as nitric
oxide, prostaglandin E2, and adenosine triphosphate (Bakker
et al., 2001; Genetos et al., 2005). Studies have shown that
bed-ridden patients and astronauts develop osteoporosis due to
reduced mechanical bone stimulation, but the mechanism of
this phenomenon remains unclear (Norvell et al., 2004; Sibonga,
2013; Yang et al., 2018).

Leukemia inhibitory factor (LIF) belongs to the interleukin
(IL)-6 family of cytokines; it has been detected in hypertrophic
chondrocytes and vascular sprouts (Grimaud et al., 2002),
hematopoietic and (Hilton et al., 1991), osteoblasts
(Allan et al., 1990), skeletal (Broholm et al., 2011), and
osteocytes (Marusić et al., 1993). Previous studies have
shown that muscle loading impact bone development,
and LIF influences this process (Broholm et al., 2008).
Furthermore, IL-6 expression in osteocytes dramatically
increases rats are subjected to mechanical loading-induced
stress fractures (Wu et al., 2014), and IL-6 messenger
RNA (mRNA) levels are elevated under fluid shear stress
(FSS) (Bakker et al., 2014). Hence, we hypothesized that
mechanical loading-induced LIF in osteocytes might regulate
bone remodeling.

Leukemia inhibitory factor has diverse biological functions;
for instance, it can promote proliferation of multiple types
of hematopoietic cells, trigger platelet formation, facilitate
neuronal survival and formation, and accelerate lipid transport
in adipocytes (Metcalf, 2003; Brandt et al., 2015). However,
LIF may exhibit contradictory effects in some cells (Nicola
and Babon, 2015). Previous reports have shown that LIF has
controversial effects on bone mass; some reports suggested that
LIF causes a decrease in bone mass, whereas some claimed
that LIF causes an increase in bone production (Cornish
et al., 1993; Falconi and Aubin, 2007; Nicolaidou et al.,
2012; Matsushita et al., 2014). Further, it was also reported
that LIF promotes osteoclast differentiation (Richards et al.,
2000); however, some studies demonstrated that Fra-2 regulates
osteoclast size through LIF/LIF-receptor (LIFR) signaling and
hypoxia. In addition, LIF- (Bozec et al., 2008) or LIFR- (Ware

et al., 1995) knockout mice exhibit increase in osteoclast
numbers and size. In the tail-suspension (TS) model, the hind
limbs are free from the weight-bearing load, thus mimicking
muscular disuse osteoporosis in vivo; thereby providing a suitable
approach for elucidating the relationship between mechanical
loading and bone metabolism (Morey-Holton and Globus,
1998). Hence, in this study, we aimed to investigate whether
osteocytes can regulate bone remodeling by secreting LIF under
mechanical stress.

MATERIALS AND METHODS

TS Mouse Model
Two-month-old male C57BL/6J mice were purchased from
Shanghai SLAC laboratory animal company (Shanghai, China),
and the study was approved by the animal ethics committee
of Shanghai ninth people’s hospital, China. All applicable
institutional and national guidelines for the care and use of
animals were followed. Mice were provided with commercial
food and water under specific aseptic (specific pathogen free
[SPF]) conditions. Twenty mice were randomly divided into
two groups – the TS and control (Ctrl) groups, with ten
mice per group. Both groups were maintained in the same
environmental conditions. For this study, we applied the
TS protocol described by Morey-Holton, with modifications
(Morey-Holton and Globus, 1998). Briefly, the tail of each mouse
was suspended by applying adhesive tape on its lateral surfaces.
Three surgical tapes were then applied circularly at the base,
middle, and end of the region to secure the adhesion between
the tapes and the tail. The adhesive tape loop at the tip of
the tail was passed through a metallic hollow column, which
was then connected to a 360◦ free rotating hook via a metallic
wire. The hook was placed on an overhead bar in the middle
part of the top of the cage. Thus, these mice were maintained
at an approximately 35◦ head-down tilt, with their hind limbs
unloaded. The forelimbs could be used for locomotion. The
overall suspension period was 28 days.

