www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Glucocorticoids induce femoral
head necrosis in rats through the
HIF-1a/VEGF signaling pathway

HaoXu Tang™?, Lingli Yuan?*, ZhiYuan Xu?, GuiFen Jiang*, YingJie Liang?, Ce Li2,
PengLin Ding? & MinLong Qian?

Glucocorticoid-induced osteoblast dysfunction is the primary cause of steroid-induced osteonecrosis of
the femoral head (SONFH). However, the specific underlying biological mechanisms of glucocorticoids’
effect on osteoblasts remain undetermined. Recently, the role of hypoxia-inducible factor 1-alpha
(HIF-1a)/vascular endothelial growth factor (VEGF) signaling pathway in modulating bone formation
has been studied. This study aimed to investigate the association and mechanism of the HIF-1a/

VEGF signaling pathway in glucocorticoid-induced osteogenesis suppression in MC3T3-E1 cells.

This study performed CCK8 and live/dead staining assays by stimulating MC3T3-E1 cells with

varying dexamethasone (DEX) doses to elucidate its influence on cell proliferation and activity.
Furthermore, Western blotting was carried out to investigate the expression of HIF-1a, runt-related
transcription factor 2 (RUNX2), VEGF, osteopontin (OPN), and alkaline phosphatase (ALP) proteins

to identify the optimal DEX concentration for simulating steroid-induced osteonecrosis cell models.
Moreover, the osteogenic differentiation of cells was assessed by transfecting them with control

or HIF-1a overexpression lentiviral vectors. Similarly, in vivo, hematoxylin and eosin staining,
immunohistochemical staining, and micro-computed tomography were performed to validate

in vitro results in the SONFH rat model. In vitro analyses revealed that a 10-¢ M concentration of

DEX significantly suppressed cell viability and osteogenesis by decreasing HIF-1a and VEGF levels.
Furthermore, HIF-1a upregulation increased osteogenic activity and VEGF expression in MC3T3-E1
cells. However, the HIF-1a antagonist 3-(5'-hydroxymethyl-2'-furyl) -1-benzylindazole (YC-1) indicated
opposite effects in DEX-treated MC3T3-E1 cells. Moreover, SONFH femoral heads had reduced bone
density, bone tissue content, and femoral head integrity, as well as increased bone cell lacunae,

while decreased HIF-1a, OPN, VEGF, and ALP levels in bone tissue compared to normal rats. This
study indicated that DEX suppresses osteoblast differentiation via the HIF-1a/VEGF pathway, thus
promoting SONFH.
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Abbreviations

SONFH Steroid-induced osteonecrosis of the femoral head
HIF-1a Hypoxia-inducible factor 1-alpha

VEGF Vascular endothelial growth factor

DEX Dexamethasone

OPN Osteopontin

RUNX2 Runt-related transcription factor 2

ALP alkaline phosphatase

OCN Osteocalcin

Micro CT Micro-computed tomography

HE Hematoxylin and eosin

YC-1 3-(5’-hydroxymethyl-2’-furyl)-1-benzylindazole
BMSCs Bone marrow mesenchymal stem cells
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BMD Bone mineral density

BV/TV Bone volume per tissue volume

Tb.N Trabecular number

Tb.Th Trabecular thickness

Tb.Sp Trabecular spacing

Tb.Pf Trabecular pattern of bone due to factor

Glucocorticoids are broadly applied clinically because of their effectiveness against various conditions, such as
autoimmune diseases, inflammatory disorders, and allergies' . However, glucocorticoids have significant adverse
effects, including osteocyte apoptosis and osteonecrosis*™, and are the primary risk factor for non-traumatic
femoral head osteonecrosis”®. Prolonged or high-dose glucocorticoid use causes steroid-induced osteonecrosis
of the femoral head (SONFH)?, which is an intractable chronic condition that often leads to irreversible joint
surface collapse and consequent joint dysfunction!. The current therapeutic options are limited, and advanced
cases are typically managed through surgery'!, including intramedullary decompression'? or osteotomy!>.
Furthermore, cell therapy has also been employed!*; however, the prognosis remains poor!>. The etiology of
SONFH is incompletely understood, and there are limited effective clinical interventions. Therefore, it is essential
to investigate the molecular mechanisms underlying SONFH to develop prevention and management strategies.

