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Osteonecrosis of femoral head (ONFH) is a progressive hip joint disease without disease-
modifying treatment. Lacking understanding of the pathophysiological process of ONFH
has become the humper to develop therapeutic approach. Serum amyloid A (SAA) is an
acute phase lipophilic protein during inflammation and we found that SAA is increased for
the first time in the serum of ONFH patients through proteomic studies and quantitatively
verified by ELISA. Treating rBMSCs with SAA inhibited the osteogenic differentiation via
Wnt/β-catenin signaling pathway deactivation and enhanced the adipogenic differentiation
via MAPK/PPARγ signaling pathway activation. Finally, bilateral critical-sized calvarial-
defect rat model which received SAA treated rBMSCs demonstrated reduction of bone
formation when compared to untreated rBMSCs implantation control. Hence, SAA is a vital
protein in the physiological process of ONFH and can act as a potential therapeutic target
to treat ONFH.
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INTRODUCTION

Osteonecrosis of femoral head (ONFH) is a progressive hip joint disorder without consensus of
effective treatment, ultimately leading to total hip replacement (Mont et al., 2006). The pathogenesis
of ONFH is perplexing and needs further investigation (Hines et al., 2021). Use of steroid, overuse of
alcohol and trauma of femoral neck or head are the three well known risk factors for ONFH. Previous
study has indicated that the pathogenesis of ONFH is related to the severe degradation of the bone
tissue (Weinstein et al., 2000), promoted differentiation of bone mesenchymal stem cells (BMSCs) to
adipocytes and hypertrophy of the adipocyte through increasing intracellular lipid synthesis (Peckett
et al., 2011). The increase of marrow fat cell induces intra-osseous hypertension in the proximal
femur. Venous sinusoids are compressed due to the intra-osseous hypertension and then
intravascular coagulation occurs. Arterial blood flow is blocked and eventually results in
ischemia in the femoral head (Yoon et al., 2020). However, the specific underlying molecular
mechanism of aberrant bone metabolic balance has not been completely elucidated.

Serum amyloid A (SAA) is a family of acute phase response proteins which is coded by various
genes, which exhibit high degrees of allelic variation and mammalian homology (Uhlar et al., 1994;
Lloyd-Price et al., 2019). Apart from high levels of SAA found in the liver (Strnad et al., 2017), the
protein has been found to be expressed in monocytes/macrophages (Meek et al., 1992), chondrocytes
(Zerega et al., 2004) and adipocytes (Han et al., 2020). Meanwhile, SAA is thought as a crucial marker
of inflammation and a precursor protein of amyloidosis involved in cellular cholesterol homeostasis,
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promotion of signalling cascades, and modulation of intercellular
calcium levels (Artl et al., 2000; Baranova et al., 2005; Husebekk
et al., 2010). Previous study has indicated that SAA is a lipid
soluble protein, of which the 95% surface has lipophilic receptors,
especially for high density lipoprotein (HDL) (Frame and Gursky,
2017). In particular, SAA is involved with cholesterol metabolism
in both physiologic and inflammatory conditions (Sack, 2018).
Clearly, the intimate relationship among SAA/HDL/cholesterol
has implicated SAA in the pathogenesis of various diseases, such
as rheumatoid arthritis (Mun et al., 2021), atherosclerosis (Webb,
2021), alcoholic liver cirrhosis (Kim et al., 2014) and insulin
resistance (Li et al., 2021). Mechanistically, SAA participates in
the processes of the above diseases by binding with HDL,
promoting adipogenic differentiation and promoting the
proliferation of preadipocytes. In this study, we aimed to
explore the role of SAA in bone metabolism to deepen the
research on the pathophysiologic mechanism of ONFH.

In an effort to better understand those mechanisms underlying
ONFH, proteomics has emerged as a well-defined strategy which,
through in-depth characterization of the whole tissues, sera, and
biofluid proteome, has provided substantial data in terms of
potential protein biomarkers associated with the mechanism
pathways and prognosis of disease (Pan et al., 2005; Veenstra
et al., 2005; Zapico Muñiz et al., 2005). In this study, the serum
proteome technology was exploited to assess the differentiate
expression levels of serum proteins between ONFH patients and
healthy controls. Based on the results of proteomics, SAA was
hypothesised to exhibit a correlation with ONFH, and this
assumption was confirmed with ELISA. The influence of SAA
on the osteogenic and adipogenic differentiation of BMSCs was
determined to confirm the link between SAA and ONFH.
Combined with the results of in vitro experiments, the effect
of SAA on bone metabolism had also been verified in vivo
experiments. This work will provide us with the in-depth
knowledge of SAA-induced bone metabolism disorder and
ONFH pathogenesis.

MATERIAL AND METHODS

Proteomics Analysis
Patients
For proteome analysis, the steroid-induced ONFH group comprised
11 patients who received corticosteroid medication. These patients
were diagnosed with ONFH from magnetic resonance imaging
(MRI) findings and were not treated for ONFH. A set of 11
healthy volunteers matched with sex and age was included as the
control group. The clinical features and demographic information of
the steroid-induced ONFH group and the control group were
summarized in Supplementary Material. For ELISA, 20 patients
with steroid-induced ONFH, 20 with alcohol-induced ONFH, 20
with trauma-induced ONFH, and 20 healthy volunteers were
enrolled. All the patients and volunteers participating in the
ELISA study did not have underlying factors other than ONFH
that might cause the elevation of SAA. The clinical features and
demographic information of the patients and volunteers were
summarized in Supplementary Material. All procedures

performed in this study involving human participants were in
accordance with the ethical standards of the institutional and/or
national research committee and with the 1964 Declaration of
Helsinki and its later amendments or comparable ethical
standards. Informed consent was obtained from all individual
participants included in the study.

Preparation of Serum Samples
A total of 5 ml of peripheral venous blood was withdrawn from
patients and healthy volunteers. The blood samples were
coagulated at 37°C for 15 min and centrifuged at 2,000 × g for
15 min. The supernatant was collected and stored at −80°C.

Elimination of Highly Abundant Proteins and
Quantification
The serum samples were thawed and attenuated at 37°C. The
attenuated serum samples were percolated with filter membranes
(0.22 μm pore size). The 14 most abundant proteins were depleted
from the plasma using the multiple affinity removal column system
(MARS, Agilent Technologies spin columns, United States)
according to the manufacturer’s protocol. The depleted sample
was buffer exchanged with 50mm ammonium bicarbonate using
Vivaspin concentrator (5,000 molecular weight cut-off, Sartorius
Group, Germany). The proteins from the processed serum samples
were quantified using a protein assay reagent kit (Bio-Rad
Laboratories Inc, Hercules, CA, United States) and stored at −80°C.

Two-Dimensional Gel Electrophoresis
The serum samples were subjected to two-dimensional gel
electrophoresis. Briefly, 100 μg of each serum sample was
loaded onto an immobilized pH gradient (IPG) strip (GE
Amersham, United Kingdom) with pH variation from 3 to 10.
The first dimensional isoelectric focusing was implemented as
follows: 30 V for 12 h, 500 V for 1 h, 1,000 V for 1 h, 8,000 V for
8 h, and 500 V for 4 h using Ettan IPGphor Isoelectric Focusing
System (GEAmersham, United Kingdom). The proteins after iso-
electrophoresis were separated with second dimensional sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) using Hofer SE 600 (GE Amersham,
United Kingdom). The second-dimension gel electrophoresis
was performed on the 12.5% SDS-polyacrylamide slab gels at
15 mA for 30 min and 30 mA until the trace of bromophenol blue
was 0.5 cm away from the bottom of the gel.

