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Abstract

In the growing skeleton, angiogenesis is intimately coupled with osteogenesis. Chronic, high doses 

of glucocorticoids (GCs) are associated with decreased bone vasculature and induce osteoporosis 

and growth failure. The mechanism of GC-suppression of angiogenesis and relationship to 

osteoporosis and growth retardation remains largely unknown. Type H vessels, which are regulated 

by preosteoclast (POC) platelet-derived growth factor–BB (PDGF-BB), are specifically coupled 

with bone formation and development. We determined the effect of GCs on POC synthesis of 

PDGF-BB in relation to type H vessel formation, bone mass, and bone growth in the distal 

femur of 2-week-old young mice receiving prednisolone or vehicle for 2, 4, or 6 weeks. After 2 

weeks of prednisolone, the number of POCs were unchanged while POC synthesis of PDGF-BB 

was reduced. Longer treatment with prednisolone reduced POCs numbers and PDGF-BB. These 

changes were associated with a reduction in type H vessels, bone formation rate, bone mass, 

and bone length at each time point. In vitro, excessive concentrations of prednisolone (10−6M) 

resulted in decreased PDGF-BB concentration and POC numbers. Conditioned medium from POC 

cultures treated with control concentration of prednisolone (10−7M) or recombinant PDGF-BB 

stimulated endothelial tube formation, whereas conditioned medium from control concentration of 
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prednisolone-treated POC cultures neutralized by PDGF-BB antibody or excessive prednisolone 

inhibited endothelial tube formation. Administration of excessive prednisolone attenuated the P65 

subunit of nuclear factor kappa B (NF-κB) binding to the Pdgfb promoter, resulting in lower Pdgfb 
transcription. Co-treatment with excessive prednisolone and the glucocorticoid receptor (GR) 

antagonist (RU486), GR siRNA, or TNFα rescued NF-κB binding to the Pdgfb promoter and 

endothelial tube formation. These results indicate that PDGF-BB synthesis in POCs is suppressed 

by GCs through transrepression of GR/NF-κB, thus inhibiting type H vessel formation and 

associated osteoporosis and growth failure.
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Introduction

Glucocorticoids (GCs) are widely used to treat various inflammatory and autoimmune 

disorders in childhood, such as muscular dystrophy, juvenile rheumatoid arthritis, 

inflammatory bowel disease, leukemia, kidney disease, and asthma. Approximately 10% 

of children receive GC therapy.(1) Long-term use of GCs results in irreversible effects 

on bone health including bone loss and growth retardation.(2,3) Currently, there are no 

US Food and Drug Administration (FDA)-approved treatments to combat osteotoxic 

effects of GCs in childhood, in part because its pathogenesis is incompletely understood. 

There have been extensive studies about GC effects on the bone in the mature skeleton, 

particularly osteoclasts and osteoblasts. In the growing skeleton, however, knowledge gaps 

still exist, which limits clinical care. Bone, particularly growing bone, is highly vascularized. 

Vasculature plays a critical role in maintaining bone homeostasis, not only for their 

conventional role in providing bone cells with nutrients, growth factors, and hormones, 

but also for their active role in regulating bone formation.(4) In the growing skeleton, 

angiogenesis is temporally and spatially coupled with osteogenesis.(5,6) GCs are known to 

inhibit angiogenesis,(7–10) but the mechanism underlying GC suppression of angiogenesis in 

relation to bone loss and growth retardation remains unknown.

Type H vessels, defined by high immunofluorescence for CD31 and endomucin 

(CD31hiEmcnhi), are found abundantly in the metaphysis adjacent to the growth plate and 

are associated with bone formation.(11–13) Preosteoclasts (POCs), the immature progenitors 

of bone-degrading osteoclasts, promote angiogenesis of type H vessels and osteogenesis 

during bone modeling and remodeling through the release of platelet-derived growth factor–

BB (PDGF-BB).(14,15) Excessive GCs are known to inhibit osteoclastogenesis and decrease 

POCs,(16) suggesting that GCs may impact angiogenesis through inhibition of osteoclast­

angiogenesis coupling factors.

GCs bind to the glucocorticoid receptor (GR) in the cytoplasm, which forms the GC/GR 

complex and translocate into the nucleus to regulate transcription of genes. Previous studies 

have suggested that nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

signaling pathway is associated with PDGF-BB production(17,18) and is necessary for 
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induction of PDGF-BB expression of NF-κB.(19) Because GC/GR transrepression effects 

can be mediated by NF-κB or activator protein 1 (AP-1),(20) we explored the NF-κB 

pathway as a potential mechanism of GC-suppression of PDGF-BB. Specifically, we 

investigated the effect of GCs on PDGF-BB synthesis in POCs and the relationship to 

GC-suppression of angiogenesis, bone loss, and growth retardation. We determined that the 

mechanism of GC suppression of PDGF-BB secretion in POCs was via the GR/NF-κB 

signaling pathway, which resulted in suppression of type H vessel formation and was 

associated with bone loss and growth retardation.

Materials and Methods

Animals

We modified our young GC-osteotoxic mouse model(9) using a higher dose of prednisolone 

(20 mg/m2/day). Briefly, 2-week-old C57BL/6J mice were administered either phosphate­

buffered saline (PBS; Gibco, Grand Island, NY, USA) or prednisolone (Sigma-Aldrich, 

St. Louis, MO, USA) by daily intraperitoneal injection. Each group had six males. We 

also examined three females per group, which had similar results (data not shown). For 

the prednisolone administration, body surface area (m2 = kW2/3, k = 9.82, W = weight 

(g)) was utilized rather than weight to account for the high metabolic rate in young 

mice and to allow direct extrapolation for comparison of the dose utilized in mice to 

humans.(9,21,22) Supplementary Table 1 provides conversion of dosage by body surface 

area versus weight. Mice were euthanized after 2, 4, and 6 weeks of prednisolone or 

PBS. Serum, femurs, and tibias were collected for subsequent experiments. For full 

details of serum and bone marrow collection and labeling for histomorphometry, please 

refer to the Supplementary Methods. To validate the GC suppression of Pdgfb is the 

major factor contributing to the bone vasculature phenotype, we also used Trap-Cre; 

