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PDGF-BB improves cortical bone quality through restoring the osteogenic 
microenvironment in the steroid-associated osteonecrosis of rabbits
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A B S T R A C T

Objective: Steroid-associated osteonecrosis of the femoral head (SONFH) is a refractory disease characterized by 
progressive bone destruction. Clinical evidence suggests that SONFH may extend beyond the intra-capital region 
to the femoral neck, metaphysis, and even diaphysis, increasing the risk of subtrochanteric fractures and implant 
loosening post-surgery. While our previous study demonstrated that platelet-derived growth factor-BB (PDGF- 
BB) promotes reparative osteogenesis in the femoral head, its effects on cortical bone quality in the extended 
diaphyseal regions under steroid-associated osteonecrosis (SAON) remain unclear. This study aims to investigate 
whether PDGF-BB could mitigate cortical bone deterioration in the femoral diaphysis during SAON progression.
Methods: SAON was induced by repeated lipopolysaccharide (LPS) and methylprednisolone (MPS) injections in 
rabbits. At 2, 4, and 6 weeks after SAON induction, PDGF-BB was intramedullary injected into the proximal 
femur. Xylenol orange and Calcein green were injected subcutaneously into rabbits on days 14 and 4 before 
euthanasia. At 3 days after last PDGF-BB treatment, micro-fil perfusion was performed for angiography. Then the 
femur shaft was dissected for micro-computed tomography (μCT)-based angiography, μCT-based cortical bone 
geometry, and histological analysis. With regard to the macrophage infiltration and activated osteoclast function 
in osteonecrosis regions during SAON progression, RAW 264.7 cells were utilized to evaluate the effect of PDGF- 
BB on macrophage polarization and osteoclasts activity in vitro.
Results: In this study, osteonecrosis extended to the femoral diaphysis, accompanied by vascular disruption 
(reduced CD31+ vessels), sensory nerve degeneration (decreased CGRP + fibers), and cortical bone destruction, 
at 6 weeks post-SAON induction. While PDGF-BB treatment significantly attenuated SAON progression in the 
femoral diaphysis, restoring blood supply (angiography) and improving cortical bone geometry (μCT). Histo
logically, PDGF-BB enhanced periosteal and endosteal osteogenesis while suppressing osteoclastic resorption. In 
vitro, PDGF-BB not only could modulate M1-type macrophages polarization to reduce inflammatory response, but 
also subsequently afford a secondary source of bioactivity factors during osteoclasts formation process to restore 
the osteogenic microenvironment, suggesting a dual role in resolving inflammation and enhancing bone 
remodeling.
Conclusion: SAON progression leads to diaphyseal cortical bone deterioration, while PDGF-BB application could 
restore the osteogenic microenvironment and drive cortical bone remodeling during SAON progression.
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The translational potential of this article: These findings suggest that PDGF-BB could serve as a potential candidate 
for attenuating the progression of SAON. Local delivery of PDGF-BB during surgical interventions for SONFH 
may enhance cortical bone repair and improve mechanical stability, offering a clinically viable strategy to 
achieve better long-term outcomes.

1. Introduction

High dose/excessive glucocorticoids (GCs) are widely used in many 
medical conditions, including severe infections like sepsis, acute respi
ratory distress syndrome, community-acquired pneumonia, and auto
immune diseases such as rheumatoid arthritis [1,2]. While high-dose GC 
therapy effectively modulates inflammation and mitigates cytokine 
storm-induced organ damage, it is also strongly associated with an 
increased risk of steroid-associated osteonecrosis (SAON), particularly 
affecting the major weight-bearing hip joint, a condition known as 
steroid-associated osteonecrosis of femoral head (SONFH) [3,4]. This 
condition can lead to progressive hip damage and a high rate of 
disability [5,6]. Hip preservation surgeries, such as core decompression 
(CD) combines with bone grafting, are commonly used to delay femoral 
head collapse in SONFH patients [7]. However, despite these in
terventions, a significant proportion of SONFH patients eventually 
require total hip arthroplasty (THA), with reports indicating that 5–18 % 
of annual THA procedures are performed for SONFH [8]. Notably, these 
patients may face additional risks, such as subtrochanteric fracture 
following CD [7,9], as well as periprosthetic fractures during THA or 
failure to femoral stem osseointegration [10,11]. These complications 
highlight the critical role of cortical bone quality in the femur shaft for 
the success of both CD and THA procedures. Histological evidence 
suggests that SONFH not only affects the intra-capital region but may 
also extend into the femoral neck, metaphyseal, and even the diaphysis 
[12]. When the osteonecrotic lesions extend into the diaphyseal region, 
cortical bone turnover and remodeling may be compromised, poten
tially impairing long-term implant fixation. So, implants placed within 
or near pathological bone are at risk of poor osteointegration and sub
optimal outcomes [8,12]. However, the pathological characteristics in 
the femoral diaphysis under SAON condition remain poorly understood.

Platelet-derived growth factor BB (PDGF-BB) is a Food and Drug 
Administration (FDA) approved therapeutic agent for bone defects, 
known for its roles in angiogenesis, osteogenesis, and mesengenesis 
during bone repair [13,14]. PDGF-BB activates the PDGF receptors ɑ and 
β (PDGFRɑ and PDGFRβ) signaling axis, supporting the sequential 
phases of bone healing, including inflammation, tissue formation, 
remodeling, and maturation [15]. Recent studies have confirmed that 
PDGF-BB extrinsically regulates the fate determination of both bone 
marrow mesenchymal stem cells (BMSCs) and periosteum-derived cells 
(PDCs), both of which contribute to osteogenesis in skeletal system [16,
17]. However, high dose/excessive GCs use is known to downregulate 
PDGF-BB expression, consequently impairing the endogenous regener
ative capacity of bone [18]. Data from GEO (GSE123568) reveal lower 
translation level of PDGF-BB in peripheral blood mononuclear cells of 
SONFH patients compared with non-SONFH patients (Fig. S1). Simi
larly, a decrease in PDGFRβ level has been observed in the mid-stage of 
SONFH patients [19]. Our previous studies have shown the low levels of 
bone marrow endothelial progenitor cells (EPCs) and MSCs contribute to 
destructive repair in SAON, which associated with rapid progression of 
hip damage [20]. Furthermore, in these destructive repair areas, the 
level of PDGF-BB was significantly lower compared to that in reparative 
osteogenesis areas of SAON [21]. Supplement recombinant PDGF-BB 
into the proximal femur promotes reparative osteogenesis in the 
femoral head by enhancing type H (CD31hiEmcnhi) vessel formation and 
leptin receptor-positive (LepR+) MSCs proliferation in SAON rabbits 
[21]. However, it remains uncertain whether PDGF-BB supplementation 
can also improve cortical bone quality in the femoral diaphysis under 
SAON conditions.

Rabbits are the most commonly used animal model for studying 
pathogenesis and pathophysiology of SAON, and it was reported that the 
fracture toughness of the rabbit femur shaft is comparable to that of 
human [22]. Especially, rabbits posses an active Haversian canal system 
in cortical bone [23,24], making them an ideal model for investigating 
cortical bone pathophysiology in the femur shaft [23]. In this study, we 
used a previously established protocol to induce SAON in rabbits 
through repeated lipopolysaccharide (LPS) and methylprednisolone 
(MPS) injections [21]. SAON rabbits were then treated with PDGF-BB to 
evaluate its potential to drive periosteal and endosteal osteogenesis in 
cortical bone under SAON condition. Chronic inflammation is a hall
mark of SAON, and unresolved inflammation can lead to progressive 
bone destruction [5]. Our previous studies have demonstrated signifi
cant macrophage infiltration in the SAON-affected regions, with an 
increased ratio of M1 to M2 macrophages as SAON progression and 
accompanied by elevated levels of proinflammatory factors and 
enhanced osteoclastic bone resorption [25]. With regard to the patho
logical features of SAON as above, we used the macrophages line RAW 
264.7 cells to further investigate the effect of PDGF-BB on regulating the 
inflammatory response and osteoclast activity in vitro.

2. Methods

2.1. Establishing the SAON rabbit model

Forty 16-weeks-old male New Zealand white rabbits weighing 
2.0–2.2 kg were purchased from Guangdong Medical Laboratory Animal 
Center (Guangzhou, China) and maintained in a common facility at 
Shenzhen-Peking University-Hong Kong University of Science & Tech
nology (Shenzhen-PKU-HKUST) Medical Center. All procedures were 
approved by the Institutional Animal Care and Use Committee of the 
Shenzhen Institute of Advanced Technology, Chinese Academy of Sci
ences (SIAT-IRB-150308-YGS-CHJ-A0140). After housing for 4 weeks, 
thirty rabbits (weighing 2.0–2.5 kg) were used to establish the SAON 
rabbit model [21]. In brief, an intravenous injection of 10 μg/kg lipo
polysaccharide (LPS, Escherichia coli O111:B4, Sigma–Aldrich, St. Louis, 
MO, USA) was administered on days 0 and 14, followed by intramus
cular injections of 20 mg/kg methylprednisolone (MPS, Pfizer, Peapack, 
NJ, USA) on days 1, 2, and 3, and on days 15, 16, and 17. The SAON 
rabbits were randomly divided into three groups. After first LPS injec
tion, 1 μg/dose or 2 μg/dose rhPDGF-BB (100-14B, PeproTech, Rocky 
Hill, NJ, USA) was delivered in protein form by intramedullary injection 
into the proximal femora at 2, 4, and 6 weeks, respectively (Fig. 4A). Ten 
untreated rabbits were used as normal control. At 3 days after the last 
drug treatment, the femora of the rabbits were collected.