Silver Staining
The silver staining of the gels after electrophoresis was performed
according to the modified silver-staining protocol with the Silver
Stain PlusOne kit (GE Amersham, United Kingdom). The gels
were fixed with 50% methanol and 5% ethyl alcohol for 1 h,
sensitized with sensitizing solution comprising 0.2% sodium
thiosulphate, 30% methanol, and 68 g/L sodium acetate for
5 min, washed thrice with distilled water for 5 min, incubated
with 0.25% silver nitrate for 20 min, and rinsed thrice with
distilled water for 1 min. The gels were developed with 0.04%
formaldehyde and 2% sodium carbonate by vigorous shaking and
the reaction was terminated with 5% acetic acid till the coloration
was moderate.
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Gel Imaging
The silver-stained gels were scanned with UMax Powerlook
2110XL (GE Amersham, United Kingdom) and the spot
patterns of the gel images were matched using Image Master
2D system (Amersham Biosciences). The densities of all the
matched spots were standardized with the total protein
amount in the gel.

Destaining and Trypsin Digestion
Different groups of spots were excised from the gel and rinsed
with de-ionised water. The washed gommures were destained
with 50 μl of a solution containing 30 mmol/L potassium
ferricyanide (K3Fe(CN)6) and 100 mmol/L of sodium
thiosulfate (Na2S2O3) at a ratio of 1:1. After lyophilization,
digestion was performed with 5 μL of trypsin (Promega,
United States) at 37°C for 20 h. The enzymatic hydrolysate
was subsequently extracted, and the residual was treated with
100 μl of 60% acetonitrile (ACN) and 0.1% trifluoroacetic acid
(TFA). The samples were ultrasonically washed for 15 min and
the cleaned solution obtained was merged with the enzymatic
hydrolysate. The collected fluid was desalted with ZipTip
(Millipore, United States) and freeze dried.

Matrix-Assisted Laser Desorption Ionisation
Time-Of-Flight Mass Spectrometry
The dried samples were dissolved in 2 μl of 20% acetonitrile and
treated with supersaturated a-cyano-4-hydroxycinnamic acid
(CHCA) matrix solution. The solvent composed of 0.5% TFA
and 50% ACN. All the samples were analyzed on 4800 Plus
MALDI TOF/TOFTM Analyzer (Applied Biosystems,
United States) at a scan range of 800–4,000 Da with UV light
at 355 nm using Nd:YAG laser. The data were searched using the
International Protein Index human protein database with Mascot
search engine.

ELISA
The serum levels of the identified protein, SAA, were determined
with ELISA performed using the human SAA ELISA Kit
(Anogen, Canada) according to the manufacturer’s
instructions. The patients and volunteers were enrolled in the
study and the serum samples were obtained as mentioned before.

Vitro Experiment
Isolation and Cultivation of rBMSCs
RBMSCs were obtained from Sprague-Dawley male rats. Briefly,
the marrow from the femur and tibia of male rats was flushed
under aseptic conditions. For the isolation of rBMSCs, the cell
suspension was sifted with a 400-mesh filter. The filtered cell
suspension was centrifuged for 5 min at 4°C. The floating fraction
was discarded, and the enriched cells were treated with an
erythrocyte lysis buffer. rBMSCs were suspended and
transferred into culture flasks and cultured with α-Modified
Eagle Medium (α-MEM, HyClone, United States),
supplemented with 10% foetal bovine serum (FBS, Gibco,
United States) and 1/100 penicillin-streptomycin (Gibco). The
cells were maintained in a humidified atmosphere containing 5%
CO2 at 37°C, and the culture medium was replaced every 2 days.

After three to five passages, rBMSCs were used for subsequent
experiments. For osteogenic differentiation, rBMSCs were
incubated in culture medium supplemented with 10–2 M ß-
sodium glycerophosphate, 50 μg/ml of L-ascorbic acid, and
10–7 M dexamethasone for 14 days. For adipogenic
differentiation, the cells were incubated with an adipogenic
induction culture medium (Cyagen, China) for 2 wk.

Cell Counting Kit-8 (CCK-8) Assay
Direct cell counting was performed to compare the proliferative
rate of rBMSCs untreated or treated with SAA (PeproTech,
United States). A total of 1 × 10–4 rBMSCs were seeded in a
96-well plate and treated as the group information mentioned
before. The toxicity and proliferation of cells were detected with
CCK-8 kit (Beyotime, China). At each time point (Day 1, 3, and
7), the proliferative rate of rBMSCs was assessed according to the
manufacturer’s instructions.

Bromo-4-chloro-3-indolyl-phosphate (BCIP)/Nitro
Blue Tetrazolium (NBT) Staining
To visualise the alkaline phosphatase (ALP) activity, the BCIP/
NBT staining was used. rBMSCs were seeded into a 24-well plate
at 1 × 10–5 cells per well. Different groups of rBMSCs were
cultured in osteogenic induction culture medium for 7 days. The
culture medium was renewed every 2 days. Following treatment,
the cells were washed with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde for 20 min at room temperature.
The fixed cells were re-washed thrice with PBS and treated with
BCIP/NBT solution (Beyotime, China) in the dark for 1 h at room
temperature. Images were observed and acquired using a
microscope (Leica, Germany) and digital camera (Canon,
Japan). The ALP activity in the cellular fraction was measured
using a microplate test kit (Nanjing Jiancheng Biotechnology Co
Ltd Jiangsu, China) following the manufacturer’s instructions,
and the absorbance at 520 nm was measured using a microplate
reader.

Alizarin Red Staining
Alizarin red staining is widely used to evaluate the osteogenic
differentiation of cells based on the detection of calcium
deposition in the extracellular matrix that serves as a marker
of early osteogenesis. After co-cultivation with osteogenic
induction medium and SAA for 14 days, different groups of
rBMSCs were fixed with 4% paraformaldehyde for 20 min and
washed thrice with PBS at 37°C. The cells were stained with
alizarin red solution (Cyagen, China) for 30 min, and images of
general view were captured with digital camera under 10× using
microscope. To quantify mineralization, the calcium deposition
was desorbed with 10% cetylpyridinium chloride (Sigma-
Aldrich), after which the solution was collected, and the OD
was measured at 570 nm.

Oil Red O Staining
Oil red O staining was performed after 14 days of treatment with
adipogenic induction culture medium (Cyagen, China) to
evaluate the adipogenic differentiation of various groups of
rBMSCs. The cells were fixed with 4% paraformaldehyde for
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20 min, rinsed thrice with PBS, and stained with Oil red O
solution comprising PBS and 0.5% oil red O stock solution.
The neutral lipids were stained red and served as the
biomarker of adipogenesis. Microscope was used to capture
images of the stained cells under 10× magnification. After the
observation, isopropanol was used to release the stain, and the
degree of adipogenesis was detected by measuring at 540 nm.