Pdgfbflox/flox mice as described.(14) Pdgfbflox/flox mice (stock no. 017622; 129P2/OlaHsd 

background) were previously purchased from the Jackson Laboratory (Bar Harbor, ME, 

USA) and crossed with Trap-Cre mice obtained from J.J. Windle (Virginia Commonwealth 

University, Richmond, VA, USA).(23) Hemizygous TRAP-Cre mice were crossed with 

Pdgfbflox/flox mice. Offspring were intercrossed to generate TRAP-Cre;Pdgfb−/− (referred 

hereafter as Pdgfb−/−) mice. Pdgfbflox/flox littermates were used as control. Genotypes were 

determined by PCR analyses of genomic DNA extracted from mouse-tail snips using 

the following primers: TRAP-Cre forward, 5′-ATATCTCACGTACTGACGGTGGG-3′ 
and reverse, 5′-CTGTTTCACTATCCAGGTTACGG-3′; loxP Pdgfb 
allele forward, 5′-GGGTGGGACTTTGGTGTAGAGAAG-3′ and reverse, 5′­

GGAACGGATTTTGGAGGTAGTGTC-3′. Two-week-old mice (Pdgfb−/− or Pdgfbflox/flox) 

were injected intraperitoneally daily with either vehicle or prednisolone 10 mg/m2/day for 4 

weeks, and were euthanized at 6 weeks of age. All experiments utilized six mice per group 

unless otherwise specified.

We maintained all animals in the Animal Facility of the Johns Hopkins University School 

of Medicine, housed in gangs in sterile, ventilated cages (Allentown Caging Equipment, 

Allentown, NJ, USA), allowed free access to water and standard mouse chow, on a 

14/10 hour light/dark cycle. No adverse events occurred in the experimental animals. 
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The experimental protocol was reviewed and approved by the Institutional Animal Care 

and Use Committee of Johns Hopkins University, Baltimore, MD, USA. The Animal 

Facility complies with the National Institutes of Health Animal Welfare Act and maintains 

appropriate policies and procedures to ensure humane care and use of animals.

μCT analysis

Femora were harvested from mice with soft tissues carefully removed. Samples were fixed 

overnight in 4% paraformaldehyde (PFA), stored in 70% ethanol, and were scanned by 

high-resolution μCT (Skyscan 1172; Skyscan, Aartselaar, Belgium).(14,24) All scans were 

performed at a voltage of 49 kVp, current of 200 μA, and resolution of 12 μm per pixel. 

Image reconstruction software (NRecon v1.6; Skyscan), data analysis software (CTAn v1.9; 

Skyscan), and three-dimensional model visualization software (μCTVol v2.0; Skyscan) 

were used to analyze the parameters of the distal femoral metaphyseal trabecular bone. 

A trabecular bone region of interest (ROI) was drawn starting from 5% of femoral length 

proximal to the distal epiphyseal growth plate and extended proximally for a total of 

5% of femoral length. The trabecular bone was segmented from the bone marrow and 

analyzed to determine the trabecular bone volume fraction (BV/TV), trabecular thickness 

(Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp). The femoral length 

was determined between the femoral head and the distal metaphyseal growth plate (GP). The 

first crossing of the low-density cartilage structure by bone primary spongiosa was set as the 

reference GP level.

Histochemistry and immunostaining

Bone tissues were dissected from mice and fixed immediately in 4% PFA solution overnight, 

then decalcified in 0.5M EDTA with constant shaking at 4°C for 2 weeks and dehydrated 

in 20% sucrose and 2% polyvinylpyrrolidone (PVP) solution for 24 hours. Four-μm-thick 

coronal-oriented sections of the femur were processed for safranin orange and fast green 

staining. For tartrate resistance acid phosphatase (Trap) staining, paraffin-embedded samples 

were fixed, sectioned, and stained with a TRAP staining kit (Sigma-Aldrich). POCs were 

defined as TRAP-positive mononucleated cells, whereas osteoclasts were defined by three 

or more nuclei. For immunofluorescence, the bone tissues were embedded and frozen 

in optimal cutting temperature compound or 8% gelatin (porcine) in presence of 20% 

sucrose and 2% PVP. Sections were generated using low-profile blades on a Leica CM3050 

cryostat (Leica Microsystems, Inc., Buffalo Grove, IL, USA). For phenotypic analysis, 

mutant and littermate control samples were always processed, sectioned, stained, imaged, 

and analyzed together at the same conditions and settings. For immunofluorescence staining, 

bone sections were air-dried, permeabilized for 10 min in 0.3% Triton X-100, blocked in 

5% donkey serum at room temperature for 30 min, and probed with the primary antibodies 

diluted in 5% donkey serum in PBS overnight at 4°C. The following primary antibodies 

were used: Endomucin (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-65495, 1:100), 

CD31 (R&D Systems, Minneapolis, MN, USA; FAB3628G, 1:100), Osterix (Abcam, 

Cambridge, MA, USA; ab22552, 1:100), TRAP (Abcam; ab212723, 1:400), and PDGF­

BB (Abcam; ab23914, 1:50). Briefly, we incubated bone sections with individual primary 

antibodies to mouse. After primary antibody incubation, sections were washed with PBS 

three times and incubated with appropriate Alexa Fluor–coupled secondary antibodies 

Peng et al. Page 4

J Bone Miner Res. Author manuscript; available in PMC 2021 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Molecular Probes, Eugene, OR, USA; 1:400) for 1 hour at room temperature (RT). Nuclei 

were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Sections were thoroughly 

washed with PBS before mounting using FluoroMount-G (Southern Biotech, Birmingham, 

AL, USA). Coverslips were sealed with nail polish.