PDGF-BB is a dimer composed of two PDGF-B subunits [26]. A 
comparison of the full amino acid (AA) sequences of PDGF-B subunits 
between humans and rabbits reveals that AA sequences exhibit a high 
degree of homology, the primary three-dimensional (3D) structure of the 
AA in the PDGF-B subunit are conserved between the two species 
(Fig. S2). This structural conservation supports the use of the rabbit 
model in this study to evaluate the effects of rhPDGF-BB. In the present 
experimental study, the dosages of rhPDGF-BB were designed based on 
our published work [21].

2.2. Micro-CT-based cortical bone mineral density and bone architecture 
evaluation

After euthanasia, bilateral femora of the rabbits were collected and 
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then fixed in 10 % formalin (DF0111, League, Anhui, China) for 1 week. 
μCT (Skyscan 1176; Bruker, Belgium) with a spatial resolution of 18 μm 
was used to scan the middle cortical bone in the femur shaft at 66 kV and 
110 μA. Mineralized tissue was separated from the background signal 
using an Al 1.0 filter which was defined by a threshold of more than 80 
HU. The middle cortical bone (2 mm) of the femur shaft was selected as 
the region of interest (ROI), and then the 3D structure of the ROI was 
reconstructed and analyzed using a CT-Analyzer. Quantitative 2D and 
3D analysis results showed Tissue areas (T.Ar, mm2) and Bone areas (B. 
Ar, mm2), Periosteum perimeter (Ps.Pm, mm), Endosteum perimeter 
(Es.Pm, mm), Radius of cortical bone (Rm, mm), volumetric bone 
mineral density (vBMD, g/cm3), and the mean polar moment of inertia 
(pMOI, mm4). The strength strain index (SSI, mm3) was calculated for 
cortical bone as a published calculation method [27]. SSI=Normalized 
BMD × 1/Rm × pMOI. Normalized BMD: vBMD/Normal vBMD.

2.3. Micro-CT-based angiography for vascular architecture evaluation

General and deep anesthesia was induced in rabbits by intravenously 
administering 3–5 ml of 3 % sodium pentobarbital (P11011, Merk, San 
Diego, CA, USA). The abdominal cavities of the rabbits were opened for 
perfusion following a published protocol [21]. Firstly, 100 ml 
pre-warmed 10 % formalin was injected into the abdominal aorta to fix 
the femoral vein. Then a confected radiopaque silicone rubber mix 
(MV-Diluent: MV-117 Orange: MV Curing Agent = 38: 47.5: 4.5) (Mir
co-fil, Flow Tech Inc, USA) (http://www.flowtech-inc.com/products/) 
was perfused slowly into the vasculature of femurs. Subsequently, the 
animals were euthanized and stored at 4 ◦C overnight for complete 
polymerization of the in vivo-injected micro-fil. Finally, the bilateral 
femurs were separated and fixed in 10 % formalin, and then prepared for 
decalcification using 10 % ethylene diamine tetra-acetic acid (EDTA) 
decalcifying-fluid (AR1071, Boster, Pleasanton, CA, USA). EDTA was 
refreshed weekly, and the level of decalcification was assessed radio
graphically to confirm whether the samples were completely decal
cified. The decalcified femur shaft was scanned by μCT using for imaging 
the perfused vessels with micro-fil. To segregate the infused radiopaque 
substance from the background, an Al1.0 filter was used, and the 
perfused micro-fil was defined at a threshold of more than 90 HU. The 
middle cortical bone (2 cm) of the femur shaft was selected as ROI, and 
then the 3D structure of blood vessels perfused by micro-fil were 
reconstructed and analyzed using a CT-Analyzer. The volume, number, 
and distribution of perfused micro-fil were measured.

2.4. Sequential fluorescence labeling of bone remodeling

A double-labeling procedure was performed to measure the dynamic 
bone formation. Xylenol orange (90 mg/kg body weight, 52097, Sig
ma–Aldrich) and calcein green (10 mg/kg body weight, C0875, Sig
ma–Aldrich) were injected subcutaneously on days 14 and 4 before 
euthanasia. Then, the femurs were collected and fixed in 10 % formalin 
for 1 week. After dehydration, the femur shaft was soaked in water-free 
methyl methacrylate (MMA, P107082, Aladdin) solution in gradient 
(MMA I, MMA II, and MMA III in sequence). Then, the femur shaft was 
embedded with MMA III solution without decalcification. Then the 
MMA-embedded samples were cut along the coronal plane and the 
transverse plane using a saw microtome (Exakt 300CP, Exakt Technol
ogies. Inc., Basking Ridge, NJ, USA), respectively. And the sections were 
polished to 100-μm-thick using a polisher (Phoenix 4000, Buehler Ltd. 
USA) to observe fluorescence labeling. The undecalcified fluorescence 
labeling images were captured using a microscope (Leica DMI8, Leica 
Microsystems, Wetzlar, Germany). Histomorphometric analysis was 
carried out using the Image Pro-Plus 6.0 system (Version 6.0, Media 
Cybernetics. Inc., Rockville, MD, USA) and analyzed according to a 
standard histomorphometry protocol [28].

2.5. Histopathology

After euthanasia, the excised femora were fixed and decalcified using 
the same protocol as that used for angiographic architecture evaluation. 
After decalcification, the femur shaft was embedded in paraffin and cut 
into 5-μm-thick sections along the coronal plane and the transverse 
plane, respectively. The femoral diaphyseal cross sections and longitu
dinal sections were stained with hematoxylin and eosin (H&E, DH0006, 
League) for routine histology and tartrate resistant acid phosphatase 
(TRAP) dye (JoyTech Bio Co. Ltd., Zhejiang, China) for osteoclast 
identification. H&E and TRAP staining images were captured using 
digital whole-slide scanner (3DHISTECH, Pannoramic SCAN II, 
Hungary) and the histomorphometry was analyzed by 3DHISTECH’s 
CaseViewer.

2.6. Immunohistochemistry and immunofluorescence

The decalcified femur shaft was embedded in paraffin and cut into 5- 
μm-thick sections along the coronal plane. Immunohistochemistry and 
immunofluorescence staining were performed according to the standard 
protocol. 1) Immunohistochemistry staining: Briefly, the sections were 
incubated with primary antibodies against goat leptin receptor (LepR, 
Abcam, ab50424, 1:200) overnight at 4 ◦C. The sections were then 
incubated with HRP-conjugated secondary antibodies to donkey anti- 
goat IgG H&L (Abcam, ab6885, 1:2000). Then sections incubated with 
3, 3-diaminobenzidine tetrahydrochloride (DAB, Abcam, ab64238) for 
visualization. Nuclei were counterstained with hematoxylin. And then 
the images were observed by Leica DMi8 microscope (Leica, Wetzlar, 
Germany). The LepR + cells areas were quantified by Image-Pro Plus 
software (Version 6.0, Media Cybernetics. Inc., Rockville, MD, USA). 2) 
Immunofluorescence staining: Briefly, the sections were incubated with 
primary antibodies against rabbit periostin (Abcam, ab14041, 1:100), 
rabbit CD31 (Bioss, 0195R, 1:100), goat CGRP (Abcam, ab195387, 
1:100) overnight at 4 ◦C. The sections were then incubated with 
fluorescence-conjugated secondary antibodies to goat anti-rabbit IgG 
H&L (Alexa Fluor®488) (Abcam, ab150081, 1:1000) and donkey anti- 
goat IgG H&L (Alexa Fluor® 594) (Abcam, ab150132, 1:1000). In the 
end, the sections were counterstained with DAPI (Boster, AR1177). The 
immunofluorescence images were captured using a research slide 
scanner (Olympus, VS200, Japan). And the fluorescence signals areas of 
Periostin, CD31, and CGRP were quantified by the Image Pro-Plus 6.0 
system.

2.7. In vitro macrophages polarization assay

We further studied the effect of PDGF-BB on regulating the inflam
matory response via balance the M1 and M2 types of macrophages. RAW 
264.7 cells (5 × 103 cells/well) were cultured in 48-well plates with 
DMEM and incubated for 24 h. Then the cells were continued culture 
with medium containing 100 ng/ml LPS or 10 ng/ml IL-4 (Murine IL-4, 
PeproTech, 214-14) which all plus 10, 25, and 50 ng/ml PDGF-BB 
(Murine PDGF-BB, PeproTech, 315-18), 50 ng/ml VEGF (Murine 
VEGF156, PeproTech, 450-32) for another 12 h or 24 h. The CD86 
(Biorbyt, ORB500820) and CD163 (Biorbyt, ORB182468) were used to 
evaluate the polarization of RAW 264.7 cells by immunofluorescence 
assay. The images were captured using a laser scanning confocal mi
croscopy confocal (ZEISS, LSM900, Germany).

RAW 264.7 cells (10 × 104 cells/well) were cultured in 6-well plates 
with DMEM and incubated for 24 h. Then the cells were stimulated by 
LPS or IL-4 which all plus PDGF-BB for another 24 h or 48 h. The cells 
were washed and 0.5–1 × 106 cells were surface stained with FITC anti- 
mouse CD86 (BioLegend, 159220, 0.25 μg), PE anti-mouse CD80 (Bio
Legend, 104707, 0.5 μg), PE anti-mouse CD163 (BioLegend, 155308, 
0.25 μg) for 1 h on ice. For intracellular CD206 staining, the cells were 
then fixed and permeabilized with Fixation/Permeabilization Buffer 
(eBioscience™, 00-5123-43) and stained with APC anti-mouse CD206 
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(BioLegend, 141708, 0.5 μg) for 1 h on ice. Then the polarization of 
RAW 264.7 cells were detected by Flow cytometry (EasyCell103A0, 
Shenzhen Wellgrow Technology Ltd. China), and the data were analyzed 
using Flowjo software (FlowJo, Ashland, OR, USA).

