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Abstract
Hormonal homeostasis is essential in bone remodeling. Recent studies have shown that the treatment of
intestinal in�ammation can result in the regulation of bone resorption in distant bones. Increased
intestinal permeability may lead to systemic in�ammation and bone loss, also known as gut-bone axis.
However, the underlying mechanism remains to be elucidated. Lipopolysaccharide (LPS) is a component
of gram-negative bacteria that can increase osteoclastic differentiation in vitro. Acyloxyacyl hydrolase
(AOAH) is a speci�c degrading enzyme of LPS, but little is known about the role of AOAH in bone
metabolism. In this study, Adult Aoah−/− mice showed a chronic in�ammatory state and osteopenic
phenotype analyzed by micro-CT and HE staining. Tartrate-resistant acid phosphatase (TRAP) staining of
femurs showed an increase in TRAP-positive cells from Aoah−/− mice. AOAH depletion enhanced the
osteoclast differentiation and bone resorption capacity of BMMs. The enhanced osteoclast
differentiation and bone resorption capacity of Aoah−/− BMMs were reversed by rAOAH. In conclusion, the
chronic in�ammatory state of adult Aoah−/− mice promotes bone resorption. AOAH participates in bone
metabolism, which is mainly mediated by inhibiting osteoclast differentiation. LPS may be a key
mediator of the gut-bone axis, and targeting AOAH may represent a feasible strategy for the treatment of
chronic in�ammatory bone resorption.

Key Message
1. AOAH knockout mice exhibited chronic in�ammation mediated by LPS, and LPS may also serve as

an important mediator in the regulation of bone metabolism in the gut-bone axis.

2. AOAH regulated bone resorption by blocking the osteoclast differentiation via classical ERK and JNK
pathways.

3. rAOAH could rescue the enhanced osteoclast differentiation caused by AOAH de�ciency.

1. Introduction
The homeostasis of hormone secretion is essential for bone remodeling to maintain a balance between
bone resorption and formation. For instance, the rapid reduction of estrogen secretion in postmenopausal
women accelerates osteoclast formation and increases bone resorption, ultimately leading to osteopenia
or even osteoporosis [1]. Studies have also demonstrated that chronic progressive in�ammation that
accompanies natural aging or certain in�ammatory diseases such as rheumatoid arthritis and ankylosing
spondylitis has been shown to exacerbate the process of bone loss. Furthermore, germ-free (GF) mice
were reared in sterile conditions, the in�ammatory response of the intestine and bone marrow of these
mice has been shown to be diminished when compared to conventionally reared mice [2]. Interestingly,
GF mice exhibited increased bone mass and reduced bone resorption [3]. In addition, GF can prevent an
increase of osteoclast-secreted cytokines, bone resorption, and bone trabecular loss in sex hormone-
de�cient mice [2]. These data indicate that chronic systemic in�ammation is essential for bone
remodeling by regulating bone resorption. However, the underlying mechanism remains to be elucidated.



Page 3/19

Studies have demonstrated that systemic in�ammation factors may induce osteoclastogenesis and bone
resorption. Bone loss is related to the up-regulation of circulating in�ammatory factors, such as tumor
necrosis factor-α (TNF-α), interleukin-1 (IL-1) and interleukin-6 (IL-6) [4]. The increase in serum C-reactive
protein (CRP) in premenopausal, early perimenopausal and postmenopausal women indicates a faster
decline in bone mineral density (BMD) in the next 2 years [5]. Mouse sex steroid de�ciency also increased
intestinal permeability and up-regulated the expression of osteoclast factor TNF-α, receptor activator of
NF-κB ligand (RANKL) and interleukin IL-17 (IL-17), not only in the small intestine, but also in the bone
marrow [2]. Mucosal barrier dysfunction leads to increased intestinal permeability, which is called leaky
gut syndrome (LGS), possibly transferring symbiotic microorganisms into the body to disrupt immune
homeostasis and induce systemic in�ammation [6]. However, the key mediators that trigger systemic
in�ammation and subsequent bone resorption are still uncertain.

Lipopolysaccharide (LPS) is the core component of the outer membrane of gram-negative bacteria. It has
been con�rmed that after RANKL pretreatment, LPS can accelerate osteoclast differentiation in vitro [7, 8],
and the concentration of LPS in plasma and feces in aged mice were higher than those in young mice [9].
In patients with aseptic loosening of orthopedic implants and in�ammatory arthritis but no signs of
clinical infection, LPS was detected in the tissue surrounding the prosthesis [10]. Based on the integrity of
the secondary acyl bond on lipid A, LPS stimulates the Toll-like receptor 4 (TLR4) on the cell membrane
surface of hematopoietic cells, including monocytes, dendritic cells, and macrophages. This signal
transduction triggers the release of pro-in�ammatory cytokines through the activation of macrophages,
lymphocytes, and endothelial cells [11–13].