POC culture from mouse bone marrow

Bone marrow cells were harvested from 4-week-old male wild-type mice by flushing 

marrow cavity from the tibia and femur and cultured with alpha minimum essential medium 

(α-MEM; Mediatech, Inc., Manassas, VA, USA) containing 10% fetal bovine serum (FBS), 

100 U/mL streptomycin sulfate (Sigma-Aldrich) and 100 U/mL penicillin (Sigma-Aldrich) 

in culture dishes at 37°C in 5% CO2 humidified incubator overnight following established 

protocols.(9,14) The adherent cells were discarded while the floating cells were cultured with 

macrophage colony-stimulating factor (M-CSF; R&D Systems; 416ML050) 30 ng/mL for 

48 hours to form pure monocytes/macrophages. We also used the RAW264.7 cell line to 

induce preosteoclasts. To validate osteoclast differentiation, after culture with M-CSF 30 

ng/mL and receptor activator of NF-κB ligand (RANKL; Abcam; ab129136) 60 ng/mL 

for 3 and 7 days, we stained for TRAP activity using a commercial kit (Sigma-Aldrich). 

All monocytes/macrophages were Trap+ mononuclear cells at 3 days, whereas Trap+ 

multinuclear cells were noted after culture for 7 days (Supplemental Fig. 1a). For POC­

prednisolone studies, we added various concentration of prednisolone (0, 10−9M, 10−8M, 

10−7M, 10−6M, and 10−5M) to POCs to determine the effect of gradient prednisolone on 

POC synthesis of PDGF-BB. Once experimental and control prednisolone concentrations 

were determined, we added prednisolone 10−7Mor 10−6M alone or prednisolone 10−7M 

plus PDGF-BB neutralizing antibodies or prednisolone 10−6M plus RU486 or TNFα to 

POCs and cultured for 24 hours. Conditioned medium was collected from each group after 

centrifugation at 700g for 10 min at 4°C and stored at −80°C for subsequent experiments.

ELISA analysis

We examined PDGF-BB levels of serum, bone marrow supernatant, and conditioned 

medium using a Mouse/Rat PDGF-BB Quantikine ELISA kit (R&D Systems) according 

to the manufacturers’ instructions.

In vitro RNA interference

For in vitro siRNA transfection, GR siRNA (Santa Cruz Biotechnology; sc-35506) and 

Control siRNA (Santa Cruz Biotechnology; sc-37007) were transfected into POCs according 

to the manufacturer’s guidelines. Briefly, RAW264.7 cells were induced to differentiate into 

POCs by culture for 3 days in the presence of RANKL and M-CSF. POCs were transfected 

with either GR siRNA or control siRNA duplex diluted in siRNA transfection medium 

(Santa Cruz Biotechnology; sc-36868) and mixed with siRNA transfection reagent (Santa 

Cruz Biotechnology; sc-29528) into siRNA transfection medium after incubation for 30 min 

at room temperature. Cells were incubated for 6 hours at 37°C in a 5% CO2 incubator. 

Transfection mixture was removed and replaced with Dulbecco’s Modified Eagle Medium 

(DMEM) culture medium containing 10% FBS, RANKL 60 ng/mL, and M-CSF 30 ng/mL, 

and cells were incubated for an additional 24 hours. Conditioned medium, chromatin, 
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cell protein, and RNA were collected for ELISA, chromatin immunoprecipitation (ChIP), 

Western blot analysis, and RT-PCR.

ChIP assay

ChIP analysis was performed by using the EpiQuik™ ChIP Kit (Epigentek, Farmingdale, 

NY, USA). Briefly, POCs were cultured with prednisolone 10−6M (with or without RU486, 

GRsiRNA, and TNFα) or prednisolone 10−7M for 24 hours. A total of 3 × 106 POC cells 

of each group were cross-linked with 1% formaldehyde for 10 min at room temperature. 

Chromatin was extracted and sonicated to DNA fragments with a mean length of 200 to 

1000 bp. Immunoprecipitation (IP) was performed for 90 min using an antibody against the 

p65 subunit of NF-κB (Santa Cruz Biotechnology). To validate the IP procedure, 10% of the 

sample for IP was used as an “input” (positive control), and chromatin in the presence of 

normal mouse IgG was used as a negative control. Immunoprecipitated DNA and input DNA 

were analyzed by qPCR with SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad 

Laboratories, Hercules, CA, USA). Data were analyzed using the delta-delta comparative 

threshold cycle (2−ΔΔCt) method. Results of qPCR were normalized to input (genomic DNA) 

and gene desert region (nonspecific binding): ΔCT = (Ct of IP sample − Ct of input − Ct of 

IgG). Data were expressed relative to positive control (input). PCR primers were designed 

covering the NF-κB consensus sequences in the promoter region of mouse Pdgfb (forward 

primer 5′-TCCCGATGCCTGTTTAGAT-3′; reverse 5′-TTGCCATCTCTGTGACAGT-3′).

RT-PCR

POCs were incubated with prednisolone 10−6M alone or with either RU486, 

GRsiRNA, or TNFα or prednisolone 10−7M alone for 24 hours. Total RNA 

was extracted and subjected to RT-PCR as described.(9) Relative expression 

was calculated for each gene by the 2–ΔΔCt method, with GAPDH for 

normalization. The sequences of each primer are as follows: GAPDH: forward 5′­

AGGTCGGTGTGAACGGATTTG-3′ and reverse 5′-GGGGTCGTTGATGGCA-ACA-3′; 

PDGF-BB: forward 5′-ACCCAGAAGACTGTGGATGG-3′ and reverse 5′-CACATT­

GGGGGTAGGAACAC-3′.