2.8. In vitro osteoclastogenesis assay

We further studied the effect of PDGF-BB on regulating osteoclast 
formation and function. RAW 264.7 cells (5 × 103 cells/well) were 
cultured in 48-well plates in the presence of 50 ng/ml murine sRANK 
ligand (RANKL, 315-11, PeproTech) plus 10, 25, and 50 ng/ml PDGF- 
BB, 50 ng/ml VEGF, and 156 ng/ml anti-PDGF-BB (rabbit PDGF-BB 
antibody, 500-P47, PeproTech) for 7 days. TRAP staining (#387, Sig
ma–Aldrich) was performed on day 4. TRAP-positive (TRAP+) multi
nucleated cells with more than three nuclei were counted as osteoclasts 
under a light microscope (Olympus, Tokyo, Japan). For measuring bone 
resorption function by pit formation assay, RAW 264.7 cells (3 × 103 

cells/well) were seeded in Osteo Assay Surface 96-well multiple well 
plates (#3988, Corning) and cultured with RANKL (50 ng/ml) and drugs 
for 7 days, and the medium was changed every 3 days. On day 7, the 
cells on the plate were lysed with 4 % NaClO and the plate was washed 
with deionized water. The pit area in each plate was imaged using a 
dissecting microscope (Olympus, Tokyo, Japan). Quantification analysis 
was conducted in TRAP + multinucleated cells and pit areas using the 
Image Pro-Plus 6.0 system (version 6.0, Media Cybernetics. Inc, Rock
ville, MD, USA). Meanwhile, RAW 264.7 cells (2 × 104 cells/well) were 
cultured in 12-well plates in osteoclasts differentiation medium with 
PDGF-BB (10, 20 and 50 ng/ml), anti-PDGF-BB (156 ng/ml) for 2 days 
and 5 days, and the total protein was collected for analysis of osteoclast 
functions.

2.9. Quantitative (Real-time) PCR (qPCR)

RAW 264.7 cells (2 × 104 cells/well) were cultured in 12-well plates, 
the total RNA was extracted from the cells at 12 h after LPS or IL-4 
stimulation, as well as RAW 264.7 at days 3, 5, and 7 after osteoclas
togenesis induction, using the RNA Miniprep Kit (#AP-MN-RNA, Axy
gen®, Union City, CA, USA). Total RNA (200 ng) was reverse- 
transcribed to complementary deoxyribonucleic acid (cDNA) using the 
PrimeScript RT reagent kit (#RR036A, TaKaRa Biotechnology (Dalian) 
Co. Ltd, Dalian, China) with oligo dT primers and six random primers. 
The qPCR primers (BGI, Shenzhen, China) used in the experiments are 
listed in Table 1. The final reaction solution (20 μl) contained 1 μl of the 
diluted cDNA product, 10 μl of 2 × Power SYBR® Green PCR Master Mix 
(#RR820B, TaKaRa), 0.8 μl each of forward and reverse primers, and 
7.4 μl nuclease-free water. The amplification conditions were as follows: 
50 ◦C for 2 min, 95 ◦C for 10 min, 40 cycles of annealing at 95 ◦C for 15 s 
and annealing and extension at 60 ◦C for 1 min. The fluorescence signal 
was recorded using a Roche Light Cycler 480 Detection System 

(Germany) and converted into numerical values. The mRNA levels of all 
the genes were normalized using gapdh as an internal control. These 
analyses were performed in duplicates for each sample using cells from 
three different cultures, and each experiment was repeated three times.

2.10. Western blotting

Cells were lysed in RIPA lysis buffer containing 1 % PMSF and 1 % 
protease and phosphatase inhibitor cocktail (#78446, Thermo Fisher 
Scientific). After treatment on ice for 30 min, cell lysates were clarified 
by centrifugation at 12,000×g for 15 min at 4 ◦C to remove cell debris, 
and the protein content was measured using the Pierce™ BCA protein 
assay kit (#23227, Thermo Scientific™). The total lysates were boiled in 
2 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) buffer. Aliquots of the lysates were subjected to 10 % SDS-PAGE 
(with 5 % stacking gel) and transferred to a PVDF membrane 
(#1620177, Bio-Rad Laboratories, Hercules, CA, USA). Immunoblotting 
was performed using primary antibodies to rabbit IL-1β (Novus, NB600- 
633, 1:2000), rabbit TGF-β (Youpin, YP-Ab-04780, 1:1000), rabbit 
Periostin (Abcam, ab14041, 1:2000), mouse VEGFA (Abcam, Ab28775, 
1:2000), rabbit Netrin-1 (Abcam, Ab126729, 1:2000), rabbit CTHRC1 
(LifeSpan BioSciences, LS-B10953, 1:2000), overnight at 4 ◦C. The PVDF 
membrane was then washed three times with Tris-buffered saline Tween 
(TBST) buffer solution (#37571, Thermo Scientific™) three times. Then, 
the membrane was incubated with HRP-conjugated secondary anti
bodies at room temperature for 2 h, and washed three times by TBST 
buffer solution. Protein bands were developed using an enhanced 
chemiluminescence detection kit (Multi Sciences Biotech Co. Ltd., 
Hangzhou, China), and band densities were quantified using Image 
Lab™ (Bio-Rad Laboratories) by calculating the average optical density 
in each field. The GAPDH antibody (Abcam, ab8245, 1:5000) was used 
as a reference to normalize the differences in the amounts of protein 
among samples.

2.11. Statistics

The difference in incidence and size of ON lesion in the cortical bone 
of each group, and the size of necrotic bone marrow were calculated and 
analyzed by the chi-square test. The μCT data, histological quantitative 
data and in vitro tests data were expressed as mean ± SEM, and analyzed 
by One-way ANOVA (Fisher-LSD) at a single time point for multiple 
comparisons. Statistical significance was set at p < 0.05. All statistical 
analysis was performed using the GraphPad Prism 8 software (GraphPad 
Software Inc., San Diego, CA, USA).

Table 1 
Primer sequences used for real-time PCR.

Gene Forward primer# Reverse primer

Ma-Gapdh 5′-CATGTTCCAGTATGACTCCACTC-3′ 5′-GGCCTCACCCCATTTGATGT-3′
M-IL-1β 5′-GCAACTGTTCCTGAACTCAACT-3′ 5′-ATCTTTTGGGGTCCGTCAACT-3′
M-IL-6 5′-TAGTCCTTCCTACCCCAATTTCC-3′ 5′-TTGGTCCTTAGCCACTCCTTC-3′
M-Mcp-1 5′-TTAAAAACCTGGATCGGAACCAA-3′ 5′-GCATTAGCTTCAGATTTACGGGT-3′
M-Arg-1 5′-CTGGCAGTTGGAAGCATCTCT-3′ 5′-GTGAGCATCCACCCAAATGAC-3′
M-IL-10 5′-CTTACTGACTGGCATGAGGATCA-3′ 5′-GCAGCTCTAGGAGCATGTGG-3′
M-Tgf-β 5′-CCACCTGCAAGACCATCGAC-3′ 5′-CTGGCGAGCCTTAGTTTGGAC-3′
M-Trap 5′-GATGCCAGCGACAAGAGGTT-3′ 5′-CATACCAGGGGATGTTGCGAA-3′
M-Mmp9 5′-CTGGACAGCCAGACACTAAAG-3′ 5′-CTCGCGGCAAGTCTTCAGAG-3′
M-Ctk 5′-GAAGAAGACTCACCAGAAGCAG-3′ 5′-TCCAGGTTATGGGCAGAGATT-3′
a M, Mus musculus; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; IL-6, interleukin 6; Mcp-1, monocyte chemotactic protein 1; IL- 

1β, interleukin 1β; Arg-1, arginase 1; IL-10, interleukin 10; Tgf-β, transforming growth factor β; Trap, tartrated resistant acid phosphates; 
Mmp9, matrix metallopeptidase 9; Ctk, Cathepsin K. # Primers were synthesized by BGI (Shenzhen, China).
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3. Results

3.1. The pathological characteristics of on lesion in the femoral diaphysis 
under SAON condition

In this study, we established a SAON model in rabbits using repeated 
intravenous injections of low-dose LPS (10 μg/kg) and followed by three 
intramuscular injections of high-dose MPS (20 mg/kg) at week 0 and 
week 2 (Fig. 1A). To evaluate the vascular changes in the femoral 
diaphysis, we collected femur samples and performed the μCT-based 
angiography at 6 weeks post-SAON induction.

In the normal group, the vascular network exhibited a well- 
organized architecture with fine branching. In contrast, the SAON 
group showed a disrupted vascular network, with small-sized angio
graphic agents lacking vessel-like architectural features, appearing 
denser and randomly oriented (Fig. 1B). Quantitative analysis of μCT- 
based angiography revealed an increase in the surface area and number 
of perfused substances (p < 0.5, SAON group vs. normal group), but no 
significant change in total volume. Notably, the proportion of small- 
sized (<200 μm) perfused substances increased in the SAON group, 
indicating sever vascular leakage compared to the normal group 
(Fig. 1C1–3). The histopathological examination of blood vessels further 
revealed inflammatory changes in the artery vascular endothelium, 
including hyperplasia and thickening, while vein venous walls exhibited 
partial fragmentation with endothelial cell pyknosis and karyorrhexis in 
the SAON group (Fig. 1D). These pathological changes in the vessel wall 
were consistent with the clinical features observed in human studies [29,
30], confirming the presence of vasculitis. In certain areas of the lesion 
bone marrow, vessels exhibited venous stasis and necrosis, preventing 
the perfusion of micro-fil substances during angiography. Consequently, 
the surrounding fatty tissue, stem cells niche, and hemopoietic system 
were severely impaired.