Western Blot Analysis
The rBMSCs were plated in a six-well plate and cultured until
they reached 90% confluency. The cells were induced with
osteogenesis or adipogenesis culture medium and incubated in
the presence of 150 mg/L of SAA for 7 days. The proteins were
subsequently collected after treatment with the combination of
cell lysis buffer, phosphatase inhibitor, proteinase inhibitor,
their concentration was determined with bicinchoninic acid
protein assay kit (Cell Signalling Technology, Shanghai,
China). Equal amounts of proteins (20 μg) were separated on
SDS-PAGE gels by electrophoresis and transferred onto
polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked with a blocking buffer for 1 h and incubated
with the corresponding primary antibody at room
temperature. After washing thrice with TBST, the membranes
were incubated with horseradish peroxidase (HRP)-conjugated
polyclonal goat antibodies, ß-actin or glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were used as internal
references. Extracellular signal-regulated kinase (ERK)-1/2,
phospho-ERK1/2, glycogen synthase kinase 3 beta (GSK3β)
and phospho-GSK3βantibodies were purchased from Cell
Signalling Technology (Shanghai, China), while ß-catenin
antibodies were obtained from Abcam (United Kingdom).
Peroxisome proliferator-activated receptor gamma (PPARγ)
and GAPDH antibodies were supplied by Servicebio (Wuhan,
China).

Real-Time Reverse-Transcription Polymerase Chain
Reaction (RT-PCR)
The mRNA expression of osteogenic differentiation-related genes
(ALP, OCN, Runx2, and COL-1) and adipogenic differentiation-
related genes (aP2, Adipoq, and PPARc) was assessed with real-
time RT-PCR. After 7 days of incubation in an appropriate
induction medium and stimulation with various
concentrations of SAA, the total RNA was extracted from cells
using EZ-press RNA purification Kit (EZ Bioscience, China) and
reverse transcribed to generate complementary DNA using 4×
Reverse Transcription Master Mix (EZ Bioscience, China). The
forward and reverse primers (BioTNT, China) for cDNAs were
designed as indicated in Table 1. A total of 10 μl of mixture
comprising 1 μl of cDNA, 0.3 μl of forward primer, 0.3 μl of
reverse primer, 5 μl of qPCR SuperMix (BioTNT, China), and
3.4 μl of distillation-distillation H2O was loaded to each well of a
384-well plate and real-time RT-PCR was performed on 7900HT
Fast Real-Time PCR System (Thermo Fisher Scientific,
United States). The thermal cycle for RT-PCR was as followed:
95°C for 30 s; 40 cycles at 95°C for 10 s and at 60°C for 30 s. The
expression of mRNAs was calculated by the 2−△△Ct method and
the expression of target gene was normalised to that of ß-actin.

Vivo Experiment
Bilateral Critical-Sized Calvarial-Defect Model
To test the ability of SAA affecting bone metabolism in vivo, fifteen
12-wk-old male SpragueeDawley rats (body weight: 250–300 g)
were obtained from the experimental animal centre at the Hospital,
China. Prior to surgery, rats were anesthetized by pentobarbital
sodium through intraperitoneal injection. The rats’ heads were
stabilized with a stereotactic frame to prevent movement during
surgical procedures. The surgical areas were shaved, and the skin
was disinfected with 75% ethanol. A 1.5–2 cm length mid-sagittal
skin incision was created on scalp, and two 5°mm-diameter, critical
size, circular bone defects were created with electric trephine drill
(Nouvag AG; Goldach, Switzerland) with a low-speed handpiece
under continuous saline irrigation to both parietal bones bilaterally
symmetrical by the reference of the bregma point and sagittal
suture. ShakeGel™ 3D hydrogel (Biomaterials United States, VA,
United States) was used as the scaffold to load rBMSCs. Cells were
mixed into the hydrogel following themanufacturer’s protocol, and
the cell/hydrogel composites were then applied to the calvarial
bone defects in rats. For groups implanted with rBMSCs treated
with SAA, the cells were precultured with 150 mg/L SAA for 5 days
before being mixed with the hydrogel. To ensure that the cells were
exposed to SAA in vivo, SAA was added to the mixed hydrogel
composites at a final concentration of 150 mg/L. All the animals
were permitted access to food andwater freely and daily observe for
potential complications or abnormal behaviour. All experimental
procedures were approved by the Animal Research Committee of
the Hospital.

Micro-CT Scanning Analysis
Twelve-weeks after bilateral critical-sized calvarial-defect model
establishment, all the rats were euthanized. The craniums of rats
were scanned by a microCT scanner (Bruker, Germany) and the
2-D images were analysed by CTAn software (Bruker, Germany).
For the craniums, the parameters of the new bone volume/total
volume (BV/TV), bone mineral density (BMD) and Trabecular
thickness (TbTh) of the bone defect area were recorded and
collected for analysis.

Immunofluorescence Staining
Polychrome sequential fluorescent labelling was conducted to
observe the rate of new bone formation and mineralization. The
rats were intraperitoneally injected fluorochromes under anaesthesia
as follow, 25mg/kg tetracycline, (Sigma, United States), week 2;
30 mg/kg alizarin red, (Sigma, United States), week 4;
20 mg/kg calcein, (Sigma, United States), week 6. The
defected calvarias were collected at week 12 and
dehydrated by gradient alcohol. The undecalcified
specimens were embedded in poly-methyl-methacrylate
and sectioned to 150 μm thick in the orientation of the
sagittal surface. Then fluorescent signals were observed
using a confocal microscope (Leica, Germany).

Histological Analysis
The craniums from afformentioned rat model were sectioned
coronally through the central area of the defect at a thickness of
5 μm with a microtome (Leica, Hamburg, Germany). Next,
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Masson staining, Safranine solid green staining and HE staining
were performed to evaluate new bone formation according to the
standard procedures.

Statistical Analysis
SPSS 22.0 was used to analyse the data, which were expressed as
the mean ± standard deviation (SD). Comparisons between
different groups were assessed with one-way analysis of
variance (ANOVA). Fisher’s LSD test was used for each
comparison. A value of p < 0.05 was considered statistically
significant. Detailed statistical data are reported in
Supplementary Material.

RESULTS

Overexpression and Quantitative Validation
of SAA in Patients With ONFH
Protein profiles from the sera of 11 patients with steroid-induced
ONFH and 11 healthy volunteers were analysed with two-
dimensional gel electrophoresis and silver staining. We
observed 21 prominent protein spots that differed between the
two groups. Three of these proteins were upregulated and the rest
18 proteins were downregulated in patients with steroid-induced

ONFH (Figures 1A,B). The spots determined in the steroid-
induced ONFH and health control groups were replicable. As
shown in Table 2, the spot no. 21 corresponding to an
upregulated protein in patients with steroid-induced ONFH
was identified as SAA. Thus, SAA was identified as elevated in
the serum of patients with ONFH. The serum level of SAA was
quantitatively validated by ELISA and was found to be increased
in the patients with steroid-, alcohol-, and trauma-induced
ONFH as compared with the health controls (Figure 1C).
Based on the results of the ELISA study, however, no
significant difference was observed among the three ONFH
groups. Based on the results of the ELISA study, the final
concentration of SAA used in the following experiments was
decided as 150 mg/L.