Western blotting

Western blotting was performed on POC lysates. The cell lysates were centrifuged and 

separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane 

(Bio-Rad Laboratories). After blocking with 5% BSA in Tris-buffered saline containing 

0.05% Tween-20 (TBST), the membrane was incubated with specific primary antibodies at 

4°C overnight. The membrane was then washed with TBST and incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibodies. We detected protein using an enhanced 

chemiluminescence kit (Thermo Fisher Scientific, Waltham, MA, USA). We used primary 

antibodies recognizing mouse PDGF-BB (Abcam; Ab23914, 1:500) and GAPDH (Santa 

Cruz Biotechnology; sc-365062, 1:1000) to determine the protein concentrations in the 

lysates.
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In vitro tube formation assay

Culture media was collected from POC cultures in the presence of prednisolone (10−6M 

and 10−7M) alone or in addition to RU486 or PDGF-BB neutralizing antibody (Abcam; 

1 μg/mL; polyclonal) or RU486 alone. In a separate culture, endothelial progenitor cells 

(EPCs) were seeded in endothelial progenitor outgrowth cell growth medium (BioChain, 

Newark, CA, USA; Z7030033). Tube formation assays were performed by using Matrigel 

Matrix basement membrane (Corning, Corning, NY, USA; 356230) as reported.(9,14) Briefly, 

50 μL of Matrigel was added into 96-well culture plates and incubated at 37°C for 30 min 

to allow the gel to solidify. We then seeded EPCs (2 × 104 cells/well) on polymerized 

Matrigel in plates and cultured the cells with the collected POC conditioned medium mixed 

with the endothelial cell culture medium in a ratio of 1:1. Additional controls included 

PDGF-BB 60 ng/mL (PeproTech, Inc., Rocky Hill, NJ, USA), PBS, PDGF-BB neutralizing 

antibody, RU486, prednisolone 10−6M or 10−7M, RANKL 60 ng/mL, or M-CSF 30 ng/mL 

mixed directly into endothelial cell culture medium prior to seeding of EPCs on polymerized 

Matrigel. After incubation at 37°C for 4 hours, we observed tube formation by microscopy 

and measured the cumulative tube lengths.

Apoptosis detection assay

Apoptosis detection was performed using an apoptosis detection kit (Abcam; ab176749). 

Briefly, RAW264.7 cells or mouse bone marrow monocytes plated at a density of 2 × 105 

per well in a 96-well microplate were cultured in DMEM or α-MEM with prednisolone 

concentration of 10−7M and 10−6M were washed, pelted, and resuspended in 200 μL 

of Assay Buffer. Apopxin Green indicator was added to cells to detect apoptosis, with 

quantification of fluorescence.

Statistical analysis

All results are presented as mean ± SD. Statistical analysis was performed with analysis 

of variance (ANOVA) for multiple comparisons and two-tailed Student’s t tests for 

comparisons between two groups. Statistical significance was achieved when p < .05. For all 

experiments, p values are reported between compared groups as indicated on graphs.

Results

Establishment of young mouse model of GC-induced low bone volume and growth 
retardation

During skeletal growth, bone mass increases as assessed by bone mineral density 

and bone size (bone length or height).(25) GCs can impair both processes. In our 

published model, prednisolone 10 mg/m2/day impaired bone volume, but not growth.(9) 

Increasing prednisolone to 20 mg/m2/day resulted in more significant osteotoxic effects 

without mortality. A severe osteoporotic bone phenotype was observed in mice receiving 

prednisolone, as shown by a lower trabecular bone volume in distal femur relative to vehicle 

controls at 2, 4, and 6 weeks (Fig. 1a). BV/TV, Tb.Th, and Tb.N were decreased, whereas 

Tb.Sp increased in prednisolone relative to vehicle mice at 2, 4, and 6 weeks (Fig. 1b–e). 

In regard to growth, both weight and length were decreased in prednisolone relative to 
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control groups. Changes in size and weight were noted after 2 weeks, but did not reach 

statistical significance until 4 weeks (Fig. 1f, Supplemental Fig. 1b). Femur length was 

significantly decreased in prednisolone relative to vehicle groups at 4 and 6 weeks (Fig. 

1g,h). Both the proliferative zone and hypertrophic zone in the growth plate play a critical 

role in endochondral bone formation and long bone elongation.(26) We found the height of 

the growth plate, specifically the hypertrophic and proliferative zone in prednisolone-treated 

mice decreased significantly compared to the control group at 2, 4, and 6 weeks (Fig. 

1i,j). The height of the resting zone was increased in the prednisolone-treated group at 

2 and 4 weeks, but the difference did not persist at 6 weeks relative to control (Fig. 

1l). Consequently, the growth plate height in distal femur of the prednisolone group was 

reduced relative to vehicle controls. Overall, prednisolone 20 mg/m2/day resulted in a bone 

phenotype similar to that observed clinically with reduction in bone volume and longitudinal 

bone growth.

GCs decrease type H vessels, angiogenesis, and osteogenesis

We and others have reported that GCs are associated with a decline in bone vasculature.
(7–10) However, how GCs disrupt the steps of angiogenesis/blood vessel maintenance 

remains unknown. We confirmed that type H vessels were significantly reduced as 

quantified by length of CD31hiEmcnhi vessels, decreasing by 51%, 21%, and 42% at 2, 

4, and 6 weeks, respectively, in prednisolone relative to vehicle mice (Fig. 2a,b). Type H 

vessels are organized in columns; buds (Fig. 2c, green arrows) extend from columns next to 

the growth plate and merge to form loops. Elongation of the new buds results in branching 

of vessels (Fig. 2c, white arrows). We found that budding remained similar after 2 weeks 

of either prednisolone or vehicle exposure (Fig. 2c, top panel). However, the vessel branch 

points in prednisolone group decreased significantly relative to vehicle group by 2 weeks. 

The inhibitory effect on angiogenesis was more severe with Prolonged GC administration, 

with both decreased budding and vessel branching at 4 and 6 weeks relative to vehicle (Fig. 

2c,d). These observations suggest that GCs disrupt type H vessel stabilization/maturation 

and inhibit bone angiogenesis.

Angiogenesis is coupled with osteogenesis where type H blood vessels and Osx+ 

osteoprogenitors are found in close proximity.(4,12) As expected, the number of Osx+ 

osteoprogenitors around type H vessels was significantly reduced by prednisolone 

administration at 2, 4, and 6 weeks relative to vehicle controls (Fig. 3a,b). Mineral 

apposition rate (MAR) in the cancellous bone of the distal femurs was significantly 

decreased after 2 weeks of prednisolone administration and remained low in mice treated 

for 4 and 6 weeks relative to vehicle (Fig. 3c,d). Taken together, GC administration led to 

attenuated bone formation that was associated with a decline in type H vessels in trabecular 

bone adjacent to growth plate.