Immunohistochemical
Samples were decalcified in 10% ethylenediaminetetraacetic
acid (EDTA) for 3 weeks and embedded in paraffin. For
microstructure observation, 4-µm-thick sagittal sections of
the medial compartment of the knee joint were cut, and
immunohistochemical staining with anti-tartrate-resistant
acid phosphatase (TRAP) antibody (ab185716, Abcam,
United Kingdom) and anti-LIF antibody (AB-449-NA, R&D
Systems, United States) was performed.
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Micro-Computed Tomography (CT)
Scanning
At the end of the suspension period, the femurs of the mice
were fixed with 4% paraformaldehyde and then maintained in
75% ethanol. Specimens were scanned by micro-CT (µCT 80;
Scanco Medical, Zurich, Switzerland), as described previously
(Zhou et al., 2019). The micro-CT parameters were as follows:
voltage, 70 kV; electric current, 114 µA; and resolution, 10 µm
per pixel. The three-dimensional structural parameters, including
bone volume fraction (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp),
and trabecular bone surface (BS/BV), were analyzed in the
same region.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Leukemia inhibitory factor levels in the Ctrl and TS groups
were detected using the ELISA kit (MLF00, R&D Systems,
United States), according to the manufacturer’s instructions.
A microplate reader (Bioteck, Arcugnano [Vicenza], Italy) was
used to determine the density OD) of each well. We selected 450
and 540 for wavelength correction.

Osteocyte Culture and Mechanical
Loading
To study osteocytes in vitro, we used the osteocyte-like
MLO-Y4 cells, which were kindly provided by Dr. Lynda
Bonewald (University of Missouri-Kansas City, Kansas City,
MO, United States). MLO-Y4 cells were cultured on rat
tail collagen type I-coated dishes (Solarbio, Beijing, China)
with α-minimum essential medium (α-MEM; Gibco, Grand
Island, NY, United States), which contained 5% fetal bovine
serum (FBS; Gibco), 5% fetal calf serum (FCS, Gibco), and
1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO,
United States). The osteocytes were then used for investigating
FSS and microgravity loading.

MLO-Y4 cells (2 × 105 cells/slide) were seeded on glass
slides (75 mm × 38 mm × 1 mm), which were coated
with rat tail collagen type 1 (BD Biosciences, Bedford, MA,
United States). They were then cultured (37◦C, 5% CO2)
for 48 h to ensure 80–90% confluence at the time of the
flow experiment. FSS was generated using a Streamer R© Shear
Stress Device (flexercell STR-4000, Flexcell, NC, United States).
Some MLO-Y4 cells were exposed to FSS (4 dyne/cm2, 5 Hz)
for 2 h and then harvested immediately. MLO-Y4 cells in
the control group were seeded on the same slides, but were
not exposed to FSS.

Microgravity simulation experiments were performed with a
random positioning machine (RPM) (made by the Center for
Space Science and Applied Research, the Chinese Academy of
Sciences, Beijing, China). The RPM was placed in an air incubator
at 37◦C in 5% CO2, and rotation mode of the RPM was set
to the random mode at a speed range of 0–10 rpm. MLO-
Y4 cells (2 × 104 cells/cm2) were seeded in a gas-permeable
cell culture disk (Opticell, Nunc) and grown in α-MEM, which
contained 5% FBS and 5% FCS, at 37◦C in humidified air

with 5% CO2 for 2 day. Cells were then collected and divided
into two groups, the control and RPM groups. After fixing
the Opticell disks into the inner frame of RPM and ensuring
that there were no air bubbles in the medium, the RPM was
rotated randomly at a range of 0–10 rpm for 24 h to simulate
microgravity. Cells of the control group were cultured under
normal conditions (1G).

In vitro Osteoclastogenesis
Bone marrow macrophages (BMMs) were obtained from the
long bones of 4-week-old C57BL/6J mice. Mice were sacrificed,
and their femurs and tibias were separated under sterile
conditions. Bone marrow was flushed from the mouse femurs
and tibias, re−suspended in complete α-MEM, which contained
macrophage-colony stimulating factor (M-CSF, 30 ng/mL), and
cultured in a 10-cm dish at 37◦C in 5% CO2. The medium was
changed every alternate day to remove the non-adherent cells.
At 80% confluence, cells were washed thrice with phosphate-
buffered saline (PBS), and then BMMs were collected using
trypsin for subsequent experiments. Bone mesenchymal stem
cells (BMSCs) were obtained in the same way, but were
cultured without M-CSF. For BMM differentiation, BMMs
(105 cells/well) were seeded in a 24-well plate and then
treated with receptor activator of nuclear factor kappa-B ligand
(RANKL, 50 ng/mL) and M-CSF (30 ng/mL) after 12 h, as
described in a previous study (Song et al., 2019). We then
added LIF (10 ng/mL) to some of the wells and changed the
media every alternate day for 7 days until osteoclasts were
formed. After fixing the cells with 4% paraformaldehyde for
30 min, anti-TRAP antibody immunohistochemical staining
was performed to detect TRAP activity. The Image-Pro Plus
software (Media Cybernetics Bethesda, MD, United States)
was used to calculate the number of TRAP-positive cells in
each well.