Previous literature has associated hypoxia with skeletal metabolic disorders, and both pathological and
environmental hypoxia impact bone health. Adaptation to hypoxia is a key issue during normal cell development
and differentiation, as well as in pathological conditions such as ischemia'®. Hypoxia-inducible factor 1 (HIF-1)
is a crucial transcriptional regulator for the cellular hypoxia response. It comprises HIF-1p and HIF-1a subunits
that bind hypoxia response elements to modulate target gene expression, gene transcription'’, cell proliferation,
differentiation'®, migration'?, and homing?*?!, eliciting specific biological effects. During normoxic conditions,
HIF-1a is degraded, however, it remains stable under hypoxia???*. Furthermore, the expression of HIF-1a is
crucial for preventing bone metabolic diseases during pathological state?*?>. It has been observed that under
reduced oxygen tension, osteoblasts and related cells stabilize HIF-1a expression, modulating angiogenic and
osteogenic gene expression?®. Moreover, HIF-1a overexpressing mice have indicated increased bone volume and
osteoblast counts?®, suggesting that HIF-1 has a significant role in osteogenesis and bone repair?”?%. However,
HIF-1a’s effect on glucocorticoid-mediated osteoblast osteogenic suppression remains elusive.

Studies have observed a significant spatiotemporal correlation between angiogenesis and osteogenesis in
bone development and regeneration processes. Neovascularization is essential for bone regeneration”. During
a hypoxic state, the HIF-1a/VEGF pathway has been found to induce osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs) and promote vascular endothelial cells’ proliferation, migration, and
angiogenesis®®3!. In hypoxic or ischemic cells, HIF-1a increases the expression of VEGF*2, which is essential for
angiogenesis and vascular remodeling. Moreover, HIF-1a activated VEGF identifies bone-specific endothelial
cells and promotes bone angiogenesis. Therefore, investigating VEGF is crucial for elucidating the complex
pathogenesis of SONFH.

This research study aims to elucidate the role of the HIF-1a/VEGF pathway in dexamethasone (DEX)-treated
osteoblasts in vitro analyses. Based on these analyses, an in vivo SONFH model was developed to assess the
association of glucocorticoids with SONFH pathogenesis. The findings will offer novel evidence for the clinical
management of SONFH.

Materials and methods

Cell culture and osteogenic differentiation

The MC3T3-El1 cell line was procured from iCell Bioscience Inc (Shanghai, China) and grown in a-MEM medium
(Gibco, USA) augmented with 1% penicillin/streptomycin (Biosharp, China) and 10% FBS (Priscilla, China) at
37 °C in 5% CO,. The medium was refreshed every 2 days. Upon 80% confluency, osteogenic differentiation
was induced by replacing the standard medium with an osteogenic-specific solution. This specialized medium
was prepared with a-MEM, 50 pg/mL of L-ascorbic acid, and 10 mM of Sodium B-glycerophosphate (Sigma-
Aldrich, USA).

Dexamethasone treatment

MC3T3-E1 cells were grown and divided into two groups. Group 1 cells were grown in the osteogenic medium
and treated with different DEX (Sigma-Aldrich, USA) doses. Cell proliferation rate was evaluated on the Ist,
2nd, and 3rd day via the CCK-8 test (Biosharp, China). Group 2 cells were grown in a medium lacking DEX or
containing 10~¢ M DEX in the presence or absence of YC-1 (10 uM) for 7 days.

Cell proliferation and viability assessment

The proliferation of DEX-treated MC3T3-E1 cells was assessed via the CCK-8 test. Briefly, cells (5000/well)
were plated in 96-well dishes and grown with or without DEX for 3 days. Cell proliferation was evaluated by
measuring absorbance via a microplate reader at 450 nm. After 34 h, cell viability was determined using the Live-
Dead Cell Staining Kit, where green dye-stained live cells while red dye-stained dead cells.