Acyloxyacyl hydrolase (AOAH) is a host enzyme that removes secondary fatty acyl chains from the lipid
A of LPS, inactivating LPS and reducing in�ammation [14–19]. After exposure to LPS, increased
expression of AOAH was observed in mouse alveolar macrophages, and the AOAH knockout (Aoah−/−)
mice recovered more slowly than wide-type (WT) mice that had acute lung injury caused by intranasal
perfusion of LPS [17]. In transgenic mice that overexpressed AOAH in dendritic cells and macrophages,
LPS deacylation was faster and LPS-induced hepatosplenomegaly and weight loss were attenuated [20].
However, little is known about the role of AOAH in in�ammatory bone resorption.

Here, we report that Aoah−/− mice exhibit increased levels of LPS and other pro-in�ammatory cytokines,
elevated bone resorption and osteopenic phenotype. Moreover, AOAH interferes with osteoclast
differentiation in bone marrow-derived macrophages (BMMs) by regulating the MAPK signaling pathway.

2. Materials And Methods
2.1 Media and reagents

Recombinant mouse AOAH (rAOAH) was purchased from Cloud-Clone Corp® (Suzhou, China. Lot:
P20210203211) and dissolved in phosphate-buffered saline (PBS). α-Minimum essential medium
(αMEM), penicillin/streptomycin, and fetal bovine serum (FBS) were obtained from Gibco BRL (Grand
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Island, NY). Mouse Recombinant mouse macrophage-colony stimulating factor (M-CSF) and receptor
activator for nuclear factor-κB ligand (RANKL) were purchased from PeproTech (London, UK). Cell
Counting Kit-8 (CCK-8), alkaline phosphatase (ALP), alizarin red, and lipopolysaccharide (LPS) were
supplied by Beyotime Biotechnology (Shanghai, China). Speci�c antibodies against p65, p-p65, p-ERK,
ERK, JNK, p-JNK, IκBα, AKT, p-AKT, p38, p-p38, NFATC1, c-Fos, and β-actin were obtained from Cell
Signaling Technology (Cambridge, MA) and Absin Bioscience (Shanghai, China). TRAP staining kit was
obtained from Sigma-Aldrich (St. Louis, MO). The auric acid and Paclitexal were supplied by Bozhi
Biotechnology (Suzhou, China). ELISA kits were purchased from Sinobestbio (Shanghai, China).

2.2 Animals and tissues

All animal experiments followed the guidance of the Institutional Animal Ethics Committee of Taizhou
Hospital. The C57BL/6− Aoahtm1cyagen mice were obtained from Cyagen Research Laboratories (Suzhou.
China. Lot: KOAIP180601JN1). We generated Aoah−/− offspring and their WT littermates by crossing two
heterozygous C57BL/6-Aoahtm1cyagen mice. In the experiment of mouse model of LPS-Induced bone
loss, 10 WT male mice (8-week-old) and 10 Aoah−/− male mice (8-week-old) were sacri�ced. All mice were
housed in SPF animal room with a controlled environment of 22–24°C, 50–60% humidity, 12h light/dark
cycles, and free access to sterile rodent chow (Jiangsu Syung Pharmaceutical Bio-engineering
Corporation) and sterile water.

WT mice and Aoah−/− mice were randomly divided into 3 groups (5 mice in each group): 4, 8 and 12-
week-old mice. After the mice were euthanized, blood was collected through retro-orbital blood collection
and centrifuged to obtain serum. The bone marrow from the mouse femur and tibia was �ushed with 0.5
ml phosphate buffed saline (PBS) using an 18-gauge needle, via a hole formed at the joint end of each
bone, and bone marrow was ground for further analysis. The feces were collected when the �rst
excrement was defecated from mice with a hand-caught. The feces were weighed out 1g of the feces,
then put into grinding machine with the 500µl PBS. A 1 cm long intestine was removed from the
abdominal cavity of the mouse. The intestine is �rst washed with sterile saline. Then the intestine was
soaked in 75% alcohol for 3 minutes, was weighed out 1 g, add 500 µl PBS, and was crushed in a
grinding machine. The biological samples were sent for ELISA measurement. Femurs and tibias of mice
were also collected and ground for mRNA and protein extraction.

2.3 LPS-induced calvaria bone loss mouse model

8-week-old WT male mice and Aoah−/− male mice were randomly divided into 2 groups (5 in each group):
sham operation (only PBS injection) and LPS injection (5 mg/kg body weight) group. Under mild general
anesthesia, mice received subcutaneous injection over the sagittal midline suture of the calvaria. The
PBS and LPS were injected every other day for 14 days. At the end of the experimental period, all mice
were sacri�ced and their calvaria were excised, �xed in 4% paraformaldehyde, and subjected to micro-CT
scanning. All mice showed normal behaviors during the experiment and no adverse effects or death were
observed.
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2.4 Cell viability determination

The CCK-8 assay kit (Beyotime Biotechnology, Shanghai, China) was used to test cell
viability/proliferation. In brief, BMMs or BMSC were culture in complete α-MEM medium containing
macrophage colony stimulating factor (M-CSF) (30 ng/ml) for 48, 72, 96, or 120 h. CCK-8 reagent (10 µL)
was added to the petri dish. After 3 h of incubation, the optical density of the petri dish was measured at
450 nm with a Multiskan FC microplate photometer (Thermo Fisher Scienti�c, Waltham, MA).