In vitro Osteogenesis
After reaching 80–90% density in a 24-well plate, BMSCs were
cultured with osteogenesis assay kit (MUBMX-90021, Cyagen,
CA, United States) at 37◦C in humidified air with 5% CO2
for 21 days to induce osteoblasts. Alkaline (ALP) or Alizarin
red staining was performed after 14 and 21 days of culture.
ALP presence in the cell layers was assessed as follows: the
cultured cells were washed thrice with PBS, fixed with 4%
paraformaldehyde for 10 min at room temperature (25◦C),
and then stained using the BCIP/NBT Alkaline Phosphatase
Color Development Kit (Beyotime Institute of Biotechnology,
Shanghai, China), according to the manufacturer’s instructions.
For Alizarin red staining, the cultured cells were fixed
with 4% paraformaldehyde for 30 min, and then Alizarin
red dye (contained in the MUBMX-90021 kit) was added
to the 24-well plate for 3–5 min at room temperature
(25◦C). The plate was then washed five times with PBS.
Semi-quantitative analysis was performed by adding 10%
cetylpyridinium chloride (500 µL) (H811089, Macklin, CA,
United States) to each well, and absorbance of the supernatant
at 562 nm was detected after incubation for 30 min at
room temperature.
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Quantitative Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Thermo
Scientific, United States) and converted to complementary DNA
(cDNA) using the Quantscript RT Kit (Promega, Madison, WI,
United States). Next, PCR reactions of the cDNA and SYBR
Premix Ex Taq Mix (10 µL) (Selleck, TX, United States) were
performed. Real-Time PCR System (Light Cycler 2.0; Roche
Diagnostics GmbH, Mannheim, Germany) was employed to
determine mRNA levels. The data were analyzed by the 2−11Ct

method, where Ct is threshold cycle. The primer sequences are
presented in Table 1.

Western Blot (WB) Analysis
To separate differently sized proteins in the samples, sodium
dodecylsulfate-polyacrylamide gel (10% concentration)
electrophoresis was performed. The proteins were then
transferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, United States). The PVDF membranes
were blocked using 5% non-fat milk for 30 min and then
incubated with primary antibodies against STAT3 (1:1,000; Cell
Signaling Technology, MA, United States), p-STAT3 (1:1,000;
Cell Signaling Technology), ERK (1:1,000; Cell Signaling
Technology), p-ERK (1:2,000; Cell Signaling Technology), and
β-actin (1:1,000; Cell Signaling Technology) at 4◦C overnight.
The membranes were washed four times with tris-buffered
saline with Tween 20, and then incubated with horseradish
peroxidase-conjugated secondary antibodies (1:10,000; Laizee
Biotech, Shanghai, China) at room temperature for 1 h.
Chemiluminescence detection was performed using an enhanced
chemiluminescence Kit (Beyotime Institute of Biotechnology)
and an Omega LumTM C Imaging System (Gel Company,
San Francisco, CA, United States) (Han et al., 2018). The relative
intensity of the bands is quantified by ImageJ.

Cell Viability Assay
MLO-Y4 cells (10000/cm2) were seeded in 96-well plates,
and some of them were treated with LIF (10 ng/mL). The
cells were then incubated for 24 h. CCK-8 (C6005, NCM
Biotech, United States) was added to the wells to obtain a final
concentration of 10%, and incubated at 37◦C for 2 h. The
microplate reader (Bioteck, Arcugnano [Vicenza], Italy) was used
to detect absorbance at 450 nm (Liu et al., 2017).