Transfection assay
Lentiviral plasmids overexpressing HIF-1a (HIF-1a-OE) and negative control (OE-Ctrl) groups were established
by GeneChem (Shanghai, China) and transfected in cells per the kit’s guide. The transfected cells were named
HIF-1a-OE or Ctrl-OE, while the untransfected cells were labeled Ctrl. After 72 h of transfection, stable
transgenic cells were selected using puromycin. Target proteins and gene expressions were validated by WB and
qRT-PCR, respectively.
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ALP staining

Following osteogenic induction, the culture medium was aspirated, the cells were rinsed with PBS (Priscilla,
China) 3 times, preserved for 30 min in 4% paraformaldehyde, and subjected to ALP staining via the BCIP/NBT
kit (Beyotime Biotechnology, China). Cells were then incubated in the dark for 30 min at 37 °C, and the reaction
was stopped using deionized water. Then, microscopic analysis was performed.

Alizarin red staining (ARS)

After 21 days in the osteogenic medium in a 6-well plate, cells were fixed using 4% paraformaldehyde for 30 min,
rinsed 2 times with PBS, and stained with Alizarin Red working solution (Cyagen Biosciences, China) for
30 min, followed by two deionized water rinses. The intensity of ARS was observed under an optical microscope.

Western Blotting

Whole protein was harvested from the MC3T3-El cells using RIPA buffer comprising protease inhibitors
(Beyotime Biotechnology, China). Proteins in the supernatant were quantified via the BCA assay kit (Epizyme
Biotech, China). Thirty micrograms of protein per sample were subjected to 7.5% or 10% SDS-PAGE and
electrotransferred onto PVDF membranes (0.45 um; Millipore), which were then sealed with a closure buffer
(Epizyme Biotech, China) and treated overnight with HIF-1a (1:1000, Abcam, UK), RUNX2 (1:1000, Affinity,
China), VEGF (1:1000, HUABIO, China), OPN (1:1000, Abcam, UK), ALP (1:1000, Affinity, China), and anti-
B-actin (1:5000, Affinity, China) antibodies at 4 °C. After TBST washing, the membrane was probed for 2 h with
the secondary antibody (1:5000, Affinity, China) and washed thrice with TBST. Protein blots were imaged using
an enhanced ECL chemiluminescent substrate kit (Millipore, USA). Image] software was employed to perform
quantitative analysis of protein blots. The gray value of the target protein was divided by the gray value of the
reference protein B-actin for normalization.

Quantitative real-time gPCR

For whole RNA collection, TRIZOL reagent (Invitrogen, USA) was employed. cDNA was prepared via reverse
transcription per the protocol of the HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme, China).
The ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) was employed for qRT-PCR, and the cycling
conditions were 30 s at 95 °C, 5 s at 95 °C, and 30 s at 60 °C for 40 cycles. A melting curve was plotted from
65 °C to 95 °C. In this study, the 2-AACT method was utilized for assessing the fold changes in the target mRNA
expression, which were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers
employed for this analysis (Sangon Biotech, Shanghai, China) are as follows:

HIF-1a:

Forward: 5’-gagatgaaggcacagatggact-3'.

Reverse: 5'-aatgtaaaccatgtcgcegt-3'.

GAPDH.

Forward: 5'-ggttgtctcctgcgacttca-3'.

Reverse: 5'-tggtccagggtttcttactcc-3'.

Animal models and group assignments.

Sprague-Dawley (SD) rats (n=20, male, weight=200+20 g) were procured from Wukon Biotechnology
in China and maintained in a controlled, pathogen-free facility, at 26 °C, 55% humidity, and 12-hour light/
dark cycle, with ad libitum access to chow and water. After a week of acclimatization, the rats were randomly
categorized into the model and normal control (Ctrl) groups (n=10/group). The glucocorticoid-induced
SONFH model was established as per a previous study®*. The model rats were intraperitoneally administered
40 pg/kg of lipopolysaccharide (LPS, Sigma, USA) once daily for four consecutive days and intramuscularly
injected with 60 mg/kg of methylprednisolone (MPS, Pfizer, USA) once daily. The Ctrl group was administered
the same volume of saline solution and kept under the same conditions. All samples were collected 6 weeks
post-initial MPS injection. All animal studies were authorized by the Ethics Committee of Bengbu Medical
University [Number: (2022) No. 159] and followed their established protocols. All experimental procedures
were conducted following the ARRIVE guidelines.