SAA Inhibits the Osteogenic Differentiation
of rBMSCs in vitro
The proliferation and differentiation of BMSC plays an important
role in the pathophysiological process of ONFH. Thus, to
examine the effect of SAA on the proliferative rate of rBMSCs,
CCK-8 assay was performed at day 1, 3, and 7. The comparison of
the absorbance at 450 nm wavelength revealed the ability of
150 mg/L SAA to induce rBMSCs proliferation. After

TABLE 1 | List of forward and reverse primers used for RT-PCR.

Primer Forward Reverse

Alp 5′-CGT TGA CTG TGG TTA CTG CTG-3′ 5′-CTT CTT GTC CGT GTC GCT-3′
OCN 5′-CAG ACA AGT CCC ACA CAG CA-3′ 5′-CCA GCA GAG TGA GCA GAG AGA-3′
COL-1 5′-TGT GCG ATG GCG TGC TAT-3′ 5′-CCT ATG ACT TCT GCG TCT GGT G-3′
Runx2 5′-ATC ATT CAG TGA CAC CAC CAG-3′ 5′-GTA GGG GCT AAA GGC AAA AG-3′
PPARγ 5′-CCT CTC TGT GAT GGA TGA CCA-3′ 5′-ACA TCC CGT TCA CAA GAG CT-3′
aP2 5′-TGA AAC TGA CGA TCA CAC AGG-3′ 5′-ACA GAA CTC ACT GGG ACC TGG-3′
Adipoq 5′-ATG ATA CCA ACT GAC TGC CAC T-3′ 5′-TTG CTT ACT TTG AGG GTT CTG A-3′
β-actin 5′-CCT CTA TGC CAA CAC AGT-3′ 5′-AGC CAC CAA TCC ACA CAG-3′

FIGURE 1 | A pair of representative two-dimensional gel electrophoresis gels from the sera of 11 healthy controls (A) and 11 patients with steroid-induced ONFH
(B). The circled spots that showed identified, significant and consistent differences between two groups. SAA protein was pointed out by arrows (C) SAA serum level in
patients with steroid-, alcohol-, and trauma-ONFH and healthy volunteers, *p < 0.05 compared with healthy volunteers.
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incubation with SAA, rBMSCs showed higher proliferation than
those from control group and the proliferative rate of the rBMSCs
exposed to 150 mg/L SAA was obviously enhanced at 7 days
(Figure 2A). BCIP/NBT staining was performed to evaluate the
effect of SAA on osteogenic differentiation of rBMSCs. As shown
in Figures 2B,C, the bluish colouration of rBMSCs cultured with
SAA was sparse as compared with the cells cultured without SAA.
In agreement with the result of BCIP/NBT staining, rBMSCs
treated with SAA revealed minor mineralisation than that
observed with rBMSCs cultured without SAA, suggestive of
the ability of SAA to suppress osteogenic differentiation
(Figures 2D,E).

The mechanism underlying the inhibitory effect of SAA
was further excavated. ETC-159 was added as inhibitor of the
Wnt signalling pathway and BML-284 was added as activator
of Wnt signalling pathway. According to Figures 2B–E, there
is little difference in the inhibition of osteogenic
differentiation between rBMSCs treated with SAA and
ETC-159. However, when BML-284 was added as
antagonist of SAA’s osteogenic inhibition, the osteogenic
differentiation of rBMSCs returned to normal. Further
evidence was provided by Western blot analysis, on the
basis of Figures 2F,G, a decrease in the phosphorylation
level of GSK3β was founded and downregulated the
expression of ß-catenin owing to the addition of SAA,
consistent with the results of rBMSCs added with ETC-
159. While rBMSCs were co-cultured with SAA and BML-
284, the protein expression of Wnt signalling pathway was
not significantly different from that of control group. Real-
time RT-PCR was performed to monitor the expression of
osteogenesis-related genes. The expression of ALP, Runx2,
OCN, and COL-1 was downregulated among the groups
treated with SAA than control group. Furthermore, no
difference was found between group added with SAA and
ETC-159, or between group added with SAA + BML-284 and
control group (Figures 2H–K).

SAA Promotes the Adipogenic
Differentiation of rBMSCs in vitro
Because adipocyte is found proliferated in ONFH, we further
investigated whether SAA had other effects on the
differentiation of rBMSCs. Oil red O staining was used to detect
the effect of SAA on adipogenic differentiation of rBMSCs. As the
results showed in Figures 3A,B, the number of red stained lipid
droplets was significantly higher in the rBMSCs treated with SAA
than in those from control group. To further test if MAPK/PPARγ
pathway is affected by SAA, bosutinib (SKI-606) was used as the
inhibitor of Erk phosphorylation and T0070907 as a potent
selective PPARγ inhibitor was used to antagonize the
adipogenic effect of SAA on rBMSCs. In accordance with
Figures 3A,B SAA and SKI-606 had the same ability to
promote adipogenic differentiation of rBMSCs. However, the
ability was antagonized by T0070907.

Erk1/2, one of the mitogen-activated protein kinase (MAPK)
family member, is known to play an important role in
adipogenesis. As shown in Figures 3C,D the phosphorylation
level of ERK1/2 reduced following treatment with SAA or SKI-
606 or SAA + T0070907. However, the expression of downstream
PPARγ was not up-regulated by SAA due to T0070907. The
expression of aP2, PPARc, and Adipoq was analysed in rBMSCs
subjected to adipogenic induction and SAA treatment with real-
time RT-PCR. As shown in Figures 3E–G, the expression of these
biomarkers was significantly upregulated following stimulation
with SAA or SKI-606, which attributed to the inhibitory of
p-Erk1/2. Nevertheless, T0070907 antagonized SAA’s up-
regulation of PPARγ downstream genes’ expression by
inhibiting PPARγ expression.

SAA Reduces New Bone Formation in vivo
Lastly, the effect of SAA on bone metabolism was tested by in a
bilateral critical-sized calvarial defect rat model. In short, the pre-
treated rBMSCs was implanted into the critical sized, circular bone
defects by using ShakeGel™ 3D hydrogel as scaffold to detect their

TABLE 2 | Proteins with significant changes in the sera of patients with steroid-induced ONFH as compared with healthy controls.

Spot no PI MW Protein score Accession No Protein name

1 6.67 86,847 424 IPI00921523 CFB Isoform 1 of Complement factor B (Fragment)
2 6.41 109,332.8 71 IPI00879709 C6 Complement component C6 precursor
4 6.55 52,384.6 87 IPI00022488 HPX Hemopexin
5 8.48 31,673 582 IPI00431645 HPR 31 kDa protein
6 6.13 38,940.5 693 IPI00478493 HPR haptoglobin isoform 2 preproproteins
7 6.13 38,940.5 439 IPI00478493 HPR haptoglobin isoform 2 preproproteins
8 6.32 41,816.7 164 IPI00479708 IGHM Full-length Cdna clone CS0DD006YL02 of Neuroblastoma of Homo sapiens
9 7.38 38,766.4 140 IPI00011264 CFHR1 Complement factor H-related protein 1
10 7.38 38,766.4 232 IPI00011264 CFHR1 Complement factor H-related protein 1
11 7.38 38,766.4 326 IPI00011264 CFHR1 Complement factor H-related protein 1
13 6.89 194,170.1 78 IPI00418163 C4B complement C4-B preproprotein
14 5.64 71,474.7 404 IPI00019568 F2 Prothrombin (Fragment)
15 4.86 78,174.4 242 IPI00017696 C1S Complement C1s subcomponent
17 6.13 45,860.8 237 IPI00641737 HPR Haptoglobin
18 6.13 45,860.8 268 IPI00641737 HPR Haptoglobin
19 6.13 45,860.8 227 IPI00641737 HPR Haptoglobin
20 6.13 38,940.5 467 IPI00478493 HPR haptoglobin isoform 2 preproproteins
21 6.28 13,580.5 292 IPI00552578 serum amyloid A protein 1 and 2
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osteogenic ability in vivo. 12 wk after the operation, the new bone
formation in the defect area of the craniums was assessed by
MicroCT scanning. As Figure 4A shown, the 3D reconstruction
and coronal images rarely exhibited newly formed bone in the

control group. Contrarily, the rBMSCs group showed an increase
in bone formation. Besides, the rBMSCs treated with SAA group
showed little evidence of new bone formation, which was almost
indistinguishable from the control group. The trend was quantitively