Microarray Analysis
Three independent biological replicates of the FSS and Ctrl
groups were used to perform microarray analysis. Briefly, after
FSS treatment, MLO-Y4 cells were dissolved in TRIzol and
sent for microarray analysis to Oebiotech (Shanghai, China1).
Construction of an Illumina library and sequencing on an
Illumina His Eq. 2000 platform were conducted by Oebiotech.

Statistical Analysis
Statistical analyses of data were performed using
GraphPad Prism 5.0 (GraphPad Software Inc., CA,

1https://www.oebiotech.com/

United States). Each experiment was repeated at least
thrice. All quantitative values were presented as the
mean ± standard deviation (SD), and the differences were
evaluated by one−way analysis of variance (ANOVA)
or Student’s t-test, followed by Bonferroni correction
for multiple comparisons. P < 0.05 was considered
statistically significant.

RESULTS

At the end of the suspension period, femurs of the TS mice
showed low bone mass. Bone volume/total volume(BV/TV),
trabecular number(Tb.N), trabecular thickness(Tb.Th),
trabecular separation(Tb.Sp), and bone surface/bone
volume(BS/BV) (Figure 1A) were decreased and osteoclast
number(OC.N/BS) (Figures 1C,E) was increased in the TS
group, compared to the values in the control group. Micro-
CT 3D reconstruction pictures are shown in Figure 1B.
Additionally, TS mice showed lower LIF expression
levels in both bone tissues and serum, as detected by
immunohistochemistry (Figure 1D) and ELISA (Figure 1G),
respectively. Quantitative analysis of immunohistochemistry is
shown in Figure 1F.

RNA sequencing was conducted for the FSS-treated and
control MLO-Y4 cells. After performing Gene Ontology
(GO) (Figure 2A) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway (Figure 2B) enrichment analyses,
we found that differential genes were enriched in the cytokine-
related pathways. According to the RNA sequencing results,
the expression levels of various cytokines, including LIF,
CXCL1, and CXCL2, were altered (Figure 2C). Thus, we
validated a series of cytokine expression levels by qRT-PCR
(Figure 2D) and confirmed that LIF expression increased on
FSS treatment. This finding was consistent with the RNA
sequencing results. Simultaneously, pro-apoptotic genes, such
as BAX and BAD, were downregulated after FSS treatment,
indicating that FSS exposure possibly prevented MLO-Y4 cell
apoptosis. Meanwhile, MLO-Y4 cells were cultivated in a
microgravity environment after RPM treatment for 24 h, and the
LIF gene expression levels were observed to decrease dramatically
with the increase in gene expression levels of apoptosis-related
genes (Figure 2E).

Bone marrow macrophages were treated with LIF at
different concentrations, and then CCK-8 (Figure 3A)
and EdU (Figures 3B,C) assays were performed. Results
of both assays showed that LIF had no significant
influence on BMM cell viability. Verify the effects of
LIF on osteoclastogenesis, different concentrations of LIF
were added to the BMMs during their differentiation
process. As shown in Figure 3D, when LIF concentration
was >2 ng/mL, especially at concentration 10 ng/mL,
expression of osteoclast-related genes was enhanced.
Thus, 10 ng/mL was chosen as the final experimental
concentration. Then, BMMs were treated with M−CSF
(30 ng/mL), RANKL (50 ng/mL), and LIF (10 ng/mL),
with or without LIF-neutralizing (20 ng/mL), until
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TABLE 1 | Primer sequences for the quantitative reverse-transcription polymerase chain reaction.

Target genes Forward (5′-3′) Reverse (5′-3′)