Serum ALP

The rats were anesthetized by intraperitoneal injection of 2% sodium pentobarbital (40 mg/kg), and blood
was collected from the abdominal aorta, leading to their death from shock. Blood samples were collected
from anesthetized SD rats using serum separator tubes, which were kept at room temperature for 2 h and then
centrifuged for 20 min at 4 °C and 3000 rpm to collect serum. An ALP/AKP assay kit (Bioengineering Institute,
Nanjing, China) was used to assess serum ALP levels, per the kits guide. Briefly, serum samples were treated
with the reagent solution for 15 min in a water bath at 37 °C. Then, absorbance was read via a microplate reader
(Bio-Tek Instruments, USA) at 520 nm. One Gold’s unit (U) was defined as the amount of serum that produces
1 mg of phenol when reacted with the substrate at 37 °C for 15 min in a 100 mL sample.

MicroCT analysis

The morphological changes of the rat’s skeleton were assessed via Micro-CT of the femoral heads of each rat with
a 9-micrometer voxel resolution. The acquired two-dimensional images were then imported into CTan software
for analysis. The region of interest (ROI) was selected in the area of subchondral bone of the femoral head based
on the literature®* and key bone quality parameters analysis including trabecular bone number (Tb.N), bone
volume (BV), trabecular bone pattern factor (Tb.Pf), bone volume fraction (BV/TV), trabecular bone thickness
(Tb.Th), bone mineral density (BMD), and trabecular bone separation (Tb.Sp).
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Hematoxylin-eosin (HE) staining and immunohistochemical analysis

Rat femoral heads were preserved in formalin for 48 h, decalcified using EDTA solution for over 4 weeks,
submerged in paraffin, sliced (5 um thick), and stained with HE. The HE staining was performed to assess the
trabecular bone structure and osteocyte lacunae.

For immunohistochemical assays, sections were dewaxed, subjected to antigen retrieval, and treated with
anti-HIF-1a (1:200, Abcam), anti-CD31 (1:2000, Abcam), anti-ALP (1:200, Abcam), anti-OPN (1:2000, Abcam),
and anti-VEGF (1:200, Abcam) primary antibodies, followed by incubation with corresponding secondary
antibodies. Then, the sections were dyed with 3’-diaminobenzidine and counterstained with hematoxylin. After
imaging, the ratio of the positive cell area to the respective total area in each of the three fields of view in every
section was measured via the Image]J software. Subsequently, the positivity rate (%) was calculated: (positive cell
area/total area) x 100.

Statistical analysis

GraphPad Prism 8 was employed for the statistical assessments and data visualization. All the data were depicted
as means + standard deviation. Data that satisfied the tests for normal distribution and homogeneity of variance
were analyzed using a t-test to assess differences between two groups, while comparisons among multiple groups
were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Differences
were considered statistically significant at p <0.05.

Results

DEX inhibits MC3T3-E1 cell proliferation and decreases cell viability

To assess DEX’s impacts on osteoblast proliferation, MC3T3-E1 cells were stimulated with DEX (10%-10° M
doses) for 1, 2, and 3 days. CCK-8 assays revealed that DEX reduced osteoblast viability dose-dependently.
Compared to the Ctrl group, the 10-® M DEX-treated cells had markedly reduced absorbance, indicating a
significant suppression of proliferation. Furthermore, the response of 10~¢ M DEX-treated cells on the 1st, 2nd,
and 3rd day showed that the inhibition of cell proliferation was dose- and time-dependent (Fig. 1A). Live-dead
cell staining assays showed that the number of dead cells increased with increasing DEX concentrations, which
was visually confirmed under an optical microscope (Fig. 1B and C).