Excessive GCs decrease preosteoclasts and its synthesis of PDGF-BB

We have previously reported that POCs produced PDGF-BB to couple angiogenesis and 

osteogenesis during bone modeling and remodeling.(14) In adult glucocorticoid-induced 

osteoporosis (GIO) mouse models, GCs have been shown to have a biphasic effect on 

osteoclast bone resorption, with increased resorption in the early phase due to enhanced 
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survival of osteoclasts, but suppression of bone resorption in the late phase due to GC 

suppression of osteoclast differentiation.(14,16) To investigate the effect of GCs on osteoclast­

mediated coupling of angiogenesis in our young GIO mouse model, we examined the effect 

of GCs on the number of POCs and synthesis of PDGF-BB. The number of mononuclear 

Trap+ cells defined as POCs remained similar in trabecular bone in prednisolone mice 

relative to vehicle control after 2 weeks, and then significantly declined by 4 and 6 weeks 

(Fig. 4a,b). Immunofluorescence staining showed that the percent of TRAP-positive cells 

that were also positive for PDGF-BB were decreased in prednisolone-exposed mice relative 

to vehicle controls as early as 2 weeks and declined further by 4 and 6 weeks (Fig. 4c,d). 

The concentration of PDGF-BB in both bone marrow and serum was decreased at all time 

points in prednisolone-exposed mice relative to vehicle control mice points (Fig. 4e,f).

We then cultured mouse bone marrow mononuclear cells and RAW 264.7 cells for POC 

and osteoclast induction, identified by Trap staining (Fig. 5a). Addition of prednisolone at 

day 0 of culture resulted in fewer cells secondary to apoptosis at higher concentrations 

(10−6Mrelative to 10−7M) (Fig. 5a–d). To determine if our prior finding of decreased 

PDGF-BB in GC-treated mice was due to decreased number of POCs or decreased Pdgfb 
synthesis, we verified that POCs are the major source of PDGF-BB. Consistent with our 

previous study,(14) POC culture media had the highest PDGF-BB concentration (Fig. 5e). 

Physiologic endogenous GCs are necessary for the maintenance of whole-body homeostasis, 

whereas excessive GC concentrations used in medical treatments disrupt homeostasis.(27) 

To investigate the concentration of GCs that impair PDGF-BB synthesis, we cultured RAW 

264.7 cells in RANKL and M-CSF for 3 days, then exposed POCs to various prednisolone 

concentrations (0, 10−9M, 10−8M,10−7M, 10−6M, or 10−5M) for 24 hours. (Fig. 5f). We 

found that the prednisolone concentration of 10−7M and 10−8M partially suppressed PDGF­

BB synthesis and was further suppressed by even higher concentrations (10−6M and 10−5M) 

(Fig. 5f). As pharmacologic versus physiologic GCs used clinically are 10-fold higher, 

we set prednisolone 10−6M as excessive dose and prednisolone 10−7M as control for the 

remainder of the in vitro experiments. Overall, our results indicate that GCs inhibit PDGF­

BB by both decreasing POC numbers and production/secretion of PDGF-BB from POCs.

Excessive GCs suppress POC PDGF-BB transcription via GR/NF-ĸB signaling pathway

GCs bind to GR, then translocate to the nucleus to regulate gene transcription.(28) The 

Pdgfb promoter region contains a NF-κB binding domain(17,18) and GR is known to regulate 

NF-κB.(29,30) To explore the mechanism of GC suppression of PDGF-BB in POCs, we 

examined the affinity of NF-κB (P65) binding to one potential Pdgfb promoter site by ChIP 

assay of POCs and treated with either control (10−7M) or excessive (10−6M) prednisolone 

(Fig. 6a). TNFα, which can stimulate NF-κB mediated signaling pathway independently 

of GR, was utilized as a positive control. We verified that TNFα increased PDGF-BB 

concentration in both a dose-dependent (Fig. 6b) and time-dependent (Fig. 6c) manner. 

To validate the role of GR in the signaling pathway, we also manipulated GR signaling 

by using GR siRNA and RU486, a progesterone antagonist that disrupts the GR/NF-κB 

interaction. GR siRNA effectively blocked GR, whereas control siRNA did not effect GR 

(Fig. 6d). Excessive prednisolone (10−6M) significantly decreased binding of NF-κB (P65) 

to the Pdgfb promoter (Fig. 6e,f) and PDGF-BB synthesis (Fig. 6g) relative to prednisolone 
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10−7M control. Addition of GR siRNA, RU486, or TNFα each rescued NF-κB binding to 

Pdgfb promoter in the prednisolone 10−6M group (Fig. 6e,f) and PDGF-BB synthesis (Fig. 

6g). Furthermore, relative to control prednisolone, Pdgfb transcription (Fig. 6h) and POC 

PDGF-BB secreted in culture media (Fig. 6i) were decreased in cells exposed to excessive 

prednisolone, but was rescued with addition of GR siRNA, RU486, or TNFα. Finally, 

Matrigel tube formation assays with endothelial precursor cells plus POC conditioned­

culture media demonstrated robust tube formation with control prednisolone (10−7M) POC­

conditioned medium, which was suppressed by antibody against PDGF-BB (Fig. 6j,k). Tube 

formation was decreased by excessive prednisolone (10−6M) POC-conditioned medium, 

but was rescued when POCs were co-treated with either TNFα or RU486 relative to 

control prednisolone (Fig. 6j,k). Interestingly, tube formation was comparable between POC 

culture media conditions with 10−6M with RU486 and RU486 alone. Direct addition of 

prednisolone, anti-PDGF-BB, TNFα, RU486, RANKL, or M-CSF alone to endothelial cell 

culture media did not stimulate endothelial tube formation (Supplemental Fig. 1c,d), further 

supporting that POCs are a major source of PDGF-BB for endothelial tube formation, 

synthesis of which is suppressed GR/NF-κB transrepression.