Osteonecrosis (ON) was identified by the presence of diffusely empty 
lacunae or pyknotic nuclei of osteocytes [21]. In this study, ON and 
adjacent bone marrow lesions occurred synchronously due to ischemia 
secondary to SAON induction. Histopathological images of normal 
femur revealed an active haversian system, analogous to humans, with 
clearly distinguishable osteons, osteon fragment, and interstitial 
lamellae (Fig. 2A). Additionally, the normal marrow cavity was filled 
with stromal cells, fat cells, and blood vessels (Fig. 2B). In contrast, the 
SAON group exhibited extensive ON lesion in the cortical bone, with 
severe destruction of osteon and haversian canal structure. The adjacent 
bone marrow also displayed varying degrees of necrosis and lesions. 
Quantitative analysis results showed that ON lesion area (%Ct-Nec.Ar, 
%) occupied approximately 43.3 % (range: 7.0–81.7 %) of cortical bone 
area at 6 weeks post-SAON induction (Fig. 2C). Simultaneously, necrotic 
bone marrow tissue, characterized by necrotic fat, extended to 20.6 % 
(range: 4.2–45.4 %). The remaining lesion bone marrow tissue was 
replaced by fibrosis (Fibr.B.Ma, 36.6 %; range: 21.5–57.0 %), inflam
matory infiltrates (Inflam.B.Ma, 33.1 %; range: 21.1–54.3 %), and spo
radic newly formed bone tissue, identified as sclerotic areas (NFB.B.Ma, 
4.2 %; range: 0.6–10.2 %) (Fig. 2D). Of note, perfused micro-fil sub
stances were observed in inflammatory and sclerotic areas but were 
absent in necrotic bone marrow fat and fibrotic regions.

3.2. The alternations of osteogenic microenvironment in the femoral 
diaphysis under SAON condition

In addition to ischemia, the insufficiency of repair cells in the 
pathological condition of SAON is another disadvantage factor 
contributing to the slow process of new bone regeneration [20,31]. 
Leptin receptor (LepR) is a key marker of highly enriched MSCs, the 
LepR-positive (LepR+) cells are the primary source of osteoprogenitors 
for bone regeneration and remodeling in adult bone tissue [32]. In this 
study, the immunohistochemical staining revealed abundant LepR +
cells in the normal cortical bone and bone marrow. In contrast, 

significantly fewer LepR + cells were observed in the necrotic cortical 
bone and lesioned bone marrow regions in the group (Fig. 3A). To 
further assess changes in the bone osteogenic microenvironment of the 
cortical bone under SAON condition, we analyzed the levels of periostin 
in the periosteum, as well as CD31 and CGRP in the femur shaft by 
immunofluorescence staining. Results showed significantly lower peri
ostin level in periosteum regions adjacent to necrotic cortical bone (Nec. 
B), but higher perisotin in regions adjacent to non-necrotic cortical bone 
(Nor.B) in the SAON group (Fig. 3B). Within the center zone of Nec.B, 
the CD31 and CGRP levels markedly reduced compared to the normal 
cortical bone zone, indicating impairment of loss of intraosseous 
CD31-marked vessels and CGRP-marked nerves (Fig. 3C&D). However, 
in the SAON group, the CD31 and CGRP levels were significantly higher 
in or around the Nor.B zone compared to the Nec.B zone. Then, we 
further analyzed the CD31 and CGRP levels in the bone marrow tissue 
(Fig. 3C&D). As described in Section of 3.2 and Fig. 2B, we defined in
flammatory and sclerotic areas (where micro-fil substances could be 
perfused) as repair reaction regions (Repair), and necrotic bone marrow 
fat and fibrotic areas (without micro-fil substances) as lesion regions 
(Lesion). Compared to normal bone marrow tissue, the lesion zones 
exhibited significantly lower CD31 and CGRP levels. In contrast, the 
repair reaction zones showed much higher CD31 and CGRP levels 
relative to the lesion zone in the SAON group. Notably, the CD31 and 
CGRP levels were also markedly increased in the repair reaction zone of 
the SAON group compared to the normal group.

3.3. PDGF-BB protects cortical bone in the femoral diaphysis under SAON 
condition

Analysis of GEO data (GSE123568) revealed lower PDGF-BB 
expression in peripheral blood mononuclear cells of SAON patients 
compared to non-SAON patients (Fig. S1). Consistent with this, our 
previous study demonstrated significantly higher PDGF-BB level in 
reparative osteogenesis area than in destructive repair area of SAON 
[21]. Based on these findings, we evaluated the potential of rhPDGF-BB 
(1 μg/dose or 2 μg/dose) on protecting cortical bone by injection into 
bone marrow cavity of proximal femur under SAON condition (Fig. 4A).

Firstly, we found PDGF-BB treatment stabilized the vascular network 
architecture and improved blood supply in the femur shaft (Fig. 4B). 
Quantitive analysis of μCT-based angiography showed a significant 
reduction in small-sized perfused substances (<400 μm) lacking vessel- 
like architectural features in the 2 μg/dose PDGF-BB-treated group 
compared to the SAON group (Fig. 4C). Additionally, the total surface 
areas and number of perfused substances decreased and trended toward 
baseline values in the 2 μg/dose PDGF-BB group. These results suggested 
PDGF-BB could protect primary blood vessels from SAON-induced 
damage. In addition, we further examined alterations in the 3D geom
etry of the femur shaft at 6 weeks post-SAON induction. Visual assess
ment revealed apparent differences in cortical bone geometry among the 
groups (Fig. 4D). Quantitative 3D analysis demonstrated that SAON 
group had significant lower values for T.Ar, B.Ar, Ps.Pm, Es.Pm and Rm 
compared to the normal group (Fig. 4E). However, the vBMD of cortical 
bone showed no difference between the normal and SAON groups 
(Fig. 4F). Of note, the biomechanical related markers, including pMOI 
and SSI, were both reduced by approximately one-third in the SAON 
group compared to the normal group (Fig. 4G&H). While treatment with 
2 μg/dose PDGF-BB significantly restored the 3D geometry of the femur 
shaft under SAON condition. Structure and biomechanical parameters of 
cortical bone, including T.Ar, B.Ar, Ps.Pm, Es.Pm, Rm, pMOI and SSI, 
were recovered and trended toward normal levels compared the SAON 
group (Fig. 4E–H).

Collectively, these findings demonstrate that PDGF-BB treatment 
maintains the 3D geometry and biomechanical integrity of the femur 
shaft cortical bone under SAON conditions, highlighting its potential as 
a therapeutic agent to mitigate SAON-induced bone damage.
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Fig. 1. The blood vessels in the femoral diaphysis were impaired in rabbits with SAON. (A) The SAON induction protocol. (B) The X-ray angiography image in 
normal femur mid-shaft was used to show the 2 cm region of interest (ROI) for 3D voxel analysis, and the representative 3D reconstructed voxels images in two 
groups (bar = 5 mm). (C) Quantitative analysis of Voxels surface (C1), Voxels number (C2), Voxels volume (C3), and the different sized voxels in two groups (C4), n 
= 6. The data were presented by grouped summary values with individual rabbit plotted as solid dots and analyzed by the independent sample t-tests (α = 0.05) for 
comparison to the normal group (*p < 0.05). (D) Representative H&E staining images showed the change of blood vessels in the bone marrow cavity of femur. 
Figure a showed the normal bone marrow tissue in the normal group, and Figure b showed the lesioned bone marrow tissue in the SAON group (bar = 200 μm). The 
normal vessels (a1, bar = 50 μm) and the lesioned vessels (b2, bar = 100 μm) which were the magnified images within the black boxes in a and b, the double yellow 
arrows showed the thickness of vascular endothelium, and the blue arrow showed the thrombosis within the affected vessel. The lesioned hemopoietic system was 
marked by ★. Figure c and d showed the bone marrow tissues post-perfused by micro-fil angiography (bar = 200 μm). The perfused substance inside the normal 
blood vessels (c3, bar = 50 μm) and the necrotic vessels without perfused substance (d4, bar = 50 μm), which were the magnified images within the black boxes in c 
and d. The perused substance was marked by ▴; The intravascular substance within the necrotic vessel was marked by ■. Figure e showed the perfused substance 
inside the normal blood vessels in the normal bone marrow tissue areas (bar = 200 μm). Figure f showed the damaged blood vessels (the black arrows) in the lesion of 
bone marrow tissue areas (bar = 200 μm).
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Fig. 2. The pathological characteristics of SAON lesion in cortical bone and bone marrow in the femoral diaphysis. (A) The alterations of histological 
microstructure of cortical bone in femur shaft post-SAON induction. The femoral diaphyseal cross sections were stained with H&E in normal and SAON rabbits, 
respectively (Bar = 50 μm). (B) The main pathological features of the normal or lesioned bone marrow tissue post-perfused by micro-fil angiography (a, c-f, bar =
200 μm; b, bar = 50 μm). Figure a and b showed the distribution of perfused substances in the normal bone marrow tissue areas. Figure c and d showed there were a 
lot of perfused substances into the newly formed bone tissue (c, NFB.B.Ma) and into those inflammatory tissue of bone marrow areas (d, Inflam.B.Ma). Figure e and f 
showed there were no perfused substances that could be observed in those fibrosis tissue (e, Fibr.B.Ma) and necrotic fatty tissues in the bone marrow areas (f, Nec.Fat. 
B.Ma). (C-D) Histomorphometry results based on longitudinal sections with H&E staining about the individual femur in SAON group (n = 8), and showed the ratio of 
necrotic cortical bone areas (C, %Ct-Nec.Ar) and the quantitative analysis of the lesion of bone marrow tissue areas (D, %Ma-Les.Ar) referring to the ratio of Nor.B. 
Ma, Nec.Fat.B.Ma, Inflam.B.Ma, Fibr.B.Ma, and NFB.B.Ma, respectively.
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3.4. PDGF-BB relieves the on progression in the femoral diaphysis under 
SAON condition