DEX downregulates the expression of proteins related to the HIF-1a/VEGF signaling
pathway and osteogenesis

To investigate HIF-1a expression in glucocorticoid-mediated osteogenic suppression, MC3T3-E1 cells were
treated with varied DEX concentrations (1078 to 10~ M). The results of WB showed that the expression of the
HIF-1a/VEGF pathway proteins declined with increasing DEX concentration (Fig. 2A and B). Furthermore, to
assess DEXs effect on MC3T3-E1 cells’ osteogenic differentiation, WB was carried out to evaluate the protein
levels of osteogenic markers, including RUNX2, ALP, and OPN.

The data revealed that after DEX treatment, the ALP, RUNX2, and OPN levels in MC3T3-E1 cells reduced
dose-dependently (Fig. 2A and C), suggesting that DEX can inhibit the ability and function of osteoblasts. Based
on these findings, MC3T3-E1 cells were treated with 107° M DEX to simulate hormone-induced femoral head
osteonecrosis in vitro in the subsequent experiments. Furthermore, ALP staining after 7 days (Figs. 2D and
F) and ARS after 21 days (Figs. 2E and G) of osteogenic induction validated that DEX significantly inhibited
the MC3T3-E1 cell’s osteogenic differentiation ability. Therefore, it was hypothesized that the HIF-1a/VEGF
pathway might be pivotal for MC3T3-E1 cells’ osteogenic differentiation.

Upregulation of HIF-1a attenuates the suppressive effects of DEX on the osteogenic functions of MC3T3-E1
cells.

To validate the above hypothesis, a lentiviral-mediated HIF-1a overexpression (OE) system was established
and transfected into MC3T3-E1 cells. The HIF-1a-OE efficiency was confirmed by qRT-PCR and WB, which
indicated that HIF-1a-OE substantially increased HIF-1a expression compared to the control and OE-Ctrl groups
(Fig. 3A-C). The transfected MC3T3-E1’s osteogenic differentiation potential was evaluated using ALS and ALP
staining. The data showed that DEX-treated MC3T3-E1 cells had markedly increased HIF-1a expression, which
was validated by the increased number of purple-stained cells and red calcium nodules, indicating improved
osteogenic function (Fig. 4). The WB analysis results further confirmed these observations, revealing a marked
upregulation of osteogenic markers, RUNX2, ALP, and OPN, in the HIF-1a-OE group related to the DEX-
treated group (Fig. 3D and F). Further, in DEX-induced MC3T3-E1 cells, HIF-1a-OE positively modulated
VEGEF expression (Fig. 3D and E), indicating the activation of the HIF-1a/VEGF pathway.

HIF-1a inhibitor reversed the protective effect of HIF-1a on DEX-induced osteogenesis
Inhibition

To investigate target specificity and validate HIF-1a’s role in DEX-induced osteogenesis, DEX-stimulated
MC3T3-E1 cells were treated with the HIF-1a antagonist YC-1. The results of WB analysis revealed that YC-1
decreased HIF-1a and VEGF levels in DEX-treated MC3T3-E1 cells. (Fig. 5A and B), indicating that YC-1
inhibits VEGF expression. Furthermore, YC-1 promoted DEX’s inhibitory effects on osteogenic markers Runx2,
ALP, and OPN in MC3T3-E1 cells (Fig. 5A and C), further indicating how the HIF-1a/VEGF axis regulates DEX-
induced osteogenic protein expression. Moreover, ALP staining and ARS results revealed that YC-1 substantially
reduced the MC3T3-E1 cell's mineralized nodule formation and ALP activity (Fig. 6). Overall, HIF-1a-OE
partially reversed the YC-1’s inhibitory impact on the protein levels of HIF-1a/VEGF and osteogenic pathway;
that is, HIF-1a-OE mitigated YC-1s inhibitory effects in DEX-induced MC3T3-El1 cells.
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Fig. 1. The influence of various DEX concentrations on the value-added and MC3T3-E1 cell activity. (A)
MC3T3-E1 cells were induced with different DEX levels, and the cell proliferation rate was assessed on the
1st, 2nd, and 3rd day via the CCK8 assay. (B) Quantitative analysis of the ratio of live/dead cells. (C) Live-
dead staining analysis of MC3T3-E1 cells treated with varied DEX concentrations for 24 h. Red =dead cells,
Green =live cells (Scale bar =100 um). ***p <0.001, **p < 0.01, n=3 relative to control without DEX.