2.5 Osteoclastogenesis test

BMMs were �ushed from the femur and tibia of Aoah−/− and WT mice (8 weeks old) and cultured in
complete α-MEM medium containing 10% fetal bovine serum (FBS) and M-CSF (30 ng/ml) 4 d or until
90% con�uence. The adherent cells were considered to be bone marrow monocytes/macrophages
(BMMs). The BMMs were then incubated with complete α-MEM medium containing M-CSF (30 ng/ml)
and RANKL (50 ng/ml) for another 5 d. The medium containing RANKL and M-CSF was changed every 2
d. Next, the BMMs were stained by TRAP activity kit (Sigma-Aldrich, St. Louis, MO) and observed using an
inverted optical microscope. ImageJ software (NIH, Bethesda, MD) was used to quantify the number and
area (percentage of holes) of TRAP-positive osteoclasts (≥ 3 nuclei).

2.6 Osteoblast differentiation assay

Bone marrow cells were washed from the femur and tibia of Aoah−/− and WT mice (8 weeks old) and
cultured in complete α-MEM medium containing 10% FBS for 6 d or until 90% con�uence. For the
osteoblast differentiation assay, BMSCs were seeded on a 12-well plate at a density of 5×104 cells/well
and placed in osteogenic medium (DMEM supplemented with 10 mM β-glycerophosphate, 50 µM
ascorbic acid, and 100 nM dexamethasone). The medium was changed every other day for 7 d and
alkaline phosphatase (ALP) activity was stained, or for 21 d and mineralized bone nodules was stained
with Alizarin Red staining solution.

2.7 Micro-CT scan

All bone samples were scanned by Scanco Medical micro-CT 100 high-resolution scanner (Brüttisellen,
Switzerland). The scanning and image acquisition parameters were as follows: 70kV voltage, 200µA
current and 20 µm isometric resolution. The images were reconstructed by software and the images in
three dimensions were processed for morphometric analysis. After the three-dimensional (3D) image was
reconstructed, a square region of interest (ROI) is then selected around the middle suture of the skull.
Bone volume/tissue volume (BV/TV) and the total porosity ratio of each sample were tested using
scanco µ100 evaluation (Switzerland).

2.8 Western blot

Cells were lysed with RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China) containing the
protease inhibitor phenylmethanesulfonyl �uoride (PMSF). Cell lysates were collected and centrifuged.
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The BCA assay (Beyotime Biotechnology, Shanghai, China) was used to quantify the protein
concentration of the supernatant containing the post-nuclear extract. The protein sample was mixed with
SDS-PAGE loading buffer, boiled at 100°C for denaturation, and loaded in a 10% SDS-PAGE gel for
electrophoresis. The separated proteins were transferred to a nitrocellulose membrane, and the
membrane was blocked with QuickBlock blocking solution (Beyotime Biotechnology, Shanghai, China) for
10 min, and then incubated with the speci�c primary antibody (diluted 1:1000, v/v) at 4°C overnight. The
membrane was then treated with an appropriate HRP-conjugated secondary antibody (1:10,000 dilution,
v/v; Beyotime Biotechnology, Shanghai, China) for 1 h. The protein-antibody complexes were detected
after exposure to Luminata enhanced chemiluminescence reagent (Millipore Sigma, Billerica, MA) and
imaged on the ImageQuant LAS-500 imaging system (GE Life Sciences, Chicago, IL). ImageJ software
was used to measure the density of protein bands.

2.9 RNA isolation and qPCR

RNAiso Plus Total RNA Extraction Reagent (Takara Bio, Otsu, Japan) was used to extract total RNA from
cultured cells or bone tissue ground by small steel balls from each well according to the manufacturer's
protocol. Primer Script RT cDNA Synthesis kit (Takara Bio) was used and 1µg of the extracted RNA
template was used to synthesize �rst-strand cDNA. Then, SYBR Green-based real-time PCR master mix
(Takara Bio) was used and the following cycle parameters for qPCR were set: 40 cycles at 94°C for 20
sec; 60°C for 20 sec; and 72°C for 30 sec. The results were normalized to β-actin, an internal
housekeeping gene. The primer set used includes: Actb (forward: 5 -AGC CAT GTA CGT AGC CAT CC-3 ,
reverse: 5 -CTC TCA GCA GTG GTG GTG AA-3 ); Acp5 (forward: 5 -TCC TGG CTC AAA AAG CAG TT-3 ,
reverse: 5 -ACA TAG CCC ACA CCG TTC TC-3 ); Ctsk (forward: 5 -CTT CCA ATA CGT GCA GCA GA-3 ,
reverse: 5 -TCT TCA GGG CTT TCT CGT TC-3 ); Fos (forward: 5 -CCA GTC AAG AGC ATC AGC AA-3 ,
reverse: 5 -AAG TAG TGC AGC CCG GAG TA-3 ); Nfatc1 (forward: 5 -CAG CTG C CG TCG CAC TCT GGT C-
3 , reverse: 5 -CCC GGC TGC CTT CCG TCT CAT A-3 ); Dcstamp (forward: 5 -CTT GCA ACC TAA GGG
CAA AG-3 , reverse: 5 -TCA ACA GCT CTG TCG TGA CC-3 ); and Atp6v0d2 (forward: 5 -AAG CCT TTG
TTT GAC GCT GT-3 , reverse: 5 -TTC GAT GCC TCT GTG AGA TG-3 ).