Deletion of Pdgfb in Trap+ cells mimics GC effect on bone vasculature

To verify the mechanism in vivo, we generated mice with deletion of Pdgfb in Trap+ cells 

(Pdgfb−/−). Two-week-old mice were injected intraperitoneally daily with either vehicle or 

prednisolone (10 mg/m2/day) for 4 weeks. Pdgfb−/− mice showed decreased type H vessels 

as assessed by vessel length and branching points and vessel-associated osteoprogenitors 

relative to their Pdgfb+/+ littermates (Fig. 7a–d). Although prednisolone decreased type H 

vessels and osteoprogenitors in wild-type mice (Pdgfbfl/fl), the effect of prednisolone was 

abrogated in Pdgfb−/− mice (Fig. 7a–d). There was a statistically significant difference 

in length of type H vessels, branching points, and osteoprogenitors in Pdgfbfl/fl mice 

treated with prednisolone and Pdgfb−/− mice, suggesting their prednisolone exposure did 

not completely suppress PDGF-BB to the level of the knockout mice. Overall, the in vivo 

studies support that GC transrepression of PDGF-BB is a major contributor to the observed 

bone vasculature phenotype.

Discussion

GIO affects 30% to 50% of all patients on GC therapy.(31) Although osteotoxic side 

effects of GCs are observed across the lifespan, children are an exceptionally vulnerable 

population. Children treated with chronic, high-dose steroids have an equally observed 

incidence/prevalence of osteoporosis relative to adults, plus impairment of linear growth.
(3,32,33) Physiologic cortisol in humans, including children is 5 to 7 mg/m2/day.(34,35) During 

times of illness, cortisol levels increase 10-fold to 20-fold (50–100 mg/m2/day). Because 

prednisolone is five times more potent than hydrocortisone, the dose utilized in the current 

manuscript (20 mg/m2/day) equates to 100 mg/m2/day of hydrocortisone equivalent. When 

prednisone and prednisolone are used in children as treatment for medical conditions such 

as muscular dystrophy, rheumatological conditions, or leukemia, the steroids are dosed on 

a weight basis, generally 2 mg/kg. Adjusted for metabolic weight by body surface area, the 

doses equates to 40 to 150 mg/m2/day of hydrocortisone equivalent. Using a higher dose 
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of GCs than our previous publication(9) (50 in prior report compared to 100 mg/m2/day of 

hydrocortisone equivalent in current report), we established a young mouse model with both 

low bone volume and impaired growth.

GIO is the result of GC suppression of osteoblast and osteoclast differentiation, induction 

of osteoblast apoptosis, but survival of osteoclasts.(7,16,36–40) The mechanism of GC­

induced growth retardation includes inhibition of chondrocyte differentiation, stimulation 

of chondrocyte apoptosis, inhibition of the growth hormone (GH)/insulin-like growth factor 

1 (IGF-1) axis, and impairment of blood vessel invasion into the growth plate.(41,42) In this 

study, utilizing our young GIO mouse model, we found that GCs profoundly inhibited type 

H vessel formation, bone formation, and growth in a dose-dependent and time-dependent 

manner. Bone mass acquisition impairments preceded longitudinal growth, with a decrease 

in bone volume noted within 2 weeks of GC exposure, whereas a significant difference in 

femur length was not noted until 4 weeks of GC relative to vehicle. Further experiments are 

needed to determine if the growth impairment and bone vasculature changes are dependent 

or only associations.

During bone modeling and remodeling, endocrine and paracrine factors induce migration 

and differentiation of progenitor cells to couple angiogenesis and osteogenesis.(43–46) 

POCs have emerged as an important paracrine source of both angiogenic and osteogenic 

coupling factors. GCs regulate osteoclast precursor proliferation and differentiation in a 

dose-dependent manner, such that excessive GCs result in a decreased number of POCs 

in vitro.(16,38) In our young GIO model, we noted the POCs remained similar after 2 

weeks relative to vehicle-treated controls, but decreased after chronic exposure (4 weeks). 

The decrease in number of type H blood vessels and osteogenesis preceded the decline in 

POCs, with differences noted by 2 weeks of GC exposure. Therefore, the effect on bone 

formation may be due to the known direct effects of GCs inducing apoptosis and inhibiting 

differentiation of osteoblast lineage cells.(37,47)

The growing skeleton is continually modeled and remodeled during which angiogenesis, 

specifically type H vessels, plays a critical role in osteogenesis and bone growth.(12,13) 

At the border between the growth plate and primary spongiosa, type H blood vessels 

invade into the growth plate and provide nutrition as well as the signaling molecules that 

regulate bone formation and bone growth.(20,48,49) GCs are associated with a decline in 

bone vasculature,(7–10) but details of the signaling mechanism remain unknown. Type H 

vessels are organized in columns below the growth plate, interconnected by distal, loop-like 

arches. Buds extend from the columns in close proximity of growth plate hypertrophic 

chondrocytes, merging with adjacent buds to form loops.(50) Buds decline in mice by 12 

weeks of age, as osteogenesis slows.(50) Our previous study revealed a significant decrease 

in type H vessels in mice exposed to prednisolone at 4 weeks; however, it did not reflect the 

dynamic changes of type H vessels in the growing skeleton.(9) In this study, we observed 

a remarkable suppression of type H vessels in the distal femur of GC-treated mice and 

this inhibitory effect became more pronounced over 2 weeks to 6 weeks. After 2 weeks of 

GC administration, the distal type H vessel columns and branching were mainly affected, 

whereas after 4 and 6 weeks, budding and columns more proximal to the growth plate 
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decreased relative to vehicle controls. The results suggest that GCs impair type H blood 

vessel maturation first, and angiogenesis after more chronic exposure.