Rat model of steroid-induced osteonecrosis of the femoral head

To validate the successful establishment of the rat glucocorticoid-induced femoral head osteonecrosis model,
Micro-CT and HE staining were carried out 6 weeks after the initial MPS injection to detect and confirm
osteonecrosis. Micro-CT scanning can show trabecular bone’s microstructure, mirroring tissue structure integrity
and bone mass alterations. It is, therefore, the most effective approach for assessing bone tissue’s microscopic
structure. Here, the Micro-CT imaging and subsequent reconstruction analysis revealed that the Ctrl group rat
femoral heads were structurally normal, had no signs of collapse or cavitation, and had a consistent and even
distribution of trabecular bone throughout (Fig. 7A). Whereas the MPS group indicated bone mineral loss in
the subchondral region of the femoral head and cavity formation, disordered trabecular bone structure, irregular
arrangement, and uneven density. Furthermore, quantitative analysis of bone morphological metrics indicated
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that in the hormone-treated MPS group, BMD and BV/TV were significantly inversely altered relative to the
normal Ctrl group (Fig. 7B and C). Moreover, quantitative analysis of subchondral trabecular bone parameters
revealed generally consistent bone morphological parameters and markedly inversed Tb.Th, and Tb.N changes in
the hormone-treated MPS group compared to the Ctrl group (Fig. 7D and E). Similarly, compared with the Ctrl
group, Tb.pf and Tb.Sp in the MPS group was substantially increased (Fig. 7F and G), indicating a continuous
destruction of the trabecular. Consistent with the Micro-CT results (Fig. 8A), HE staining revealed that in the
Ctrl group, the femoral head had orderly arranged and intact trabecular bone and rare empty osteocyte lacunae
(Fig. 8B), which were surrounded by a large number of osteoblasts. Whereas in the MPS group, the femoral head
indicated disorganized trabecular bone structure, nuclear shrinkage, multiple empty bone lacunae, and fat tissue
infiltration. Moreover, bone mineral loss was observed in the subchondral area. Based on these results, a rat
SONFH model was established for in vivo analysis.

Serum ALP levels in rats with steroid-induced osteonecrosis of the femoral head

After 6 weeks of the initial hormone, SONFH rat’s serum ALP levels were assessed, which revealed that relative
to the Ctrl group, the ALP activity of MPS group rats was markedly reduced (Fig. 8C). ALP is a key biomarker
of osteoblast activity, and its reduced activity may be associated with the inhibition of bone formation processes.
These data suggest that glucocorticoids suppress osteoblast’s activity in MPS group rats, which affects bone
formation and mineralization processes, therefore decreasing ALP levels.

Immunohistochemical analysis in rats with steroid-induced osteonecrosis of the femoral
head