2.10 Calcein-alizarin red staining

On day 0 and day 4, mice were injected intraperitoneally with 20 mg/kg calcein (1 mg/ml in 2% NaHCO3

solution) and 40 mg/kg alizarin red (2 mg/ml, in PBS). On the 7th day, the mice were sacri�ced and the
bones were �xed, dehydrated and embedded with Embed-812 (Electron Microscopy Sciences). A hard
tissue cutter was used to slice the sample into 5 µm. Serial sections were stained with silver nitrate to
measure bone morphology. Then, a confocal microscope was used to take the image.

2.11 Enzyme-linked immunosorbent assay (ELISA)

The concentrations of in�ammatory cytokines IL-17, RANKL, IFN-γ, TNF-α, and LPS in the supernatant
were determined using commercial mouse ELISA kits (Sinobestbio, Shanghai, China) according to the
manufacturer's protocol. A standard curve with the concentration of the standard substance as the x-axis
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and the OD value on the y-axis was made. The concentration of target protein was calculated by
multiplying the concentration calculated from the standard curve with dilution ratio.

2.12 Bone resorption measurement

In order to determine the bone resorption capacity, BMMs from 8-week-old Aoah−/− and WT mice were
seeded into 100 µm bovine bone slices at a density of 1 × 104 cells/well (Beijing Rongzhi Haida
Biotechnology Co., Ltd., China) in α-MEM supplemented with 100 ng/ml RANKL. In order to reveal the
reverse effect of rAOAH, 8-week-old Aoah−/− mouse BMMs were seeded into bovine bone slices inα-MEM
containing 100 ng/ml RANKL and 0, 50 or 100 ng/ml rAOAH. The medium was changed every 2 d and
cultured for 14 d. The cultured cells were removed by mechanical agitation and sonication, and bone
resorption pits were examined under a scanning electron microscope (Field Environmental Instruments
Inc, Hillsboro, OR). The area of the reabsorption pits was measured by Image-Pro Plus software.

2.13 Statistical analysis

The results were expressed as the mean ± standard deviation (SD), and a value of p < 0.05 was measured
statistically signi�cant. The statistical signi�cance of the differences between experimental groups was
measured using a two-tailed Student’s t-test or one-way analysis of variance (ANOVA) following the Tukey
post hoc test. Statistical analyses were performed using the SPSS software package (Version 22.0 for
Windows; SPSS Inc., USA). All experiments were repeated at least three times using independent samples.

3. Results
3.1 AOAH knockout increases LPS production and induces chronic in�ammation in mice

We performed ELISA to compare the levels of pro-in�ammatory cytokines in the serum, intestine, bone
marrow, and feces between male Aoah−/− and WT mice (4, 8 and 12 weeks). Data demonstrated that the
levels of LPS in the serum of 8-week-old and 12-week-old Aoah−/− mice were increased when compared to
WT mice (P < 0.05 or P < 0.01) (Fig. 1A). Increased levels of LPS from bone marrow and feces were also
detected in Aoah−/− mice (P < 0.05 or P < 0.01) (Fig. 1B,C). The intestinal LPS of 8-week-old and 12-week-
old Aoah−/− mice signi�cantly increased (P < 0.05 or P < 0.01), while 4-week-old Aoah−/− mice did not (P > 
0.05) (Fig. 1D). Interestingly, it was found that LPS levels in some mice increased with age (stool, 8-week-
old and 4-week-old Aoah−/− mice; intestine, 8-week-old and 4-week-old WT mice) (Fig. 1B and 1D).

We found that the expression of IL-17 in the bone marrow of 12-week-old Aoah−/− mice was signi�cantly
increased (P < 0.01) but its expression in 4-week-old and 8-week-old Aoah−/− mice was not altered (P > 
0.05) (Fig. 1E). In addition, the levels of TNF-α, IFN-γ, and RANKL in the bone marrow of Aoah−/− mice (4,
8, and 12 weeks) were markedly increased (P < 0.05 or P < 0.01) (Fig. 1F-H). These indicate that AOAH
de�ciency in mice can increase LPS production and induce chronic in�ammation.

3.2 Aoah  −/−  mice exhibit an osteopenic phenotype and enhanced bone resorption in vivo



Page 8/19

Since Aoah−/− mice displayed chronic in�ammation in the body and excreta, we further analyzed the
skeletal phenotype of male Aoah−/− mice. There was no signi�cant difference in body length and weight
between male and female Aoah−/− and WT mice (Fig. 2A,B), and no signi�cant difference was observed
between 4-week-old, 8-week-old and 12-week-old Aoah−/− and WT mice too.