As described in Section 3.1, the ON in the femur shaft is accompanied 
by neighboring bone marrow lesion or necrosis. Of note, we found 
PDGF-BB treatment significantly alleviated ON pathologic progression 
in both cortical bone and bone marrow. This intervention reduced the 
incidence of ON from 100 % in the SAON group to 25–37.5 % 
(Fig. 5A&B). Histological analysis revealed that the micro-architecture 
of cortical bone and bone marrow, which had been damaged by SAON 
lesions, was restored following PDGF-BB treatment. Quantitative data 
demonstrated that the ON lesion areas in cortical bone was reduced to 
9.1–16.5 % (Fig. 5C). Concurrently, the area of normal bone marrow 
increased to 86.3–88.8 % in PDGF-BB groups compared to the SAON 
group (Fig. 5D).

In addition, we further analyzed changes in the cortical bone 
microstructure. Histomorphometry analysis of cross-sections of femur 
shaft confirmed that the Osteon and the Haversian canal systems were 
severely damaged under SAON condition (Fig. 5E). In the SAON group, 
the Osteon density (Osteon.Dn, 1/mm2) and the Haversian canal density 
(Ha.Ca.Dn, 1/mm2) were significantly decreased, while the ratio of total 
Haversian canal area to cortical area (%Ha.Ca.Ar, %) was significantly 
increased compared to the normal group. However, no significant dif
ferences were observed in the ratios of total osteon area, total fragments 
of osteon area (% Frag.Osteon.Ar, %), and total interstitial lamellae area 
(% Inter.La.Ar, %) to cortical area. Histomorphometry analysis of 
longitudinal-sections further confirmed alterations in the canal system, 
consistent with changes in the Haversian canal system in cross-section. 
Specifically, the canals density (Ca.Dn,/mm2) was decreased, while 
the ratio of total canals areas to cortical area (%Ct-Pore.Ar, %) was 
increased in the SAON group compared to the normal group (Fig. S2A). 
Of note, PDGF-BB treatment at 1 μg/dose or 2 μg/dose significantly 
restored cortical bone microstructure. The key parameters, referring to 
Ha.Ca.Dn, %Ha.Ca.Ar, Ca.Ar, %Ca.Ar, and % Frag. Osteon, were all 
recovered after PDGF-BB treatment. However, the % Inter. La. Ar was 
significantly increased in the 1 μg/dose PDGF-BB group compared to 
SAON group.

3.5. PDGF-BB accelerates cortical bone remodeling in the femoral 
diaphysis under SAON condition

The alterations in histological architecture parameters implied that 
SAON-affected cortical bone exhibited high porosity, which was asso
ciated with an imbalance between bone formation and resorption. The 
dual-fluorescent labeling analysis revealed a significant reduction in 
dynamic bone formation rate in the SAON-affected cortical bone of 
femur shaft (Fig. 6A&B). Specifically, the mineral apposition rate (MAR, 
μm/day), mineralizing surface (MS/BS, %), and bone formation rate 
(BFR/BS, μm3/μm2/day) on periosteal surfaces of cortical bone, as well 

as MS/BS and BFR/BS on endosteal surfaces (Fig. 6C), were significantly 
lower in SAON group compared to normal group. Correspondingly, 
TRAP staining results showed a significantly increase in TRAP + oste
oclast number (N.Oc/BS, 1/mm) and eroded surface (ES/BS, %) on the 
endosteal surfaces of cortical bone and the canals surfaces of intercor
tical bone in SAON group compared to normal group (Fig. 6D&E). And 
we observed a thinner periosteum (Ps.Th) in the peri-periosteal cortical 
bone under SAON condition. However, PDGF-BB treatment protected 
periosteum from SAON-induced damage (Fig. S2B). Of note, PDGF-BB 
treatment at 2 μg/dose maintained the dynamic bone formation rate 
at normal level in SAON group. The MAR and BFR/BS values on both 
periosteal or endosteal surfaces of cortical bone were similar to those in 
the normal group, but significantly higher than those in the SAON group 
(Fig. 6). Meanwhile, PDGF-BB treatment at 2 μg/dose significantly 
reduced osteoclasts formation (Ct-N.Oc/BS) and function (Ct-ES/BS; 
Es–ES/BS) on both canals surfaces and on endosteal surfaces of cortical 
bone compared to SAON group.

In contrast, PDGF-BB treatment at 1 μg/dose showed limited bone 
remodeling capacity. Specifically, the values of MS/BS, MAR, and BFR/ 
BS on the periosteal or endosteal surfaces of cortical bone in the 1 μg/ 
dose group showed no significant difference compared to the SAON 
group and were significantly lower in MAR and BFR/BS when compared 
to the 2 μg/dose PDGF-BB group (Fig. 6C). Furthermore, PDGF-BB 
treatment at 1 μg/dose increased the ratio of total interstitial lamellae 
area to cortical bone area (%Inter.La.Ar, %) (Fig. 5C7) and the Ca.Dn in 
the cortical bone zone (Fig. S2A), suggesting the presence of immature 
woven bone in the 1 μg/dose PDGF-BB group under SAON condition. 
Correspondingly, structure and biomechanical parameters of cortical 
bone (including B.Ar, Rm, pMOI and SSI) in 1 μg/dose PDGF-BB group 
were decline compared to 2 μg/dose PDGF-BB group (Fig. 4E–H). 
Collectively, PDGF-BB treatment at 2 μg/dose was superior to 1 μg/dose 
in improving cortical bone remodeling capacity, effectively restoring the 
balance between bone formation and resorption in the SAON-affected 
femur shaft.

3.6. PDGF-BB regulates macrophage activation and osteoclast function

It is well as known, the initial inflammatory phase is more important 
for the bone repair [33]. Macrophage polarization is central to this 
process, as they not only control inflammation response but also 
contribute to tissue repair through the release of growth factors and 
chemokines [34]. PDGF-BB has been demonstrated to play a pivotal role 
in the early inflammatory phase of bone healing [15]. Therefore, our 
study focused on investigating the polarization of RAW 26.7 macro
phages in vitro. Considering the complex and diverse microenvironment 
in vivo, we analyzed the macrophage polarization and their functions by 
stimulation with either LPS alone or a combination LPS and IL-4 in vitro. 
LPS/IL-4 induced macrophages were identified as a homogeneous 
population exhibiting a mixture of the characteristics of M1 and M2 

Fig. 3. The alterations of cortical bone osteogenic microenvironment in the femoral diaphysis post-SAON induction. (A1) Representative immunohisto
chemical staining images of LepR positive (LepR+) cells (black arrows) in the normal cortical bone and bone marrow areas with high intensity of LepR staining, and 
the necrotic bone and the fibrotic bone marrow tissues with low intensity of LepR staining (bar = 50 μm). (A2-A3) Quantification of LepR expressions within the 
cortical bone region (A2, Ct-LepR + cells, %) and bone marrow region (A3, Ma-LepR + cells, %). n = 8. *p < 0.05, **p < 0.01, independent sample t-tests (α = 0.05) 
were employed for comparison to normal group in Fig. A. (B1) Representative immunofluorescence staining of periostin (red) images (bar = 100 μm). Figure b, d, 
and f showed the magnified areas (bar = 50 μm) within the yellow boxes in Figure a, c and e, respectively. (B2) Quantification of periostin expressions within the 
periosteum region (Ps-Periostin). n = 4. (C1) Representative immunofluorescence staining of CD31 (red) images based on the femoral diaphyseal longitudinal 
sections (bar = 100 μm). Figure a and d showed the subperiosteal zone; Figure b, e, and g showed the subendosteal zone; Figure c, f, and h showed the bone marrow 
zone. Figure d and e showed the necrotic bone (Nec.B) zone and Figure f showed the lesioned bone marrow tissues, while Figure g showed the normal bone (Nor.B) 
zone and h showed repair reactive zone within those lesioned bone marrow tissue areas post-SAON induction. Quantification of CD31 expressions within cortical 
bone region (C2, Ct-CD31, %) and bone marrow region (C3, Ma-CD31, %). n = 4. (D1) Representative immunofluorescence staining of CGRP (green) images based on 
the femoral diaphyseal longitudinal sections (bar = 100 μm). Figure a and d showed the subperiosteal zone; Figure b, e, and g showed the subendosteal zone; 
Figure c, f, and h showed the bone marrow zone. Figure d and e showed the Nec.B zone and Figure f showed the lesioned bone marrow tissues, while Figure g showed 
the Nor.B areas and h showed repair reactive areas within those lesioned bone marrow tissue zones post-SAON induction. Quantification of CGRP expressions within 
the cortical bone zone (D2, Ct-CGRP, %) and bone marrow zone (D3, Ma-CGRP, %). n = 4. All data in Figure B, C, and D were presented by box plots with individual 
rabbits plotted as solid circles and analyzed by the One-way ANOVA (Fisher-LSD multiple comparisons) (*p < 0.05, **p < 0.01).
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macrophages [35].
As shown in Fig. 7, we first analyzed the populations of the CD86+