To further verify the potential role of HIF-1a in glucocorticoid-mediated femoral head osteonecrosis in vivo,
a rat glucocorticoid-induced osteonecrosis model was developed. Immunohistochemical analysis indicated
markedly reduced HIF-1a and VEGF staining in the femoral head tissue of the MPS group than the Ctrl group
(Fig. 9A and B). Furthermore, the MPS rats’ OPN and ALP levels were reduced compared to those of the Ctrl
rats. The findings suggested that HIF-1a expression positively correlates with OPN and ALP in SONFH, further
validating the crucial role of the HIF-1a/VEGF pathway in maintaining bone homeostasis and promoting
bone regeneration in SONFH. VEGF is primarily responsible for initiating angiogenesis, and its expression
was substantially suppressed in the SONFH rat model. This might be because glucocorticoids interfere with
the signaling pathway of HIF-1a/VEGE, thus decreasing the number of blood vessels in bone tissue. To test
this hypothesis, immunohistochemical staining was performed to assess angiogenesis within the femoral head,
focusing on CD31, a marker of vascular endothelial cells. The results indicated a substantially reduced number of
CD31-positive capillaries in the MPS group, suggesting that MPS inhibits neovascularization. Therefore, it was
inferred that glucocorticoids might impede osteoblast differentiation and angiogenesis by inhibiting the HIF-1a/
VEGF signaling pathway, which ultimately results in the onset of femoral head osteonecrosis.
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Fig. 2. Effects of varying DEX levels on HIF-1a/VEGF signaling pathway and MC3T3-E1 cells’ osteogenic
differentiation. (A) Protein levels of VEGE Runx2, HIF-1a, ALP, and OPN in MC3T3-E1 cells treated with
varying DEX doses were analyzed via WB. (B) Statistical analysis of HIF-1a and VEGF pathway protein
expression in MC3T3-E1 cells treated with varying DEX concentrations. (C) Statistical analysis of Runx2, ALP,
and OPN osteogenic marker protein expression in MC3T3-E1 cells treated with varying DEX concentrations.
(D) ALP staining was carried out after 7 days of 10~® M DEX treatment using a BCIP/NBT kit (Scale bar
=100 pm). (E) ARS was performed to stain mineralized nodules after 21 days of 10-® M DEX treatment (Scale
bar =100 pm). (F) Quantitative assessment of ALP staining intensity. (G) Quantitative assessment of ARS
intensity. ***p <0.001, **p < 0.01, *p < 0.05, n =3, relative to controls without DEX.
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Fig. 3. Assessment of the transfection efficiency of HIF-1a-OE and its effect on the HIF-1a/VEGF signaling
pathway, as well as the osteogenic differentiation in DEX-induced MC3T3-E1 cells. (A) HIF-1a protein levels
in HIF-1a-OE cells were measured via WB. (B) Quantitative assessment of HIF-1a levels. (C) RT-PCR analysis
of HIF-1a mRNA levels. (D) WB analysis of VEGE Runx2, HIF-1a, ALP, and OPN protein levels in DEX-
treated and HIF-1a overexpressing MC3T3-E1 cells, respectively. (E) Statistical analysis of protein expression
of HIF-1a, VEGF pathway in DEX-treated and HIF-1a overexpressing MC3T3-El1 cells, respectively. (F)
Statistical analysis of the protein expression of osteogenic markers, Runx2, ALP, and OPN, in DEX-treated and
HIF-1a overexpressing MC3T3-E1 cells, respectively. “ns” stands for “no significant difference,” ***p <0.001,
*p<0.01, *p<0.05, n=3.

Scientific Reports|  (2025) 15:29205 | https://doi.org/10.1038/s41598-025-15018-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Control DEX(10-¢M) DEX+OE-Ctrl DEX+OE-HIF-1a

DEX+OE-Ctrl DEX+OE-HIF-1a

1.5 1.5
()] el
£ * Kok *okk e > KKk *kok
= > == — £ g 104 — _]—
%8 ns 8<
<ge <o ns
2 £ 05 = 2 £ o0.54 —
s 5T —
w
& &
0.0 T T T T 0.0 T T T T
R A & & &
® &R < L5 B
3 O e 9)
o‘(/ x 0‘0 X
< &
Q Q

Fig. 4. Effect of HIF-1a-OE on DEX-induced osteogenic staining of MC3T3-E1 cells in vitro. (A) ALP activity
was measured via ALP staining (Scale bar =100 pum). (B) Calcified nodules were observed via ARS (Scale

bar =100 pm). (C) Quantitative assessment of ALP staining intensity. (D) Quantitative assessment of ARS
intensity. “ns” stands for “no significant difference,” ***p < 0.001, **p < 0.01, *p < 0.05, n=3.
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Fig. 5. In DEX-treated MC3T3-E1 cells, HIF-1a inhibitor reversed HIF-1a’s protective effect on DEX-induced
osteogenic inhibition. (A) WB analysis of VEGE, Runx2, HIF-1a, ALP, and OPN protein levels in YC-1-treated
and HIF-1a overexpressing MC3T3-E1 cells, respectively. (B) Statistical analysis of protein expression of
HIF-1a, VEGF pathway in YC-1-treated and HIF-1a overexpressing MC3T3-E1 cells. (C) Statistical analysis
of Runx2, ALP, and OPN osteogenic marker protein expression in YC-1-treated and HIF-1a overexpressing
MC3T3-E1 cells. **p < 0.001, *p < 0.01, *p< 0.05, n=3.