Through the micro-CT scan of the femur, bone tissue ratio (BV/TV), number of bone trabeculae (Tb.N),
thickness of trabecular bone (Tb.Th) and the widened trabecular interval (Tb.Sp) in 12-week-old Aoah−/

−male mice were markedly decreased when compared with WT mice (P < 0.05 or P < 0.01) (Fig. 2C,D).
Consistently, the osteopenic phenotype was con�rmed by HE staining of the femurs of 12-week-old
Aoah−/− and WT mice, showing that bone resorption occurred in Aoah−/− mice (Fig. 2E,G). These indicate
that the Aoah−/− mice demonstrate osteopenic phenotype.

Next, we examined the enhanced bone resorption in Aoah−/− mice. By TRAP staining of the femur, 12-
week-old Aoah−/− mice showed an increased number of TRAP positive osteoclasts compared with WT
mice (Fig. 2F,G). In addition, analysis of mRNAs extracted from hind limb bone tissues of Aoah−/− and WT
mice by qPCR showed that the expression of NFATc1, Dc-stamp and Acp5 was up-regulated in Aoah−/−

mice (Fig. 3A-I) (**P < 0.01). We also extracted and analyzed the total proteins of tibia and �bula of WT
and Aoah−/− mice by Western blot, found that the expression of c-Fos and NFATc1 was signi�cantly up-
regulated in Aoah−/− mice (Fig. 3J).

3.3 AOAH regulates osteoclast differentiation and bone resorption

We further investigated the role of AOAH in regulating bone resorption in vitro. BMMs from 8-week-old
Aoah−/− and WT mice were stimulated with RANKL (50 ng/ml) for 5 days. Compared with BMMs of WT
mice, BMMs of Aoah−/− mice showed enhanced osteoclast differentiation (Fig. 4A,B) but no difference in
proliferation (Fig. 4C). Besides, when TLR4 agonist (lauric acid) and TLR4 antagonist (Paclitexal) were
added into the osteoclast culture medium, lauric acid promoted osteoclast differentiation (Fig. 4D,E) and
the expression of Aoah and c-Fos mRNAs (Fig. 5A,B), but Paclitexal attenuated osteoclast differentiation
(Fig. 4E,G) and the expression of Aoah and c-Fos mRNAs (Fig. 5C,D). Interestingly, BMMs from Aoah−/−

mice showed higher bone resorption capacity on bovine bone slices than BMMs from WT mice (Fig.
5E,F).

3.4 AOAH depletion slightly weakens osteoblast differentiation and mineralization deposits

CCK8 assay showed that the proliferation ability of bone mesenchymal stem cells (BMSCs) from 8-week-
old Aoah−/− and WT mice was very similar (Fig. 6A). After 7 and 21 days of osteogenic differentiation, the
staining of alkaline phosphatase and alizarin red in BMSCs of Aoah−/− mice was slightly reduced than
that of WT mice (Fig. 6B,C). In addition, mouse femur sections were labeled with calcein/alizarin red and
quantitatively imaged under a confocal microscope. Compared with WT mice, the mineralization
deposition rate (MAR) of Aoah−/− mice was markedly reduced, indicating that the bone formation of
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Aoah−/− mice was also weakened (Fig. 6D,E). The mRNA analysis for hind limb bone tissues of Aoah−/−

and WT mice by qPCR revealed that the expression of the osteogenic biomarker gene Col1a1 and Opn of
Aoah−/− mice was slightly reduced (Fig. 6F) (*P < 0.05).

3.5 AOAH regulates ERK and JNK signaling pathways during osteoclast differentiation

MAPK and NF-κB are two classic pathways of osteoclast formation induced by RANKL [21]. We analyzed
the effect of AOAH on the early stimulation of the MAPK signaling pathway induced by RANKL. After 20
minutes of stimulation with RANKL, Western blot analysis of total cell extracts from BMMs was
performed using speci�c antibodies against components of the MAPK (ERK, p38, and JNK), NF-κB (p65
and IκBα) and AKT signaling pathways. Western blot showed enhanced phosphorylation of JNK and ERK
in Aoah−/− BMMs but not p38 (Fig. 7A-C). However, when examining the effects of AOAH on NF-κB and
PI3K/AKT pathways, we found that phosphorylation of p65 and AKT in Aoah−/− BMMs was not altered
(Fig. 7A). Therefore, the results indicate that MAPK signaling pathway but not NF-κB or PI3K/AKT
pathways is activated when AOAH is deleted.

To examine the effect of recombinant AOAH (rAOAH) on the expression of c-Fos and NFATc1, BMMs were
stimulated with RANKL with or without rAOAH for 1 day and 5 days. As shown in Fig. 5D, the induction of
c‐Fos and NFATc1 in response to RANKL was signi�cantly inhibited during the 5-d period after rAOAH
treatment. These data indicate that rAOAH inhibits RANKL-induced phosphorylation of ERK and JNK,
thereby attenuating the downstream induction of c-Fos and NFATc1 in response to RANKL. Next, we
pretreated the BMMs with 0, 50, 100, 200 ng/ml rAOAH for 1 hour, and then pretreated with RANKL for 20
minutes. Treatment with rAOAH markedly inhibited the phosphorylation of ERK and JNK, but not the
phosphorylation of p38 (Fig. 7E). The MAPK signaling pathway is involved in the downstream induction
of c‐Fos, which subsequently results in the activation of NFATc1 (the main transcription factor for
osteoclast formation).