FIGURE 2 | (A) CCK-8 (B) NBT/BCIP staining (C) ALP activity assays (D) Alizarin red staining (E) Calcium deposition was determined by measuring optical density
(F) The stable cell lines were subjected to western blot analysis for the detection of the expression of GSK3β, p-GSK3β, and ß-catenin following normalization to GAPDH
level (G) The intensity of relative proteins. The mRNA expression of (H) ALP (I) COL-1 (J) OCN(K) Runx2. *p < 0.05 compared with control group, **p < 0.05 compared
with group added with heat-inactivated SAA. All experiments were performed in triplicates.
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verified by BMD (Figure 4B) and BV/TV (Figure 4C) increased.
The fluorescence signalling of tetracycline, alizarin red and calcein
indicated the loci of new bone formation and mineralization. The
formation of new bone in different time periods can be detected by
fluorescence labelling injected at different time points. In accordance
with Figures 4D,E, the fluorescence intensity of rBMSCs group was
significantly stronger than the control group or rBMSCs + SAA
group. Consistent with the above findings, the histological results of
Masson, Safranin solid green and HE staining (Figure 4F) indicated
that rBMSCs group showed increased mineralized bone tissues
within the defect areas. However, after treating with SAA,
rBMSCs lost their ability to promote new bone formation, which
totally pointed that SAA reduced new bone formation in vivo.

DISCUSSION

Tracing the history of ONFH, research of its pathogenesis has
been ongoing since the disease was described by Jean Cruveilhier,
a French anatomist and pathologist but keeps incompletely

understood (Dubois and Cozen, 1960). However, there is one
agreement that local ischemia due to compromised blood flow is
the final common pathway in the pathogenesis of ONFH (Hines
et al., 2021). Most well-known risk factors and associated
conditions of ONFH eventually leads to a kind of intra-
osseous compartment syndrome inside the femoral head due
to an ischemic cascade: 1) overgrowth of marrow adipocyte 2)
intra-osseous hypertension; 3) vascular compression and
intravascular hypercoagulability; 4) bone marrow necrosis and
osteocyte death and 5) fibrovascular reparation around the
necrotic zone (Yoon et al., 2020). Therefore, finding the
factors that cause the affected differentiation of BMSCs is
potential key to further research.

Proteomics analysis, in which total protein in tissue are
identified and quantified directly, has shown to be a valuable
way to elucidate the molecular basis of disease etiology and
pathogenesis. ONFH (Chen et al., 2015a). Previous studies
have focused on the change of protein in bone tissue and
cartilage (Zeng et al., 2019; Song et al., 2021). Admittedly,
there have been many proteomic studies on various

FIGURE 3 | (A)Oil red O staining (B) Lipid droplet was determined by measuring optical density (C) The stable cell lines were subjected to western blot analysis for
the detection of the expression of T-ERK1/2, p-ERK1/2, and PPARγ after normalization to GAPDH expression (D) The intensity of relative proteins. The mRNA
expression of (D) aP2 (E) Adipoq and (F) PPARγ. *p < 0.05 compared with control group. All experiments were performed in triplicates.
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pathological tissues of ONFH. In previous studies, tissue sources
have tended to be local bone or cartilage rather than serum
samples taken from peripheral blood. However, the risk factors of
ONFH, excluding trauma, tend to be systemic rather than local.
Hence, the proteomic research to investigate the expression of
mutated proteins in the sera of patients with ONFH is
indispensable. In the present study, proteomic analysis was
performed to evaluate the systemic changes in the expression
levels of proteins. To improve the reproducibility, sensitivity, and

objectivity of the research, the sample selection criteria were
strictly followed, and the highly abundant proteins were removed
to avoid masking of the proteins expressed in low levels.
Accordingly, 21 proteins were found to exhibit variable
expression patterns in patients with steroid-induced ONFH as
compared with healthy volunteers. Although 18 of these proteins
were identified, we focused specifically on SSA, which showed
upregulated expression in the serum of patients with steroid-
induced ONFH as compared with normal subjects.

FIGURE 4 | (A) MicroCT 3D reconstruction and coronal images of the defect area at 8 weeks after operation in each group. MicroCT analyses of bone mineral
density (BMD) (B) and bone volume/total volume (BV/TV) (C,D) Representative image of fluorescence assay for tetracycline, alizarin red and calcein (E) Statistical
evaluation of fluorochrome area (F) Histological evaluation of the defect area by Masson, Safranin solid green and HE staining. *p < 0.05 compared with control group.
#p < 0.05 compared with the rBMSCs group. All experiments were performed in triplicates.
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SAA is present in the blood of healthy individuals at low levels
(20–50 mg/L), but its expression increases to about 1,000-fold
within 24 h from the onset of acute phase response (APR), which
includes a series of physiologic changes as a consequence of
infection, inflammation, trauma, or other events (Gabay and
Kushner, 1999; Yoo and Desiderio, 2003; Kushner, 1982).
There are two possible explanations for the phenomenon we
found above. Firstly, there is mutual similarity between the risk
factors of ONFH and the factors leading to the increase of SAA.
No matter alcohol, hormone or trauma can cause the increase of
SAA expression (Knesek et al., 2010; Kim et al., 2014; Li et al.,
2021), which was verified by ELISA. The causes may be related to
liver damage caused by heavy drinking, abnormal lipid
metabolism caused by alcohol and corticosteroids, and APR
caused by acute trauma. Secondly, the necrosis of bone
marrow and osteocytes, absorption of necrotic area, and
synovial inflammation may cause focal inflammation occurred
during ONFH resulted in the upregulation of SAA expression
(Chen et al., 2015b; O’Hara et al., 2010).

Adipogenesis and osteogenesis of BMSCs were shown as
significant factors affecting the process of osteonecrosis. The
inhibition of osteogenic differentiation followed by increased
lipid generation resulted in a decrease in bone formation.
Moreover, blood circulation in femoral head was impaired
following accumulation of the fatty tissue, eventually resulting
in ONFH (Cui et al., 2006). The influence of SAA on bone
metabolism was investigated here to explore its role in
maintaining the balance between osteogenesis and
adipogenesis of BMSCs. SAA exhibited the capability of
promoting proliferation, curbing osteogenesis, and facilitating
adipogenesis.