PDGF-BB has been reported to stimulate migration and angiogenesis of EPCs.(51) We 

have previously reported that POCs are a major source of paracrine PDGF-BB to recruit 

endothelial tube cells for the formation of type H blood vessels during bone modeling 

and remodeling.(14) Our previous study showed a decreased number of PDGF-BB+ Trap+ 

cells after 4 weeks of GC.(9) In the present study, we found that GC not only decreased 

POC number, but also PDGF-BB transcription. Controlling for the decreased POC numbers 

with chronic GC exposure, fewer Trap+ cells were also positive for PDGF-BB as early as 

2 weeks of GC exposure. Additionally, we observed decreased PDGF-BB concentration 

in the bone marrow and serum after 2 weeks of GC exposure, prior to a change in the 

number of POCs, similar to prior reports of PDGF-BB concentrations in relation to GC in 

the early phase of wound healing.(52) We confirmed a significantly decreased PDGF-BB 

concentration in POC cultures in the presence of excessive prednisolone relative to control 

concentration. Although the Pdgfb promoter region does not contain a GC response element, 

it does have a NF-κB binding domain.(53) Through direct protein–protein interactions, 

GC/GR heterodimers bind to activated NF-κB and prevent it from binding to κB sites, 

repressing target gene transcription.(53) We found GCs decreased the binding of NF-κB 

(P65) to the Pdgfb promoter, which resulted in decreased transcription and PDGF-BB 

expression in POCs (Fig. 8). In vitro, the GR antagonist (RU486), direct knockdown of 

GR using siRNA, or direct stimulation of NF-κB using TNFα rescued endothelial cell tube 

formation. Our prior study also showed that inhibition of cathepsin K, a protein produced by 

mature osteoclasts to dissolve the collagen matrix, increased POC PDGF-BB secretion and 

prevented GIO in young mice.(9)

POCs are not the only source of PDGF-BB, which is demonstrated in the 

immunofluorescence staining of PDGF-BB and Trap, because there are also PDGF-BB+ 

cells that are not positive for Trap (Fig. 4b). Prior reports have shown that activated 

macrophages and endothelial cells produce PDGF-BB.(14,54) Because the GR is expressed 

in almost every bone cell,(38,47,55) we suspect that GC may suppress Pdgfb transcription 

by a similar mechanism in other cells types than POCs. In this study, we found that 

deletion of PDGF-BB in Trap-expressing cells resulted in a similar vasculature phenotype 

as treatment with GCs. Further studies are needed to evaluate this pathway in other cell 

types. Additionally, PDGF-BB signaling is not selective for endothelial cells alone. PDGF­

BB can directly target the osteoblast lineage, mainly by promotion of osteoprogenitor 

migration.(56–58) Therefore, the effect on osteoblasts and changes in bone volume may not 

be due solely to the change in type H vessels, but may also directly impair osteogenesis 

by decreasing PDGF-BB. Another limitation of the study is that we did not specifically 

disrupt GR signaling in osteoclasts. There are conflicting reports on the impact of loss of 

GR in osteoclasts and effects on bone formation,(38,59) which may be due to either the type 

of GC utilized or differences in genetics of the mouse background strains. Further studies 

are needed to identify the differences observed in these animal models of direct GCs on 

osteoclasts on bone formation.
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Physiologically, GCs play an important role in maintaining bone modeling and remodeling 

during which angiogenesis is coupled with osteogenesis. However, excessive and extended 

exposure of GCs result in alterations of bone cells and angiogenic factors in the 

microenvironment, and ultimately result in osteoporosis, bone growth retardation, and 

osteonecrosis. Our findings provide a novel pathological mechanism underlying impairment 

of bone vasculature in relation to osteotoxic side effects of chronic, high-dose GCs. GCs 

disrupt angiogenesis and osteogenesis coupling by GR/NF-κB–mediated transrepression of 

POC PDGF-BB, which was associated with low bone mass and growth retardation in young 

mice. Recognition of this pathway may help identify novel drug targets to explore potential 

treatments for GIO, particularly in the growing skeleton.
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Fig. 1. 
Prednisolone impairs bone volume and longitudinal bone growth. (a–e) Representative 

microcomputed tomography of mice distal femur after 2, 4, and 6 weeks (2 W, 4 W, and 6 

W) of Veh or Pred 20 mg/m2/day beginning at 2 weeks of age (a) and quantitative analysis 

of trabecular BV/TV (b), Tb.N (c), Tb.Th (d), and Tb.Sp (e). (f) Images of wild-type mice 

injected with either Veh or Pred for 2 W, 4 W, or 6 W. (g,h) Representative photographs of 

femurs (g) and femur length (h). (i) Safranin orange and fast green staining of distal femoral 

growth plate. Arrows denote RZ, PZ, and HZ. Scale bar = 50 μm. (j–l) Quantitative analysis 

of HZ (j), PZ (k), and RZ (l). n = 6 per group. Data are shown as mean ± SD. BV/TV = bone 

volume per tissue volume; HZ = hypertrophic zone; Pred = prednisolone; PZ = proliferative 

zone; RZ = resting zone; Tb.N = trabecular number; Tb.Sp = trabecular separation; Tb.Th = 

trabecular thickness; Veh = vehicle; W = weeks.
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Fig. 2. 
Type H vessels are decreased in prednisolone-exposed young mice. (a,b) Representative 

images of Emcn (red) and CD31 (green) immunostaining (a) and Emcn alone (b) of 

CD31hiEmcnhi type H vessels (yellow) vessels in distal femur metaphysis of wild-type mice 

injected with either Veh or Pred 20 mg/m2/day for 2, 4, or 6 weeks (2 W, 4 W, 6 W). White 

arrow denotes sprout-like structure; green arrow denotes vessel bud. DAPI stains nuclei blue. 