3.6 The administration of rAOAH reverses osteoclast differentiation and bone resorption of Aoah  −/− 

BMMs

We further investigated the effect of rAOAH on osteoclast differentiation of Aoah−/− BMMs. The BMMs
were divided into three groups as described in the methods. When incubated with 0, 50, and 100 ng/ml
rAOAH for 5 days, the osteoclast differentiation induced by RANKL (50 ng/ml) was signi�cantly inhibited
by 50 and 100 ng/ml rAOAH (Fig. 8A,B). Aoah−/− BMMs were also cultured on bovine bone slices and
treated with RANKL and rAOAH (0, 50 and 100 ng/ml) for 14 days. The electron microscope scanning
showed that bone absorption capacity decreased signi�cantly after the treatment of 50 and 100 ng/ml
rAOAH (Fig. 8C,D). In summary, rAOAH at the concentration of 50 and 100 ng/ml reversed the enhanced
osteoclast differentiation and bone resorption of Aoah−/− BMMs in vitro.

4. Discussion
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Our study showed that the deletion of AOAH may lead to the enhancement of the chronic in�ammatory
state of mature mice, which can not only be demonstrated by the increased levels of LPS in the serum,
bone marrow, intestines and feces, but also by the higher expression of the pro-in�ammatory cytokine
TNF, IFN-γ, RANKL and IL-17 in bone marrow. Previous studies have shown that the level of LPS was
related to in�ammation and the aging process [9, 22]. A study reported that a high-fat diet could cause
obesity in mice and signi�cantly increase serum LPS. When obesity-related in�ammation was controlled
by restoring the structure of the intestinal microbiota, LPS level was compromised [22]. Moreover, the
fecal and plasma LPS level detected in old mice were higher than those in young mice [9]. AOAH can
inactivate LPS by selectively removing secondary fatty acyl chains from the lipid A portion of LPS [14–
19], reducing tissue damage and death caused by infection, and preventing irritating LPS from entering
the bloodstream [17, 20, 23]. In humans, the immunogenicity of LPS is variable when babies are exposed
to different structures of the microbiome, which is related to autoimmune diseases in western countries
[24]. In addition, LPS from gut microbiomes may stimulate or inhibit TLR4, NF-kB and endotoxin tolerance
[24]. In our study, Aoah−/− mice might produce additional LPS from the gut microbiome, which entered
into the blood and bone marrow, then caused chronic in�ammation of the bone.

Next, we analyzed the expression of pro-in�ammatory cytokines in the bone marrow, and our results
showed that the levels of TNF-α, IFN-γ, RANKL, and IL-17 were signi�cantly increased in Aoah−/− adult
male mice. Bone loss is related to the up-regulation of circulating in�ammatory factors, such as TNF-α, IL-
1, and IL-6 [4]. However, in a mouse model of sex steroid de�ciency, the osteoclast differentiation factors
TNF-α, RANKL and IL-17 not only increased in the small intestine, but also increased in the bone marrow,
which are characteristics of increased intestinal permeability and systemic in�ammation [2]. IL-17 is a
pro-in�ammatory cytokine produced by T helper 17 cells. In our study, IL-17 expression only increased in
the bone marrow of older Aoah−/− mice, indicating the acceleration of chronic in�ammation during aging.
Compared with patients with primary osteoporosis, patients with rheumatoid arthritis have higher
expression of IL-17 and DKK1 (Dickkopf, WNT Signaling Pathway Inhibitor 1) in serum, which might be
related to the systemic bone loss of rheumatoid arthritis [25]. IL-17 also inhibits WNT signaling pathway
and promotes bone loss by up-regulating N-cadherin and then disrupts the interaction between
parathyroid hormone 1 receptor (PTHR1) and low-density lipoprotein receptor-related protein 6 (LRP-6)
[26]. The stimulatory role of IL-17 in osteoclast-mediated bone resorption has been widely con�rmed, and
its inhibitory effect in the process of osteoblast-mediated bone formation has also been reported [27].
The microbial products are potent M1 type activators, which can induce macrophages to produce IFN-𝛾.
The expression of IFN-𝛾 mRNA and protein induced by LPS has been demonstrated in macrophages with
inconsistent results [28, 29]. The increase of pro-in�ammatory factors in mouse organs and excreta
indicates chronic systemic in�ammation and the aging process. For example, a study of 7-week-old GF
mice showed that the mRNA expression of IL-6 and TNF-α in the tibia and the expression of TNF-α in the
colon were reduced compared with mice fed regularly [30], indicating that there existed unnoticeable
chronic in�ammation even in normal mature mice. Many studies were trying to clarify the in�uence of the
microbiome on bones distant from the gut, also known as the gut-bone axis [31, 32]. In our study, the
chronic in�ammatory state in the bone marrow of Aoah−/− mice may be caused by the leakage of LPS
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into the bone marrow. The presence of low concentrations of LPS, may cause a low-grade in�ammatory-
like response, that may impact baseline bone turnover and mass over time. Therefore, LPS may be a key
mediator of the gut-bone axis.