The Wnt/β-catenin signalling pathway is considered as a
mediator of osteogenic differentiation (Chen et al., 2012; Luo
et al., 2015). The decrease in ß-catenin expression, which is in line
with GSK3β phosphorylation, results in the inhibition of ALP
activity and mineralisation (Ni et al., 2010). The inhibitory effect
of SAA on osteogenesis was initially assessed using BCIP/NBT

and alizarin red staining. The molecular mechanism underlying
the inhibitory effect of SAA was investigated; the addition of SAA
resulted in the downregulation of the phosphorylation of GSK3β,
which repressed the expression of ß-catenin in the downstream
signalling pathway. The expression of ALP, Runx2, OCN, and
COL-1, the biomarkers of osteogenic differentiation (Lee et al.,
2009; Heo et al., 2010; Satija et al., 2013), was simultaneously
downregulated following treatment with SAA proteins, as
observed with PCR results. For adipogenic differentiation, the
conversion of BMSCs to preadipocytes that differentiate into
adipocytes is triggered by the enforced expression of PPARγ,
which is regulated by the MAPK/PPARγ signalling pathways
(Kang et al., 2007; Gierloff et al., 2014). Scilicet, the decreased
phosphorylation Erk1/2 upregulated the expression of PPARγ
and facilitated the adipogenic differentiation, as demonstrated in
the present study. The expression of adipogenesis-related genes,
not only PPARc but also aP2 and Adipoq (Lee et al., 2009;
Muruganandan et al., 2009; Tokuzawa et al., 2010), was
detected and confirmed the positive effects of SAA on the
adipogenic differentiation of rBMSCs. The two pathways
worked together to break the balance of bone metabolism of
which the effect was reflected in a markable reduction of bone
formation in vivo.

In this study, we first started from serum samples of ONFH
patients and verified by proteomics and ELISA experiments
that SAA was significantly increased in the serum of ONFH
patients. Then, SAA was found to inhibit osteogenic
differentiation and promote adipogenic differentiation of
BMSCs in vitro. Further studies on the molecular
mechanism of this phenomenon by Western Blot and PCR
showed that SAA could inhibit Wnt/ß-catenin signalling
pathway and activate downstream PPARγ of MAPK
signalling pathway. Finally, we verified in vivo that SAA can
cause abnormal bone metabolism of BMSC and reduce bone
formation (Figure 5). Hence, SAA is a vital protein in the
physiological process of ONFH and can act as a potential
therapeutic target to treat ONFH.

FIGURE 5 | A graphical summary of the whole study.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76724310

Peng et al. SAA&ONFH: Order in Chaos

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the articles/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Research
Committee of the Sixth People’s Hospital of Shanghai Jiao Tong
University.

AUTHOR CONTRIBUTIONS

XP, YM, and YF designed and conducted the experiments. XP, YM,
and YG drafted the manuscript. XP, GL, and YF collected and
analyzed the samples of proteomics. QW and YG assisted to vitro
experiments. YM assisted to construct animal models. CJ assisted in
statistical analysis. XP, QW, YG, and YF conceived, designed, and
revised the articles. All authors have reviewed the articles.

FUNDING

This work was supported by the National Natural
Science Foundation of China (81371959), Joint Project of
Major Diseases of Shanghai Health System (2004ZYJB0301)
and Program of Shanghai Jiao Tong University
(YG2021QN98).

ACKNOWLEDGMENTS

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Mont
et al., 2006) partner repository with the dataset identifier
PXD028318.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.767243/
full#supplementary-material

REFERENCES

Artl, A., Marsche, G., Lestavel, S., Sattler, W., and Malle, E. (2000). Role of
Serum Amyloid A during Metabolism of Acute-phase HDL by
Macrophages. Arterioscler Thromb. Vasc. Biol. 20, 763–772. doi:10.1161/
01.atv.20.3.763

Baranova, I. N., Vishnyakova, T. G., Bocharov, A. V., Kurlander, R., Chen, Z.,
Kimelman, M. L., et al. (2005). Serum Amyloid A Binding to CLA-1 (CD36 and
LIMPII Analogous-1) Mediates Serum Amyloid A Protein-Induced Activation
of ERK1/2 and P38 Mitogen-Activated Protein Kinases. J. Biol. Chem. 280,
8031–8040. doi:10.1074/jbc.M405009200

Chen, B., Li, X. D., Liu, D. X., Wang, H., Xie, P., Liu, Z. Y., et al. (2012). Canonical
Wnt Signaling Is Required for Panax Notoginseng Saponin-Mediated
Attenuation of the RANKL/OPG Ratio in Bone Marrow Stromal Cells
During Osteogenic Differentiation. Phytomedicine 19, 1029–1034.
doi:10.1016/j.phymed.2012.06.002

Chen, W. H., Chen, S. B., Cheng, L. M., Gao, P., Guo, W. S., He, W., et al. (2015).
Guideline for Diagnostic and Treatment of Osteonecrosis of the Femoral Head.
Orthop. Surg. 7, 200–207. doi:10.1111/os.12193

Chen, Y., Zeng, C., Zeng, H., Zhang, R., Ye, Z., Xing, B., et al. (2015). Comparative
Serum Proteome Expression of the Steroid-Induced Femoral Head
Osteonecrosis in Adults. Exp. Ther. Med. 9, 77–83. doi:10.3892/etm.2014.2069

Cui, Q., Wang, Y., Saleh, K. J., Wang, G. J., and Balian, G. (2006). Alcohol-induced
Adipogenesis in a Cloned Bone-Marrow Stem Cell. J. Bone Jt. Surg Am 88,
148–154. doi:10.2106/JBJS.F.00534

Dubois, E. L., and Cozen, L. (1960). Avascular (Aseptic) Bone Necrosis Associated
with Systemic Lupus Erythematosus. Jama 174, 966–971. doi:10.1001/
jama.1960.03030080028005

Frame, N. M., and Gursky, O. (2017). Structure of Serum Amyloid A Suggests a
Mechanism for Selective Lipoprotein Binding and Functions: SAA as a Hub in
Macromolecular Interaction Networks. Amyloid 24, 13–14. doi:10.1080/
13506129.2016.1270930

Gabay, C., and Kushner, I. (1999). Acute-phase Proteins and Other Systemic
Responses to Inflammation. N. Engl. J. Med. 340, 448–454. doi:10.1056/
NEJM199902113400607

Gierloff, M., Petersen, L., Oberg, H. H., Quabius, E. S., Wiltfang, J., Açil, Y., et al.
(2014). Adipogenic Differentiation Potential of Rat Adipose Tissue-Derived
Subpopulations of Stromal Cells. J. Plast. Reconstr. Aesthet. Surg. 67,
1427–1435. doi:10.1016/j.bjps.2014.05.042

Han, C. Y., Kang, I., Harten, I. A., Gebe, J. A., Chan, C. K., Omer, M., et al. (2020).
Adipocyte-Derived Versican and Macrophage-Derived Biglycan Control
Adipose Tissue Inflammation in Obesity. Cell Rep 31, 107818. doi:10.1016/
j.celrep.2020.107818

Heo, J. S., Lee, S. Y., and Lee, J. C. (2010). Wnt/β-catenin Signaling Enhances
Osteoblastogenic Differentiation from Human Periodontal Ligament
Fibroblasts. Mol. Cell 30, 449–454. doi:10.1007/s10059-010-0139-3

Hines, J. T., Jo, W. L., Cui, Q. J., Mont, M. A., Koo, K. H., Cheng, E. Y., et al. (2021).
Osteonecrosis of the Femoral Head: An Updated Review of ARCO on
Pathogenesis, Staging and Treatment. J. Korean Med. Sci. 36, e177.
doi:10.3346/jkms.2021.36.e177

Husebekk, A., Skogen, B., Husby, G., and Marhaug, G. (2010). Transformation of
Amyloid Precursor SAA to Protein AA and Incorporation in Amyloid Fibrils In
Vivo. Scand. J. Immunol. 21, 283–287. doi:10.1111/j.1365-3083.1985.tb01431.x

Kang, S., Bennett, C. N., Gerin, I., Rapp, L. A., Hankenson, K. D., and Macdougald,
O. A. (2007). WNT Signaling Stimulates Osteoblastogenesis of Mesenchymal
Precursors by Suppressing c/EBPα and PPARγ. J. Biol. Chem. 282 (2007),
14515–14524.