CD80+ M1-type macrophages and CD206 + CD163+ M2-type macro
phages at 24 h post stimulation with LPS or LPS/IL-4 stimulations by 
flow cytometry, respectively. The analysis revealed that PDGF-BB 
significantly inhibited M1-type macrophages polarization while hav
ing no significant effect on M2-type macrophage polarization at 24 h 
post-stimulations (Fig. 7A&B, Fig. S4). However, at 48 h post-LPS/IL-4 
stimulation, we observed a significant increase in CD163+ M2-type 
macrophages in PDGF-BB (10 and 50 ng/ml) groups compared to LPS/ 
IL-4 control group (Fig. S5). Furthermore, the expression of CD86 was 
significantly decreased following PDGF-BB (10 and 25 ng/ml) treatment 
compared to LPS stimulation control group at 24 h post-stimulation 
(Fig. 7C). Conversely, the expression of CD163 at 24 h was signifi
cantly increased compared to LPS/IL-4 stimulation control group 
(Fig. 7D). To further investigate the molecular mechanisms, we assessed 
the mRNA levels of inflammatory markers in both macrophage types 
(Fig. 7E&F). In M1-type macrophages at 12 h post-LPS stimulation, we 
observed significantly reduced mRNA levels of IL-1β and IL-6 in the 
PDGF-BB treatment groups (10 and 25 ng/ml). In M2-type macrophages 
at 12 h post-LPS/IL-4 stimulation, we found markedly increased mRNA 
levels of TGF-β in the PDGF-BB treatment groups. Correspondingly, the 
protein level of IL-1β in M1-type macrophages was also downregulated, 
while no significant increase in TGF-β protein level was observed in M2- 
type macrophages compared to control groups at 24 h post-stimulation 
(Fig. 7G). These findings collectively indicated that PDGF-BB modulates 
the inflammation response by suppressing the proinflammatory activity 
of M1-type macrophages in the early stage, while showing limited effect 
on M2-type macrophages function in an inflammatory setting.

Additionally, we further evaluated the effect of PDGF-BB on modu
lating osteoclasts activity (Fig. 8). TRAP staining (RANKL treatment for 
4 days) and Pit assay (RANKL treatment for 7 days) revealed that VEGF 
(50 ng/ml) significantly increased the number of osteoclasts (N.Oc/ 
Wells) and the area of resorption pits (Ar. Pit/Well) (Fig. 8A&B). 
Correspondingly, VEGF (50 ng/ml) upregulated the mRNA expressions 
of osteoclast marker genes (Trap, Mmp-9, Cathepsin K) were increased on 
days 3, 5 after RANKL induction compared to control group (Fig. S6). In 
contrast, the low dose of PDGF-BB (10 ng/ml) slowed osteoclast differ
entiation and reduced bone resorption activity when compared to both 
the high dose of PDGF-BB (50 ng/ml) group and control group 
(Fig. 8A&B). Consistent with these findings, the expression of osteoclast 
marker genes of Trap and Cathepsin K were markedly downregulated in 
the 10 ng/ml PDGF-BB group compared to the control group (Fig. 8C). 
However, no significant differences in these markers (Trap, Mmp-9, 
Cathepsin K) were observed between the 50 ng/ml PDGF-BB group 
and the control group during osteoclast differentiation and maturation 
(Fig. S6). Furthermore, the proliferation rate of RAW 264.7 cells was 
reduced in VEGF group at 2 days after RANKL-mediated osteoclast dif
ferentiation (Fig. 8D). In contrast, PDGF-BB (25 and 50 ng/ml) treat
ment did not affect RAW 264.7 cells proliferation or influence osteoclast 
formation at the end of the osteoclastic differentiation process. Addi
tionally, anti-PDGF-BB (156 ng/ml) treatment inhibited osteoclast 
function by reducing osteoclastic marker genes.

With regard to the macrophage lineage TRAP + cells are known to 
provide could provide coupling signals that mediate new bone 

formation through multiple mechanisms [36]. For example, TRAP +
cells secrete periostin, which can reconstruct the osteogenic microen
vironment of the periosteum [17]; while TRAP + cells secrete VEGF and 
Netrin-1, which can target vascular endothelial cells and nerve cells, 
respectively, to induce vessels and nerve axonal growth [37]; further
more, TRAP + cells express the collagen triple helix repeat containing 1 
(CTHRC1), which assists osteoclasts in degrading the bone collagen 
matrix and releasing activated TGF-β, thereby targeting stromal cells 
and stimulating osteogenesis [38]. To explore this further, we measured 
the protein levels of Periostin, Netrin-1, VEGFA and CTHRC1 protein 
levels in TRAP + osteoclasts at days 3 and 5 after RANKL induction 
(Fig. 8E&F). The results indicated that 10, 25 and 50 ng/ml PDGF-BB 
significantly upregulated the Periostin, Netrin-1, VEGFA and CTHRC1 
expressions during osteoclasts differentiation and maturation processes.

4. Discussion

In this study, we discovered for the first time that osteonecrotic 
lesion extended into the femoral diaphyseal regions and exhibited 
pathological characteristics of cortical bone in SAON rabbit model. This 
finding suggests that cortical bone degeneration in the femoral diaphysis 
may be associated with an increased risk of postoperative complications 
in case of SONFH. Concurrently, we proved that PDGF-BB treatment, 
administered via intramedullary injection into the femoral proximal 
marrow cavity at doses of 1 μg and 2 μg per dose, effectively remodeled 
necrotic cortical bone and regenerated damaged bone marrow tissue in 
the SAON affected femoral diaphysis. In vitro biological analysis further 
revealed that PDGF-BB not only modulated M1-type macrophages 
transformation to reduce the inflammatory response, but also subse
quently provided a secondary source of bioactivity factors (Periostin, 
Netrin-1, VEGFA, and CTHRC1) during osteoclast formation processes, 
thereby supporting sustained bone remodeling and improving cortical 
bone quality in SAON condition.

Microcirculation disturbance is one of the main pathogenic factors of 
SAON in patients undergoing high-dose/extensive GC use [30,39]. 
Previously, we reported that inadequate blood supply was caused by 
intravascular thrombus occlusion and extravascular marrow lipid 
deposition during early stage of SAON (at 2 weeks after LPS and MPS 
injection) [20,40]. However, at later stage (at 6 weeks after LPS and MPS 
injection), the primary blood supply was largely absent, and the sur
viving vessels presented severe leakage, ultimately leading to reduced 
blood perfusion and impaired venous return in the proximal femoral 
metaphysis and femoral head [20,41]. In this study, we also noticed that 
the arterial blood supply in the femoral diaphysis was also compro
mised, accompanied by inflammation and hyperplasia of the vascular 
endothelium. Additionally, venous blood flow appeared partially stag
nant and even necrosis, with evidence of clear signs of vasculitis in 
SAON condition (at 6 weeks after LPS and MPS injection). In the context 
of vasculitis, the surrounding fatty tissue, stem cells niche, and hemo
poietic system were impaired due to nutrient deficiencies and inflam
matory responses. Recently, it has been reported that 
high-dose/short-duration GC use in patients with vasculitis accelerates 
aggressive SAON progression, accompanied by rapid bone destruction 
[6,29,42]. Indeed, in our SAON rabbit model at 6 weeks post-LPS and 
MPS injection, the affected femoral head exhibited active destructive 

Fig. 4. PDGF-BB promotes the restoration of blood supply and cortical bone 3D architecture in the femoral diaphysis under SAON condition. (A) The PDGF- 
BB treatment protocol after SAON induction. (B) The representative 3D reconstructed voxels images in each group after PDGF-BB treatment (bar = 5 mm). (C) 
Quantitative analysis of Voxels surface (C1), Voxels number (C2), Voxels volume (C3), and the different sized voxels in the femur shaft in each group (C4), n = 6. 
(D1) The X-ray image was used to show the 2 mm ROI in the middle of femur shaft for 2D and 3D analysis. (D2) Representative 3D structure images of cortical bone 
in each group (bar = 1 cm). (E) Quantitative 2D analysis results showed Tissue areas (E1, T.Ar, mm2) and Bone areas (E2, B.Ar, mm2), Periosteum perimeter (E3, Ps. 
Pm, mm), Endosteum perimeter (E4, Es.Pm, mm), and Radius of cortical bone (E5, Rm, mm). (F) Quantitative 3D analysis results showed volumetric bone mineral 
density (vBMD, g/cm3). (G) Quantitative 2D analysis results showed the mean polar moment of inertia (pMOI, mm4). (H1) The calculation method of strength strain 
index (H1, SSI, mm3) of cortical bone according to the CT values. SSI=Normalized vBMD × 1/Rm × pMOI. (H2) The SSI values in each group. n = 6. The data were 
presented by grouped summary values with individual rabbit plotted as solid dots and analyzed by the One-way ANOVA (Fisher-LSD multiple comparisons) (*p <
0.05, **p < 0.01).
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repair but insufficient reparative osteogenesis, indicating rapid patho
logical progression [21,41]. Clinical imaging and histological evidence 
have shown that SAON not only involves the femoral head but may also 
extend into the neck, metaphyseal, and diaphyseal regions [12]. Herein, 
using the same SAON rabbit model, we observed that osteonecrotic le
sions extended into the femoral diaphyseal regions, with necrotic lesion 
affecting approximately 43.3 % of the cortical bone and 94.5 % of the 
bone marrow tissue.