In our next experiment, Aoah−/− mice showed an osteopenic phenotype. We also found that osteoclasts
function and bone resorption were signi�cantly enhanced in Aoah−/− mice. First, TRAP staining of mouse
femur sections showed an increase in the number of TRAP positive osteoclasts in Aoah−/− mice. Second,
western blot showed that the expression of c-Fos and NFATc1 in hind limb bones of Aoah−/− mice was
also signi�cantly up-regulated. In addition, mRNA analysis of hind-limb bone tissue extracts showed that
the expression of NFATc1, Dc-stamp and Acp5 in Aoah−/− mice osteoclasts was up-regulated. However,
calcein/alizarin red staining showed a slight decrease in the MAR of the femur of Aoah−/− mice,
indicating that bone formation in Aoah−/− mice was also weakened. Therefore, our in vivo experiments
data supported that the osteopenic phenotype observed in Aoah−/− mice was mainly caused by enhanced
bone resorption. Completely deprivation of in�ammation in mice, such as raising mice in a GF condition,
showed a con�icting data on bone remodeling. For example, compared with conventionally reared mice,
GF female mice have increased bone mineral density and femoral trabecular bone volume fraction [30] or
larger femoral cortical volume and cortical thickness in mice [2]. In contrast, a study also showed that
femur length, cortical thickness, and bone mineral density were reduced in young male GF mice [33].
However, consistent with our research, manipulating AOAH to change the chronic in�ammatory state in
bone might ultimately change bone remodeling.

We also performed in vitro tests to con�rm the role of AOAH de�ciency in the differentiation of both
osteoclasts and osteoblasts. AOAH knockout increased the osteoclast differentiation and bone resorption
of BMMs and slightly weakened the osteogenic differentiation and mineralization deposition of BMSCs.
We analyzed the MAPK and NF-κB signaling pathways during osteoclast differentiation. Both MAPK and
NF-κB signaling pathways were dedicated to the subsequent induction of c-Fos and then activation of
downstream NFATc1, which is a key transcription factor for osteoclast differentiation [34]. As we all know,
JNK, ERK and p38 are members of the MAPK family which regulate the formation of osteoclasts [35]. In
our study, during the in vitro culture of Aoah−/− BMMs, the phosphorylation of ERK and JNK in the
classical MAPK signaling pathway was enhanced. However, the phosphorylation of p65 and AKT did not
change. Our in vivo protein analysis of the femurs con�rmed the increased expression of c-Fos and
NFATc1 in Aoah−/− mice. In addition to their role in osteoclast formation, JNK and ERK also prevent
BMMs from apoptosis during RANKL-induced differentiation [36, 37]. LPS has been shown to
signi�cantly promote the MAPK pathway by increasing the phosphorylation of c-JNK and ERK1/2 in
macrophage-like Raw 264.7 cells in vitro [38]. In summary, our study supported that AOAH deletion may
enhance bone resorption by activating the classical MAPK signaling pathway instead of the NF-κB
signaling pathway.

Our �nal step was to investigate whether rAOAH could reverse the enhanced osteoclast differentiation
and bone resorption. We found that the enhanced osteoclast differentiation of BMMs from Aoah−/− mice
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was signi�cantly attenuated by rAOAH. In addition, the bone resorption capacity measured on bovine
bone slices con�rmed that rAOAH could signi�cantly reduce the bone resorption of Aoah−/− BMMs. LPS
has been shown to directly initiate BMM activation and osteoclast differentiation [39–42]. However,
continuous exposure to LPS can lead to immune tolerance [43, 44]. Overexpression of AOAH in mouse
dendritic cells and macrophages has been shown to rapidly inactivate E. coli LPS, protecting mice from
LPS-induced hepatosplenomegaly, and improves the survival rate of mice [20]. We only explored the
administration of rAOAH on Aoah−/− BMMs in vitro during the process of osteoclast differentiation.
Therefore, future research is necessary to discover agents that can accelerate the production of AOAH in
BMMs or bone tissues.

5. Conclusion
AOAH de�ciency leads to increased levels of intestinal, bone marrow, feces and serum LPS in mice of a
certain age, leading to chronic in�ammation of the bone marrow, affecting bone remodeling, especially
bone absorption. AOAH may regulate bone resorption by blocking the osteoclast differentiation via
classical ERK and JNK pathways instead of NF-κB and p38 signaling pathways. In addition, the
enhanced osteoclast differentiation and bone resorption from Aoah−/− BMMs are signi�cantly eliminated
by rAOAH. In summary, LPS may be a key mediator of the gut-bone axis, targeting AOAH may represent a
feasible strategy for the treatment of chronic in�ammatory bone resorption.
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Figures

Figure 1

Comparison of LPS, TNF-α, INF-γ, IL-17 and RANKL levels in 4-, 8-, and 12-week-old Aoah-/- and wild-type
(WT) mice. (A-D) Aoah-/- and WT mouse serum, feces, bone marrow and intestinal LPS levels, (E-H) The
levels of TNF-α, INF-γ, IL-17 and RANKL from bone marrow of Aoah-/- mice and WT mice. (Data are
presented as mean ± SD: *p< 0.05 and **p< 0.01).