Kim, S. R., Kondo, F., Otono, Y., Imoto, S., Ando, K., Hirakawa, M., et al. (2014).
Serum Amyloid A and C-Reactive Protein Positive Nodule in Alcoholic Liver
Cirrhosis, Hard to Make Definite Diagnosis. Hepatol. Res. 44, 584–590.
doi:10.1111/hepr.12145

Knesek, M. J., Litinas, E., Adiguzel, C., Hopkinson, W., Hoppensteadt, D., Lassen,
M., et al. (2010). Inflammatory Biomarker Profiling in Elderly Patients with
Acute Hip Fracture Treated with Heparins. Clin. Appl. Thromb. Hemost. 16,
42–50. doi:10.1177/1076029609351876

Kushner, I. (1982). The Phenomenon of the Acute Phase Response *. Ann. New
York Acad. Sci. 389, 39–48. doi:10.1111/j.1749-6632.1982.tb22124.x

Lee, H. J., Koh, J. M., Hwang, J. Y., Choi, K. Y., Lee, S. H., Park, E. K., et al. (2009).
Association of a RUNX2 Promoter Polymorphism with Bone Mineral Density
in Postmenopausal KoreanWomen. Calcif Tissue Int. 84, 439–445. doi:10.1007/
s00223-009-9246-6

Li, D., Xie, P., Zhao, S., Zhao, J., Yao, Y., Zhao, Y., et al. (2021). Hepatocytes Derived
Increased SAA1 Promotes Intrahepatic Platelet Aggregation and Aggravates
Liver Inflammation in NAFLD. Biochem. Biophysical Res. Commun. 555,
54–60. doi:10.1016/j.bbrc.2021.02.124

Lloyd-Price, J., Arze, C., Ananthakrishnan, A. N., Schirmer, M., Avila-Pacheco, J.,
Poon, T. W., et al. (2019). Multi-omics of the Gut Microbial Ecosystem in
Inflammatory Bowel Diseases. Nature 569, 655–662. doi:10.1038/s41586-019-
1237-9

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76724311

Peng et al. SAA&ONFH: Order in Chaos

https://www.frontiersin.org/articles/10.3389/fphar.2021.767243/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.767243/full#supplementary-material
https://doi.org/10.1161/01.atv.20.3.763
https://doi.org/10.1161/01.atv.20.3.763
https://doi.org/10.1074/jbc.M405009200
https://doi.org/10.1016/j.phymed.2012.06.002
https://doi.org/10.1111/os.12193
https://doi.org/10.3892/etm.2014.2069
https://doi.org/10.2106/JBJS.F.00534
https://doi.org/10.1001/jama.1960.03030080028005
https://doi.org/10.1001/jama.1960.03030080028005
https://doi.org/10.1080/13506129.2016.1270930
https://doi.org/10.1080/13506129.2016.1270930
https://doi.org/10.1056/NEJM199902113400607
https://doi.org/10.1056/NEJM199902113400607
https://doi.org/10.1016/j.bjps.2014.05.042
https://doi.org/10.1016/j.celrep.2020.107818
https://doi.org/10.1016/j.celrep.2020.107818
https://doi.org/10.1007/s10059-010-0139-3
https://doi.org/10.3346/jkms.2021.36.e177
https://doi.org/10.1111/j.1365-3083.1985.tb01431.x
https://doi.org/10.1111/hepr.12145
https://doi.org/10.1177/1076029609351876
https://doi.org/10.1111/j.1749-6632.1982.tb22124.x
https://doi.org/10.1007/s00223-009-9246-6
https://doi.org/10.1007/s00223-009-9246-6
https://doi.org/10.1016/j.bbrc.2021.02.124
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1038/s41586-019-1237-9
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Luo, Z., Liu, M., Sun, L., and Rui, F. (2015). Icariin Recovers the Osteogenic
Differentiation and Bone Formation of Bone Marrow Stromal Cells from a Rat
Model of Estrogen Deficiency-Induced Osteoporosis. Mol. Med. Rep. 12,
382–388. doi:10.3892/mmr.2015.3369

Meek, R. L., Eriksen, N., and Benditt, E. P. (1992). Murine Serum Amyloid A3 Is a
High Density Apolipoprotein and Is Secreted by Macrophages. Proc. Natl.
Acad. Sci. U S A. 89, 7949–7952. doi:10.1073/pnas.89.17.7949

Mont, M. A., Jones, L. C., Hungerford, D. S., Jones, L. C., and Lieberman, J. R.
(2006). Nontraumatic Osteonecrosis of the Femoral Head. The J. Bone Jt.
Surgery-American Volume 88, 1117–1132. doi:10.2106/00004623-200605000-
00025

Mun, S., Lee, J., Park, M., Shin, J., Lim, M. K., and Kang, H. G. (2021). Serum
Biomarker Panel for the Diagnosis of Rheumatoid Arthritis. Arthritis Res. Ther.
23. doi:10.1186/s13075-020-02405-7

Muruganandan, S., Roman, A. A., Sinal, C. J., and Sciences, M. L. (2009). Adipocyte
Differentiation of Bone Marrow-Derived Mesenchymal Stem Cells: Cross Talk
with the Osteoblastogenic Program. Cell Mol Life Sci 66, 236–253. doi:10.1007/
s00018-008-8429-z

Ni, T., Song, W. X., Luo, J., Luo, X., Jin, C., Sharff, K. A., et al. (2010). BMP-9-
induced Osteogenic Differentiation of Mesenchymal Progenitors Requires
Functional Canonical Wnt/β-catenin Signalling. J. Cell Mol. Med. 13,
2448–2464.