Correspondingly, the femur shaft geometry and the histological 
microarchitecture of the cortical bone were severely damaged. CT data 
revealed that structural parameters of the femur shaft, including T.Ar, B. 
Ar, Ps. Pm, Es. Pm and Rm of cortical bone, were all reduced, and me
chanical markers such as pMOI and SSI also declined. Histological evi
dence further indicated that the Osteon and the Haversian canal systems 
of cortical bone were damaged in the osteonecrotic lesion regions, with 
an increase in %Ha.Ca.Ar and a decrease in Osteon.Dn. It has been re
ported that femur geometry determines tensile stress on the lateral 
cortex, and these pathological changes, combined with high mechanical 
stresses in the femur shaft, can lead to increased local microdamage and, 
ultimately, fracture [43,44]. In fact, the cortical bone 3D geometry and 
histoarchitecture can be corrected through bone modeling and remod
eling in secondary bone healing process [45]. This process involves 
osteoclast-mediated resorption on the endosteal surfaces and periosteal 
apposition as an adaptive response to compensate for bone strength loss 
caused by age-related and chronic inflammatory disease-induced 
endosteal bone resorption [45]. If periosteal apposition increases, 
cortical bone strength can be maintained, conversely, if periosteal 
apposition decreases, endosteal resorption results in cortical bone 
weakening and thinning [46]. However, in the SAON affected femoral 
diaphysis, we observed numerous TRAP + multinuclear osteoclasts on 
the canals surface adjacent to the necrotic bone zone, but less LepR +
MSCs contributing to bone regeneration. The periosteum layer near 
necrotic cortical bone regions became thinner, along with a reduction in 
periostin level. Of note, we also observed a decrease in CD31-marked 
intraosseous vessels and CGRP-marked sensory nerves in the central 
regions of the necrotic cortical bone. Collectivity, such alternations 
indicate the cortical bone remodeling environment is severely compro
mised under SAON condition.

GCs are known to inhibit osteoblast activity by obstructing cellular 
metabolism and inducing apoptosis, resulting in a suppression of the 
bone turnover rate [47]. In animal experiments involving 
high-dose/chronic administration of GCs to induce steroid associated 
osteoporosis (SAOP), a rapid decline in trabecular BMD at the proximal 
femur was observed, with subsequent recovery following discontinua
tion of GCs [48]. However, the thinning of the cortical shell in the femur 
shaft did no recover after the discontinuation of GCs, suggesting the 
cortical bone damage might be cumulative [49]. Moreover, in 
GCs-affected cortical bone, bone formation was almost completely 
suppressed [50]. Our previous study found that 
high-dose/short-duration GCs injection induced both SAON and SAOP 
in the same weight-bearing bone regions, such as femoral neck, those 
regions showed weakened cortical bone and decreased trabecular BMD 

[51]. A clinical study reported a high prevalence of SAOP in a large 
population of SAON patients, and with a 5-fold increased risk of SAOP in 
those who experienced fractures [52]. As recently reviewed, high dos
e/extensive GCs use is independently associated with an increased risk 
of atypical femoral fracture (AFF) [53]. Histological observation of AFF 
revealed that osteocytes in the fracture sites consisted mainly of empty 
lacunae, indicating the ON areas are susceptible to stress fracture [44]. 
In this study, we further observed extensive ON lesion and high porosity 
in the cortical bone of femur shaft in SAON condition, accompanied by 
decreased MAR, MS/BS and BFR/BS values both on periosteal and 
endosteal surfaces of the cortical bone. These findings help explain why 
30 % of high dose GC users with subtrochanteric fracture experience 
atrophic non-union after surgical treatment, compared to 3–15 % in 
non-GC users [9,54]. In addition, subtrochanteric fractures require a 
long period of time for bone fusion, with an average duration was 8.3 
months, while patients on high-dose GC use require even longer healing 
time, averaging 13 months [9,55]. Therefore, providing adjuvant ther
apies to restore the osteogenic microenvironment may help reduce the 
risk of complications (such as subtrochanteric fracture, loosening, per
iprosthetic fracture) following CD or THA surgical procedures in SONFH 
patients.

PDGF-BB as an “angiogenesis coupling osteogenesis” stimulatory 
protein combined with collagen and β-tricalcium phosphate has been 
commercialized for the treatment of bone defect and to facilitate bone 
fusion, particularly in patients who at high risk for non-union in lower 
extremity sites [13]. It has demonstrated similar fusion rates to autol
ogous grafts with fewer adverse effects [56]. Preclinical studies have 
further showed that PDGF-BB can enhance the mechanical strength of 
tibial and femoral fractures in specific metabolic bone disease condi
tions, such as in geriatric osteoporosis and diabetes [57,58]. Our pre
vious study proved that local injection PDGF-BB into proximal femur 
promoted angiogenesis and osteogenesis in the femoral head under 
SAON condition [21]. However, it remained unclear whether PDGF-BB 
could correspondingly improve cortical bone quality in the femoral 
diaphysis under the same setting. In this study, we observed the for
mation of a stable vascular network and sufficient blood supply in the 
femur following PDGF-BB treatment. Enhanced periosteal/endosteal 
osteogenesis along the cortical bone, as well as the renewal of damaged 
bone marrow tissue, were observed in those PDGF-BB-treated rabbits at 
6 weeks post-SAON induction. CT-based cortical bone structure and 
mechanic parameters (T.Ar, B. Ar, Ps. Pm, Es. Pm, Rm, pMOI and SSI) all 
improved, and trending toward normal baseline values. Histological 
observation displayed enhanced bone remodeling (increased MAR and 
BFR/BS values on both periosteal and endosteal surfaces) and reduced 
osteoclasts formation and function (decreased N.Oc/BS and ES/BS 
values on canals and on endosteal surfaces), characterized by improved 
Osteons and Haversian canal system. Finally, PDGF-BB treatment 
reduced ON area to 9.1 %–16.5 % of the cortical bone and renewed 
neighboring bone marrow, with normal areas within the marrow cavity 
increasing to 86.2–88.8 % in the SAON-affected femoral diaphysis.

In fact, chronic inflammation is a hallmark of SAON, and rapid bone 
destruction is closely related to abundance of macrophages infiltration 