Scale bar = 50 μm. (c,d) Quantification of length of type H vessel (c) and vessel branch 

points (d). n = 6 per group. Data are shown as mean ± SD. Pred = prednisolone; Veh = 

vehicle; W = weeks.
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Fig. 3. 
Type H vessel associated osteoprogenitors and bone formation are reduced in Pred-treated 

young mice. (a,b) Representative images (a) and quantification (b) of immunostaining of 

Emcn (red), Osterix-positive (Osx) osteoprogenitors (green), and DAPI (blue) staining of 

nuclei in distal femur metaphysis in wild-type mice injected with either Veh or Pred 20 

mg/m2/day for 2, 4, or 6 weeks (2 W, 4 W, 6 W). Scale bar = 50 μm. Quantitative analysis 

reported as N Osx per BS in Tb. (c) Calcein double labeling of trabecular bone in distal 

femur. Scale bar = 20 μm. (d) Quantification of MAR. n = 6 per group. Data are shown as 

mean ± SD. BS = bone surface; MAR = mineral apposition rate; N Osx = number of Osx 

positive cells; Pred = prednisolone; Tb = trabecular bone; Veh = vehicle; W = weeks.
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Fig. 4. 
PDGF-BB is decreased in Pred-exposed mice. (a,b) Representative TRAP staining 

(magenta) images (a) and immunofluorescence images of TRAP (red) and PDGF-BB 

(green) co-staining (yellow) (b) in wild-type mice injected with either Veh or Pred 20 

mg/m2/day Pred for 2, 4, or 6 weeks (2 W, 4 W, 6 W). Methyl green stains nuclei green 

(a) and DAPI (b) stains nuclei blue. Scale bar = 50 μm. (c,d) Quantitative analysis of the 

N.POCs on trabecular bone surface (c) and percent TRAP+ cells positive for PDGF-BB+ 

(yellow) in distal femur (d). (e,f) Serum (e) and bone marrow (f) PDGF-BB concentration 

as analyzed by ELISA. n = 6 per group (b) or n = 5 per group (d). Data are shown as mean 

± SD. N.POCs = number of preosteoclasts; PDGF-BB = platelet-derived growth factor-BB; 

TRAP = tartrate-resistant acid phosphatase; Veh = vehicle; W = weeks.
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Fig. 5. 
Excessive, chronic GCs induce preosteoclast apoptosis and inhibit preosteoclast PDGF­

BB synthesis. (a,b) Representative images of Trap staining of preosteoclasts which were 

cultured in M-CSF and RANKL with addition of prednisone 10−7M (control) or excessive 

prednisolone 10−6M for 3 days (a) and quantification of number of preosteoclasts (b). (c,d) 

Cell apoptosis in prednisolone-treated (0M, 10−7M, and 10−6M) preosteoclasts (monocytes 

after 3 days with addition of M-CSF and RANKL) was assessed by Apopxin Green–positive 

cells (c) and quantification of apoptotic cells (d). (e) PDGF-BB concentration in culture 

media of bone marrow monocytes after culture for 0, 3, and 7 days in the presence of 

M-CSF and RANKL, denoted as Mo/Mac, Pre-OC, and OC, respectively. (f) PDGF-BB 

concentration in culture media of RAW246.7 cells cultured for 3 days with M-CSF and 

RANKL, with addition of prednisolone (concentration as denoted) for 24 hours after day 3. 

Assays performed at least four times. Data are shown as mean ± SD. Mo/Mac = monocytes/

macrophages; OC = osteoclasts; Pre-OC = pre-osteoclasts.
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Fig. 6. 
Glucocorticoids inhibit preosteoclast PDGF-BB through GR/NF-κB–mediated 

transrepression. (a) Schematic illustration of NF-κB binding site in mouse Pdgfb promoter 

binding sites for p65 NF-κB and PCR primer design strategy for the analysis of ChIP. (b,c) 

PDGF-BB concentrations of mouse bone marrow monocytes and RAW246.7 cells cultured 

for 3 days in M-CSF and RANKL to form preosteoclasts, followed by stimulation with 

TNFα at denoted concentrations (b) or time after TNFα 20 ng/mL (c). (d) Immunoblot of 

GR after transfection of preosteoclasts with siRNA control or siRNA GR. GAPDH serves 

as control to ensure appropriate loading. (e,f) Immunoblot (e) and quantification (f) of 

ChIP assay detecting binding activity between p65 subunit of NF-κB and Pdgfb promoter 

using a NF-κB-p65 antibody in preosteoclasts culture plus addition of prednisolone 10−7M, 

10−6M alone, or 10−6M plus GR siRNA, RU486 (progesterone antagonist that disrupts the 

GR/NF-κB interaction), or TNFα. IgG served as negative control, input as positive control. 

(g) Western blot and quantification of PDGF-BB from cultured conditions utilized in CHIP 

assay. (h,i) Quantification of Pdgfb mRNA (h) and PDGF-BB protein (i) concentration by 

real-time PCR and ELISA, respectively. mRNA normalized to GAPDH. (j,k) Representative 

images (j) and tube length (k) from Matrigel endothelial tube formation assay with addition 

of preosteoclast culture media under denoted conditions. Assays performed in triplicate. 
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Data are shown as mean ± SD. ChIP = chromatin immunoprecipitation; GR = glucocorticoid 

receptor; PDGF-BB = platelet-derived growth factor type BB.
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Fig. 7. 
Impairment of type H vessel and osteoprogenitors by deletion of Pdgfb in Trap+ cells is 

not further reduced by glucocorticoids. (a) Representative images of immunofluorescence 

staining of Emcn (red), CD31 (green), and Osx-positive osteoprogenitors (green) in distal 

femur metaphysis Pdgfbf/f or Trap-Cre;Pdgfb−/− (Pdgfb−/−) mice injected with either vehicle 

or Pred 10 mg/m2/day for 4 weeks. DAPI stains nuclei blue. (b–d) Quantification of 

CD31hiEmcnhi (yellow) cells (b), N Osx per BS in Tb (c), and vessel branching points 

per tissue area (d). Scale bar = 50 μm (top and middle panel); 20 μm (bottom panel). n 
= 6 per group. Data are shown as mean ± SD. BS = bone surface; N Osx = number of 

Osx-positive cells; Osx = Osterix; Pred = prednisolone; Tb = trabecular bone.
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Fig. 8. 
Schematic diagram of the genomic effects of GCs on preosteoclasts PDGF-BB secretion. 

GC binds to the GR in the cytoplasm of preosteoclasts. The GR/GC compounds bind to the 

p65 subunit of NF-κB and prevents NF-κB nuclear translocation/binding to the κB promoter 

site of Pdgfb, which ultimately leads to downregulation of Pdgfb synthesis and PDGF-BB 

concentration, resulting in less stimulation of type H vessel formation and support of 

osteogenesis. GR = glucocorticoid receptor; Pdgfb = platelet-derived growth factor type 

B.
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