β-Actin AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA

Gapdh ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC

Lif ATTGTGCCCTTACTGCTGCTG GCCAGTTGATTCTTGATCTGGT

Bad AAGTCCGATCCCGGAATCC GCTCACTCGGCTCAAACTCT

Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG

Ocn CTGACCTCACAGATCCCAAGC TGGTCTGATAGCTCGTCACAAG

Alp GCCTGGATCTCATCAGTATTTGG GTTCAGTGCGGTTCCAGACAT

Runx2 CCGGGAATGATGAGAACTA ACCGTCCACTGTCACTTT

Osteorix CTCTCTGCTTGAGGAAGAAG GTCCATTGGTGCTTGAGAAG

Opg ACCCAGAAACTGGTCATCAGC CTGCAATACACACACTCATCACT

Traf6 AAACCACGAAGAGGTCATGG GCGGGTAGAGACTTCACAGC

Ctsk GGACCCATCTCTGTGTCCAT CCGAGCCAAGAGAGCATATC

Dcst AAAACCCTTGGGCTGTTCTT AATCATGGACGACTCCTTGG

c-Fos CCAGTCAAGAGCATCAGCAA AAGTAGTGCAGCCCGGAGTA

FIGURE 1 | Micro-CT analysis of Tail-suspension mice (A) Quantitative analysis of BV/TV, Tb.N, Tb.Th, BS/BV and Tb.Sp. (B) Micro-CT 3D reconstruction pictures.
(C) Osteoclasts in the sub-growth-plate bone of tibia were stained using tartrate-resistant acid phosphatase. (D) The expression of LIF in tibias was detected by
immunohistochemical staining. (E) Osteoclast numbers in Figure 1C were counted. (F) LIF positive cells in Figure 1D were counted. (F) Expression level of LIF in
the serum was detected by ELISA. Black arrow: LIF positive osteocyte. All data are shown as means ± standard deviations (n = 10), *p < 0.05, **p < 0.01,
***p < 0.005 and ****p < 0.001.
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FIGURE 2 | LIF expression in the FSS or microgravity-treated MLO-Y4 cells (A) GO and (B) KEGG pathway enrichment analyses were performed. (C) Heatmap of
the expression levels of various cytokines based on the RNA sequencing results is shown. (D) LIF expression was increased under FSS, as determined by RT-PCR.
(E) LIF expression was reduced in the microgravity environment, as determined by RT-PCR. All data are shown as means ± standard deviations (n = 3), *p < 0.05,
**p < 0.01, ***p < 0.005 and ****p < 0.001.

mature osteoclasts were formed. Numerous TRAP-positive
multinucleated osteoclasts, formed in the three groups
of treated BMMs, are shown in Figure 3F. The results
(Figure 3G) showed more osteoclasts in the LIF-treated
group than those in the control group, and this could
be reversed by using LIF-neutralizing. Osteoclast-related
gene expression levels (Figure 3E) also indicated that
LIF promoted osteoclast formation, but LIF-neutralizing
moderated this facilitation function of LIF. After starvation
for 3 h, protein samples of the LIF-treated BMMs were
extracted at different times. Figure 3H shows that after
treatment for 5 min, LIF promoted STAT3 phosphorylation,
but had no effects on ERK. These results showed that
LIF promoted BMM differentiation via the STAT3
signaling pathway.

To detect the best concentration of LIF for osteogenesis
using the osteogenesis assay kit, LIF was added at different
concentrations to the BMSCs. Osteogenesis-related genes were
tested on day 14. Consistent with osteoclastogenesis, osteogenesis

was greatly promoted by LIF (10 ng/mL) (Figure 4A).
As shown in Figure 4B, LIF promoted osteogenesis-related
genes, including RUNX2, OCN, and ALP. After 14- and 21-
day differentiation culture, BMSCs were stained with ALP
(Figure 4C) or Alizarin red (Figure 4D). Images showed that
the LIF-treated group presented more ALP- and Alizarin-
positive nodules, and this finding was consistent with the
results of semi-quantitative analysis of Alizarin red staining
(Figure 4E). Western blot analysis showed that LIF activated
the STAT3 signaling pathway in the BMSCs (Figure 4F),
indicating that LIF exerted influence BMSCs through the STAT3
signaling pathway.