Figure 2

Morphometric and histological analysis of bones in Aoah-/- and WT mice. (A) Pictures of 12-week-old
male (M) and female (F) Aoah-/- and WT mice, (B) Body weight of male Aoah-/- and WT mice at 4, 8 and
12 weeks of age, (C) 3D reconstructed images of the femurs of 12-week-old Aoah-/- mice and WT mice by
micro-CT, (D) Quantitative morphometric analysis of parameters by micro-CT: percentage of bone volume
to tissue volume (BV/TV, %), number of trabeculae (Tb.N), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), (E) HE staining of the femurs of 8-week-old Aoah-/- and WT mice shows that Aoah-/-

mice exhibit an osteopenic phenotype (4X and 10X), (F) TRAP staining of the femurs of 8-week-old
Aoah-/- and WT mice shows that Aoah-/- mice exhibit an osteoporotic phenotype (4X and 10X), (G)
Histomorphometric quantitative analysis of bone volume and tissue volume percentage (BV/TV, %), the
number of TRAP-positive osteoclasts and the number of TRAP-positive osteoclasts (OCs/BS) on each
bone surface.
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Figure 3

Osteoclast-related gene and protein expression of hind limb bones of Aoah-/- mice and WT mice. (A-I)
The expression of osteoclast-related genes was analyzed by qPCR. (J) The expression of protein c-Fos
and NFATC1 were measured by Western blot. (Data are presented as mean ± SD, *p< 0.05, **p< 0.01).

Figure 4

AOAH regulates osteoclastic differentiation and bone resorption. (A) BMMs (from the bone marrow of 8-
week-old Aoah-/- and WT mice) were stimulated with 6.25, 12.5 ng/mL RANKL in osteoclastic
differentiation medium, and then stained with TRAP on day 5. (B) The proliferation ability of BMMs (from
the bone marrow of 8-week-old Aoah-/- and WT mice) was detected by CCK8. (C) BMMs (from the bone
marrow of 8-week-old WT mice) were stimulated with 0, 25, 50 μM lauric acid (TLR4 agonist), and then
stimulated with 30 ng/mL M-CSF and 10 ng/mL RANKL for 5 days and proceeded TRAP staining. (D)
BMMs (from the bone marrow of 8-week-old WT mice) were stimulated with 0, 60, 125 nM Paclitexal
(TLR4 antagonist) and then stimulated with 30 ng/mL M-CSF and 50 ng/mL RANKL for 5 days and
proceeded TRAP staining. (E) Analysis of osteoclast-speci�c gene expression using qPCR. (F-G) Scanning
electron microscopy shows bone resorption pits on bovine bone sections caused by BMMs from Aoah-/-
and WT mice. (Data are expressed as mean ± SD, *p<0.05, **p<0.01)

Figure 5

(A-D) Analysis of osteoclast-speci�c gene expression using qPCR. (E-F) Scanning electron microscopy
shows bone resorption pits on bovine bone sections caused by BMMs from Aoah-/- and WT mice. (Data
are expressed as mean ± SD, *p<0.05, **p<0.01)

Figure 6

Aoah depletion slightly weakens osteogenic differentiation and mineralization deposits. (A) The
proliferation of MSCs in Aoah-/- and WT mice was assessed by CCK-8. (B) MSCs from Aoah-/- and WT
mice were cultured in osteogenic medium for 7 days and stained with alkaline phosphatase (ALP). (C)
BMSCs were cultured for 21 days and stained with Alizarin Red. (D-E) Calcein/alizarin red labeled femur



Page 18/19

sections and quantitative analysis. (F) Analysis of mRNA of osteogenic-speci�c genes in hind limb bone
tissues of Aoah-/- and WT mice by qPCR. (Data are expressed as mean ± SD, *p<0.05, **p<0.01)

Figure 7

AOAH regulates ERK and JNK signaling pathways during osteoclast differentiation. (A) Twenty minutes
after adding RANKL factor, Western blotting was used to detect the expression of NF-κB, AKT and MAPK
signal pathways. (B-C) The expression levels of p-JNK, JNK, p-ERK and ERK were quanti�ed and
normalized to β-actin using ImageJ. (D) BMMs with or without 100 ng/ml rAOAH were incubated with M-
CSF (30 ng/mL) and RANKL (50 ng/mL) for 1 or 5 days., Representative blot with c-fos, NFATc1, and β-
actin antibodies was provided (E) Total cell extract extracted from Aoah-/-BMM pretreated with rAOAH for
1 hour, and Western blotting was performed using speci�c antibodies against the classical MAPK
pathway. (Data are expressed as mean ± SD, *p<0.05, **p<0.01)

Figure 8

The administration of rAOAH reverses the enhanced osteoclast differentiation and bone resorption of
Aoah-/- BMMs. (A-B) BMMs with or without 100 ng/ml rAOAH were incubated with M-CSF (30 ng/mL) and
RANKL (50 ng/mL) for 1 or 5 days.The effect of rAOAH protein on osteoclast differentiation in vitro, (C-D)
The effect of rAOAH on bone resorption experiment. (Data are expressed as mean ± SD, *p<0.05,
**p<0.01) 
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