Fig. 5. PDGF-BB restores the cortical bone histological micro-architecture in the femoral diaphysis under SAON condition. (A) The femoral diaphyseal cross 
sections (a, c, e, h) and longitudinal sections (b, d, f, i) were stained with H&E in each group (bar = 2 mm), respectively. Figure a1, a2, c1, c2, e1, e2, h1 and h2 
showed the magnified areas in cross sections, and Figure b1, b2, d1, d2, f1, f2, i1 and i2 showed the magnified areas in longitudinal sections. Yellow arrows showed 
necrotic bone (Nec.B); Black circles showed the Osteons; Green arrows showed the Haversian canals; Black arrows showed the canals; Solid black squares showed the 
interstitial lamellae. (B) The prevalence of ON lesions was examined by H&E staining at the end of this experiments. The data in Figure B were analyzed by the Chi- 
square test (**p < 0.01, compared to SAON group. n = 8). (C-D) Histomorphometry results based on longitudinal sections in each group, and showed the ratio of 
necrotic cortical bone areas (C, %Ct-Nec.Ar) and the quantitative analysis of the lesion of bone marrow tissue areas (D, %Ma-Les.Ar) referring to the ratio of Nor.B. 
Ma, Nec. Fat.B.Ma, Inflam.B.Ma, Fibr.B.Ma, and NFB.B.Ma, respectively. The data of %Ct-Nec.Ar, and %Ma-Les.Ar were presented by grouped summary values and 
analyzed by the Chi-square test (*p < 0.05, **p < 0.01, n = 8). (E) Histomorphometry results based on cross sections showing the osteon density (E1, Osteon.Dn,/ 
mm2), the ratio of total osteon areas to the cortical area (E2, % Osteon.Ar, %), the Haversian canals density (E3, Ha.Ca.Dn,/mm2), the ratio of total harversian canals 
area to cortical area (E4, % Ha.Ca.Ar, %), the ratio of total fragments of osteon areas to the cortical area (E5, % Frag. Osteon. Ar, %), and the ratio of total interstitial 
lamellae area to cortical area (E6, % Inter. La. Ar, %). n = 5. The data in Figure E were presented by grouped summary values with individual rabbit plotted as solid 
dots and analyzed by the One-way ANOVA (Fisher-LSD multiple comparisons) (*p < 0.05, **p < 0.01).
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Fig. 6. PDGF-BB enhances cortical bone remodeling in the femoral diaphysis under SAON condition. (A) Dual-fluorescent micrographs of the un-decalcified 
cross (A1) and longitudinal (A2) sections of cortical bone at femur mid-shaft, the newly formed bone was labeled by Calcein green and Xylenol orange (bar = 1.5 
mm). (B) The magnified areas within the red boxes in A1 (bar = 500 μm). Figure a, b, c and d showed the magnified areas within the red boxes in Normal group, 
Figure e, f, g, and h showed the magnified areas within the red boxes in SAON group, and Figure i, j, k, and l showed the magnified areas within the red boxes in 
PDGF-BB-2 μg group, respectively. White arrows showed the periosteal surfaces; Yellow arrows showed the endosteal surfaces. (C) Histomorphometry results based 
on cross sections showing the mineral apposition rate (MAR, μm/day), mineralizing surface (MS/BS, %), and bone formation rate (BFR/BS, μm3/μm2/day) in 
periosteal (C1-3) and endosteal (C4-6) surfaces of cortical bone, respectively. n = 5. (D) The femoral diaphyseal longitudinal sections were stained with TRAP/Fast 
green staining. Red arrows showed osteoclasts. (E1-4) Histomorphometry results show TRAP + osteoclast number (N.Oc/BS, 1/mm) and eroded surface (ES/BS, %) 
on the surfaces of the canals within cortical bone zone (E1-2, Ct-) or on the endosteal surface (E3-4, Es-) respectively. n = 8. The data were in Figure C & E presented 
by grouped summary values with individual rabbit plotted as solid dots and analyzed by the One-way ANOVA (Fisher-LSD multiple comparisons) (*p < 0.05, **p 
< 0.01).
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Fig. 7. PDGF-BB regulates macrophages activation. (A1 & B1) Measurement of the relative content of M1 (A1) and M2 (B1) subtypes of macrophages in 24 h 
after LPS or LPS/IL-4 stimulations and PDGF-BB treatment by flow cytometry. (A2 & B2) Quantification analysis data of the CD68+CD80+ cells (A2) and the 
CD163+CD206+ cells (B2). n=3. (C) RAW 264.7 cells were stimulated with LPS or LPS/IL-4 and plus PDGF-BB (10, 25 and 50 ng/ml) for 24 h, then the expressions 
of M1-biomarker CD86 (green, C1) and M2-biomarker CD163 (red, C2) were detected by fluorescence staining. (D) Quantification of the content of CD68+ cells (D1) 
and CD163+ cells (D2). n=3. (E) mRNA expression levels of IL-1β (E1), IL-6 (E2) and MCP-1 (E3) in RAW 264.7 cells in 12 h after LPS stimulations. n=3. (F) mRNA 
expression levels of Arg-1 (F1), IL-10 (F2), and TGF-β (F3) in RAW 264.7 cells in 12 h after LPS/IL-4 stimulations. n=3. (G) Western blot images of total IL-1β (G1), 
TGF-β (G2), and GAPDH in RAW 264.7 cells after LPS and/or IL-4 for 24 h, respectively. (G3) Quantification analysis data of the ratios of IL-1β and TGF-β which used 
GAPDH as a reference. n=3. The data were analyzed by the One-way ANOVA (Fisher-LSD multiple comparisons) (*p<0.05, **p<0.01).
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Fig. 8. PDGF-BB regulates osteoclasts formation and function, and further increases bioactivity factors expression during osteoclastogenesis process. (A) 
Representative TRAP staining images showing differentiated osteoclast morphology and number (A1) (bar=200 μm), and representative pit formation images 
showing osteoclast function on day 7 after RANKL (50 ng/ml) induction (A2) (bar=200 μm). (B) Quantitative analysis of the number of TRAP+ multinucleated cells 
(B1, N.Oc/Well), the area of TRAP+ multinucleated cells (B2, Ar.Oc/N.Oc), and the pit area (B3, Ar.Pit/Well) in each group. n=3. (C) mRNA expression levels of 
Trap (C1), Mmp-9 (C2), and Cathepsin K (C3) in RAW 264.7 cells in day 7 after RANKL induction. n=4. (D) RAW 264.7 cells proliferation assay after RANKL induction 
for 2 days (48 h) by CCK-8 kit. n=8. (E) Western blot images of total Periostin, Netrin-1, VEGFA, CTHRC1, and GAPDH in RAW 264.7 cells after RANKL induction for 
3 and 5 days, respectively. (F) Quantification analysis data of the ratio of Periostin, Netrin-1, VEGFA, CTHRC1 which used GAPDH as a reference. n=3. The data were 
analyzed by the One-way ANOVA (Fisher-LSD multiple comparisons) (*p<0.05, **p<0.01).
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in ON regions [5,59]. Activated macrophages can induce the production 
of proinflammatory cytokines, contributing to inflammatory bone loss 
and impairing bone formation capacity [5]. In this study, extensive in
flammatory responses were observed in the femur marrow cavity 
following SAON induction. While pro-inflammatory signaling is crucial 
for initiating the healing process and recruiting various cell types, but its 
timing is crucial [60]. Persistent pro-inflammatory signaling can delay 
or prevent healing [60]. Thus, a dynamic shift from pro-inflammatory to 
anti-inflammatory signaling is essential for bone regeneration, involving 
the phenotypic transition between M1-type and M2-type macrophages 
[59]. In fact, over 70 % PDGF-BB is secreted by macrophage lineage 
TRAP + cells in the bone tissue [61]. PDGF-BB has been reported to 
inhibit immune cell activation and cytokines production in vivo and in 
vitro [62]. Herein, our findings revealed that the application of PDGF-BB 
modulates the transition between M1-type and M2-type macrophages 
and reduces the level of the inflammatory factor IL-1β in an inflamma
tory environment, suggesting PDGF-BB may have a potential to promote 
the shift from inflammatory phase to bone remodeling phase.

Although PDGF-BB shown an excellent effect on promoting angio
genesis and osteogenesis in vivo [63], its direct effect on bone formation 
remains controversial [14]. Some evidence suggests that PDGF-BB pro
motes the proliferation and collagen production of osteoprogenitor cells 
or osteoblasts but dose not enhance osteoblastic differentiation and 
mineralization [64,65]. Bone healing is a highly coordinated process 
and orchestrated by various cells [66]. PDGF-BB serves as a chemo
attractant and mitogen for endothelial cells (ECs) and MSCs, orches
trating cellular components for bone healing [67]. Our previous study 
found PDGF-BB increased MSCs proliferation at the expense of differ
entiation, and it also failed to enhance the tube formation of ECs directly 
in vitro [21]. Notably, the interaction between MSCs and ECs further 
regulates vascular homeostasis [68]. We also found that PDGF-BB pre
served the osteogenic potential of MSCs by activating 
PDGFR/Akt/GSK3β/CERE signaling in the presence of GC [21], and 
another study proved that PDGF-BB stabilized the newly formed 
vascular tubes by recruiting MSCs during the bone healing cascade via 
PDGFR/Src/Akt signaling in the inflammatory microenvironment [67]. 
PDGF-BB has been reported to activate sequential bone healing and 
remodeling phases, starting from inflammation [63]. With regard to the 
macrophage lineage TRAP + cell has been showed to participate in 
removing necrotic bone tissue and sequentially secreting bioactive fac
tors to couple new bone formation [69]. The communication mechanism 
of bone remodeling by which bone formation follows bone resorption, is 
known as coupling, with osteoclast-secreted coupling factors playing a 
crucial role [36]. Therefore, we further analyzed the expression levels 
about nerve and vessel regeneration associated factors Nertin-1 and 
VEGF-A [37], bone matrix degradation and TGF-β release associated 
factor CTHRC1 [38], and periosteal osteogenic associated factor Peri
ostin [17], during the differentiation and mature processes of macro
phage lineage TRAP + cells. It has been reported PDGF-BB can drive 
chemotaxis of osteoclast precursor cells and modulate osteoclast func
tion by enhancing the phosphorylation of STAT3, Akt, and ERK1/2 
through PDGF/PDGFR signaling pathway [70]. Our data demonstrated 
that PDGF-BB application upregulated Netrin-1, VEGF-A, CTHRC1 and 
Periostin expressions during osteoclasts differentiation and maturation 
processes. Interestingly, we found that a low dose of PDGF-BB (10 
ng/ml) slowed the osteoclast differentiation process, yet a high dose 
PDGF-BB (50 ng/ml) did not enhance osteoclastic bone resorption. 
These findings suggest the PDGF-BB-treated TRAP + cells may prioritize 
providing a secondary source of growth factors rather than directly 
promoting bone resorption, thereby enhancing the coupling mechanism 
of osteoclast function with revascularization, nerve regeneration and 
osteogenesis.

Traditional administration of growth factors is limited by their short 
half-life and potential side effects [71]. PDGF-BB has a very short 
half-life of 2 min, which means that controlled and more sustained de
livery could be required to ensure its efficient activity [72]. However, 

increasing evidence suggests that PDGF-BB orchestrates osteogenesis in 
vivo in a temporal manner [73], and continuous PDGF-BB stimulation 
may inhibit BMP-2-induced osteoblastic differentiation and minerali
zation [74]. In one study, continuous VEGF administration over 14 days 
using an osmotic micropump for treating traumatic-osteonecrosis of 
femoral head (induced by cryosurgical) did not yield superior outcomes 
compared to a single-dose injection [75]. This suggests that a high single 
initial dose of growth factor may be more effective for the bone healing, 
particularly in the initial stage of bone healing, to reconstruct a favor
able osteogenic microenvironment. In this study, initial PDGF-BB 
application restored the osteogenic microenvironment by regulating 
the communications between macrophages and other bone repair cells, 
referring modulating M1-type and M2-type macrophages transitions, 
and subsequently stimulating TRAP + cells to provide a secondary 
source of bioactive factors for continued bone remodeling. Furthermore, 
the results indicated that PDGF-BB treatment at 2 μg/dose was superior 
to 1 μg/dose in improving cortical bone remodeling capacity, effectively 
restoring the balance between bone formation and resorption in the 
SAON-affected femur shaft. However, this study does not conclusively 
prove this mechanism in vivo, warranting further evaluation of the 
inflammation response and bone healing cascade following PDGF-BB 
application in future studies, particularly in an animal model of atyp
ical femoral fracture (AFF) under SAON conditions.

5. Conclusion

SAON progression leads to diaphyseal cortical bone deterioration, 
while PDGF-BB application could restore the osteogenic microenviron
ment and drive cortical bone remodeling under SAON progression. 
These findings position PDGF-BB as a potential candidate to attenuate 
SAON progression. Local delivery of PDGF-BB during surgical in
terventions for SONFH may enhance cortical bone repair and mechan
ical stability, offering a clinically viable strategy to improve long-term 
outcomes.
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