O’Hara, R., Murphy, E. P., Whitehead, A. S., Fitzgerald, O., and Bresnihan, B.
(2010). Local Expression of the Serum Amyloid A and Formyl Peptide
Receptor-like 1 Genes in Synovial Tissue Is Associated with Matrix
Metalloproteinase Production in Patients with Inflammatory Arthritis.
Arthritis Rheum. 50, 1788–1799. doi:10.1002/art.20301

Pan, S., Zhang, H., Rush, J., Eng, J., Zhang, N., Patterson, D., et al. (2005). High
Throughput Proteome Screening for Biomarker Detection.Mol. Cel Proteomics
4, 182–190. doi:10.1074/mcp.M400161-MCP200

Peckett, A. J., Wright, D. C., and Riddell, M. C. (2011). The Effects of
Glucocorticoids on Adipose Tissue Lipid Metabolism. Metabolism 60,
1500–1510. doi:10.1016/j.metabol.2011.06.012

Sack, G. H. (2018). Serum Amyloid A - A Review. Mol. Med. 24, 46. doi:10.1186/
s10020-018-0047-0

Satija, N. K., Sharma, D., Afrin, F., Tripathi, R. P., and Gangenahalli, G. (2013).
High Throughput Transcriptome Profiling of Lithium Stimulated Human
Mesenchymal Stem Cells Reveals Priming towards Osteoblastic Lineage. Plos
One 8, e55769. doi:10.1371/journal.pone.0055769

Song, J., Wu, J., Poulet, B., Liang, J., Bai, C., Dang, X., et al. (2021). Proteomics
Analysis of Hip Articular Cartilage Identifies Differentially Expressed Proteins
Associated with Osteonecrosis of the Femoral Head. Osteoarthritis and
Cartilage 29, 1081–1092. doi:10.1016/j.joca.2021.04.005

Strnad, P., Tacke, F., Koch, A., and Trautwein, C. (2017). Liver - Guardian,
Modifier and Target of Sepsis. Nat. Rev. Gastroenterol. Hepatol. 14, 55–66.
doi:10.1038/nrgastro.2016.168

Tokuzawa, Y., Yagi, K., Yamashita, Y., Nakachi, Y., Nikaido, I., Bono, H., et al.
(2010). Id4, a New Candidate Gene for Senile Osteoporosis, Acts as a Molecular

Switch Promoting Osteoblast Differentiation. Plos Genet. 6, e1001019.
doi:10.1371/journal.pgen.1001019

Uhlar, C. M., Burgess, C. J., Sharp, P. M., andWhitehead, A. S. (1994). Evolution of
the Serum Amyloid A (SAA) Protein Superfamily. Genomics 19, 228–235.
doi:10.1006/geno.1994.1052

Veenstra, T. D., Conrads, T. P., Hood, B. L., Avellino, A. M., Ellenbogen, R. G., and
Morrison, R. S. (2005). Biomarkers: Mining the Biofluid Proteome. Mol. Cel
Proteomics 4, 409–418. doi:10.1074/mcp.M500006-MCP200

Webb, N. R. (2021). High-Density Lipoproteins and Serum Amyloid A (SAA).
Curr. Atheroscler. Rep. 23, 7. doi:10.1007/s11883-020-00901-4

Weinstein, R. S., Nicholas, R. W., and Manolagas, S. C. (2000). Apoptosis of
Osteocytes in Glucocorticoid-Induced Osteonecrosis of the Hip. J. Clin.
Endocrinol. Metab. 85, 2907–2912. doi:10.1210/jcem.85.8.6714

Yoo, J. Y., and Desiderio, S. (2003). Innate and Acquired Immunity Intersect in a
Global View of the Acute-phase Response. Proc. Natl. Acad. Sci. U S A. 100,
1157–1162. doi:10.1073/pnas.0336385100

Yoon, B. H., Mont, M. A., Koo, K. H., Chen, C. H., Cheng, E. Y., Cui, Q., et al.
(2020). The 2019 Revised Version of Association Research Circulation Osseous
Staging System of Osteonecrosis of the Femoral Head. J. Arthroplasty 35,
933–940. doi:10.1016/j.arth.2019.11.029

Zapico Muñiz, E., Mora Brugés, J., and Blanco Vaca, F. (2005). Early Cancer
Diagnosis through Proteomics of Serum: Fiction or Fact. Med. Clin. 124,
181–185. doi:10.1157/13071481

Zeng, P., Chen, J., Li, J., Qin, G., He, K., Du, M., et al. (2019). A Study on
Differential Proteomics in Traumatic Osteonecrosis of the Femoral Head.
Orthop. J. China 27, 453–458. doi:10.3977/j.issn.1005-8478.2019.05.15

Zerega, B., Pagano, A., Pianezzi, A., Ulivi, V., Camardella, L., Cancedda, R., et al.
(2004). Expression of Serum Amyloid A in Chondrocytes and Myoblasts
Differentiation and Inflammation: Possible Role in Cholesterol Homeostasis.
Matrix Biol. 23, 35–46. doi:10.1016/j.matbio.2004.02.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Peng, Ma, Wang, Gao, Li, Jiang, Gao and Feng. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org October 2021 | Volume 12 | Article 76724312

Peng et al. SAA&ONFH: Order in Chaos

https://doi.org/10.3892/mmr.2015.3369
https://doi.org/10.1073/pnas.89.17.7949
https://doi.org/10.2106/00004623-200605000-00025
https://doi.org/10.2106/00004623-200605000-00025
https://doi.org/10.1186/s13075-020-02405-7
https://doi.org/10.1007/s00018-008-8429-z
https://doi.org/10.1007/s00018-008-8429-z
https://doi.org/10.1002/art.20301
https://doi.org/10.1074/mcp.M400161-MCP200
https://doi.org/10.1016/j.metabol.2011.06.012
https://doi.org/10.1186/s10020-018-0047-0
https://doi.org/10.1186/s10020-018-0047-0
https://doi.org/10.1371/journal.pone.0055769
https://doi.org/10.1016/j.joca.2021.04.005
https://doi.org/10.1038/nrgastro.2016.168
https://doi.org/10.1371/journal.pgen.1001019
https://doi.org/10.1006/geno.1994.1052
https://doi.org/10.1074/mcp.M500006-MCP200
https://doi.org/10.1007/s11883-020-00901-4
https://doi.org/10.1210/jcem.85.8.6714
https://doi.org/10.1073/pnas.0336385100
https://doi.org/10.1016/j.arth.2019.11.029
https://doi.org/10.1157/13071481
https://doi.org/10.3977/j.issn.1005-8478.2019.05.15
https://doi.org/10.1016/j.matbio.2004.02.002
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Serum Amyloid A Correlates With the Osteonecrosis of Femoral Head by Affecting Bone Metabolism
	Introduction
	Material and Methods
	Proteomics Analysis
	Patients

	Preparation of Serum Samples
	Elimination of Highly Abundant Proteins and Quantification
	Two-Dimensional Gel Electrophoresis
	Silver Staining
	Gel Imaging
	Destaining and Trypsin Digestion
	Matrix-Assisted Laser Desorption Ionisation Time-Of-Flight Mass Spectrometry
	ELISA

	Vitro Experiment
	Isolation and Cultivation of rBMSCs
	Cell Counting Kit-8 (CCK-8) Assay
	Bromo-4-chloro-3-indolyl-phosphate (BCIP)/Nitro Blue Tetrazolium (NBT) Staining
	Alizarin Red Staining
	Oil Red O Staining
	Western Blot Analysis
	Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

	Vivo Experiment
	Bilateral Critical-Sized Calvarial-Defect Model
	Micro-CT Scanning Analysis
	Immunofluorescence Staining
	Histological Analysis

	Statistical Analysis

	Results
	Overexpression and Quantitative Validation of SAA in Patients With ONFH
	SAA Inhibits the Osteogenic Differentiation of rBMSCs in vitro
	SAA Promotes the Adipogenic Differentiation of rBMSCs in vitro
	SAA Reduces New Bone Formation in vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