DISCUSSION

In this study, the TS model was adopted to mimic
muscular disuse in vivo and investigate the relationship
between mechanical stimulation and bone quality.
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FIGURE 3 | LIF promotes BMM differentiation into osteoclasts (A) LIF, at different concentrations, did not affect BMM proliferation, as shown by the OD value
calculated during CCK-8 analysis. (B) BMM cells were treated with LIF (10 ng/mL) for 24 h, and then EdU assay was performed. (C) EdU-positive cells were
counted. (D) BMM cells were treated with LIF at different concentrations, and then osteoclast-related genes were detected. (E) RT-PCR results showed that LIF
promoted osteoclast-related gene expression. (F) Representative images of TRAP staining of osteoclasts are shown. (G) The number of osteoclasts in each well
(96-well plate) and all the cells with ≥3 nuclei were counted. (H) After treatment with LIF at different times, STAT3 and p-STAT3 protein levels in BMMs were
determined by western blot analysis. All data are shown as the mean ± SD (n = 3); *p < 0.05, **p < 0.01, ***p < 0.005 and ****p < 0.001.
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FIGURE 4 | LIF promotes the osteogenesis of BMSC (A) after treated with different concentration of LIF, osteogenesis-related genes were detected by RT-PCR. (B)
After 14 days of culture, osteogenesis-related gene expression levels were tested using RT-PCR. (C) Representative ALP staining image of BMSC after being
cultured 7 days in the osteogenic medium. (D) Alizarin red staining was performed after 21 days. (E) Semiquantitative analysis of Alizarin red staining. (F) Western
blot results of BMSCs after being treated with LIF at different times. All data are shown as means ± standard deviations (n = 3), *p < 0.05, **p < 0.01, ***p < 0.005
and ****p < 0.001.

At the end of the tail suspension period, BV/TV,
Tb.N, and Tb.Th of the TS mice were decreased
significantly. Consistent with our findings, it was
reported that hind limb unloading promotes osteocyte
apoptosis and decreases bone mass (Swift et al., 2010;
Cabahug-Zuckerman et al., 2016).

Both FSS exposure and a microgravity environment can
affect LIF expression levels. Previous reports showed the
effects of LIF on muscle load and exercise, further influencing
bone mineral mass (Rauch and Schoenau, 2001; Brotto
and Bonewald, 2015; Jia et al., 2018). Liang et al. (2011)
found that continuous orthodontic forces promoted LIF/LIFR
expression in the periodontal tissue. These findings showed
that LIF plays a role in the mechanical response of the
bone. Besides, evidence on the promotion of the anabolic

response of bones by low-magnitude mechanical stimulation
has also been reported (Ozcivici et al., 2010). Additionally,
studies have shown that LIF can promote multinucleated
giant cell number and nucleation (Gouin et al., 1999). In
our study, LIF (10 ng/mL) was co-cultured with BMMs to
investigate whether LIF affected osteoclast formation, indicating
greater differentiation ability of LIF. However, when anti-
LIF antibody was added to the osteoclastogenesis medium,
LIF auxo-action was moderated, demonstrating that LIF could
promote BMM differentiation. Several signaling pathways have
been shown to be related to osteoclast differentiation and
function. Many reports show that STAT3 drives NFATc1
transcription and osteoclast differentiation (Yang et al., 2019),
indicating that LIF affects osteoclastogenesis by promoting
STAT3 phosphorylation.
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Metcalf and Gearing (1989) reported that LIF overexpression
in vivo increases trabecular bone mass. In our study, during
BMSC differentiation, ALP staining and RT-PCR results in the
first 14 days demonstrated that LIF promoted osteogenesis,
and this finding is consistent with previously reported data
(Poulton et al., 2012). STAT3 phosphorylation level in BMSCs
was determined after LIF (10 ng/mL) treatment, and it was
found that LIF influenced BMSCs via the same signaling pathway
(STAT3 signaling pathway).

Nevertheless, there are some limitations of our study. We
observed that FSS promoted LIF expression, but the mechanism
of this phenomenon remains unknown. In this study, a TS
model corresponding to the microgravity experiment in vitro is
designed, but osteocytes in TS mice are not in a microgravity
environment. Besides, we tested LIF function only in BMSCs,
whether LIF affected other cell lines, such as 3T3-E1, remains
unknown. Last, we tested only the phosphorylation levels
of STAT3, and not the downstream pathway, which could
partly explain why exercise promoted bone mass increase. The
promoting effects of LIF on the two cell lines used in this study
showed that it possibly affected bone reconstruction and the
decrease in its expression levels resulted in the reduction of bone
renewal ability. This, in turn, resulted in poor replacement of the
old bone by the new one.

In conclusion, our study demonstrated that mechanical stress
could stimulate LIF expression in osteocytes. Besides, LIF
simultaneously promoted osteoclastogenesis and osteogenesis.
Mechanistically, LIF could increase the phosphorylation levels of
STAT3, which is related to osteoclast and osteoblast formation.
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