Discussion

SONFH is a severe and irreversible orthopedic condition that significantly reduces the quality of life and
increases economic strain on society. SONFH pathogenesis has been explain by several hypotheses, such as
aberrant differentiation of BMSCs**~*’, elevated intraosseous pressure®®, adipocyte population®?, fat embolism*’,
vascular thrombosis*!, osteoblast or osteocyte apoptosis??, and oxidative stress*>. However, its exact pathogenesis
remains undetermined. Several studies have indicated that DEX negatively affects osteoblasts, osteocytes, and
endothelial cells in vitro; however, its specific mechanism of action in femoral head hormonal osteonecrosis
remains elusive. This study indicated an association between reduced HIF-1la expression and DEX-induced
osteogenic suppression in osteoblasts. Moreover, DEX inhibited osteoblasts’ osteogenic differentiation via
the HIF-1a/VEGF signaling pathway. The acquired findings offer novel perspectives on the pathogenesis of
hormonal femoral head osteonecrosis, providing the basis for the development of more efficient preventive and
treatment strategies.

DEX is a synthetic glucocorticoid commonly employed clinically to inhibit bone formation. It has been
observed that High DEX doses (> 10—7 M) markedly inhibit osteoblasts’ mineralization ability and osteogenic
differentiation?*-*%, The inhibition of osteoblast proliferation and differentiation is crucial for glucocorticoid-
induced bone loss*>’. Previous literature validates that glucocorticoids suppress HIF-1a protein levels*®. Here,
it was found that DEX-treated MC3T3-E1 cells had reduced HIF-1a and VEGF expression. Moreover, the levels
of key osteogenic proteins, including ALP, RUNX2, and OPN, were also reduced. ALP is a glycoprotein that
forms homodimers and is produced by osteoblasts during the initial bone formation phases. It is essential for
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Fig. 6. In DEX-stimulated MC3T3-EL1 cells, HIF-1a inhibitor reversed HIF-1a’s protection against osteogenic
suppression. (A) ALP activity was evaluated via ALP staining (Scale bar =100 pum). (B) Calcified nodules were
detected via ARS (Scale bar =100 um). (C) Quantitative analysis of ALP staining intensity. (D) Quantitative
assessment of ARS intensity. **p < 0.001, *p <0.01, *p<0.05, n=3.
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Fig. 7. MicroCT analysis of rat femoral head. (A) Micro-CT scans of normal and MPS rats’ femoral head and
reconstruction of three planar images of the femoral head in coronal, sagittal, and transverse views (Scale bar
=1 mm). (B-G) Micro-CT scans of normal and MPS rats’ femoral heads. The quantitative assessment of (B)
BMD, (C) BV/TV, (D) Tb.N, (E) Tb.Th, (F) Tb.Sp, and (G) Tb.pf in the two groups. **p < 0.001, *p < 0.01,
p<0.05,n=3.

phosphatase breakdown, promoting mineralization, and counteracting osteocalcin’s inhibitory influence on
bone mineral deposition?®. Furthermore, ALP levels indicate cell differentiation degree and are often used as
an early osteogenic differentiation degree index. OPN is a phosphorylated sulfated glycoprotein that efficiently
adsorbs hydroxyapatite, directs mineralization, promotes bone formation, and is an osteoblast differentiation
index®’. RUNX2 is a transcription factor crucial for osteoblast differentiation®'. Therefore, it was hypothesized
that glucocorticoids may promote the development of femoral head necrosis by inhibiting the HIF-1a/VEGF
pathway, which in turn inhibits osteoblast’sosteoblasts’ osteogenic differentiation. DEX can inhibit osteoblasts
and is employed to establish a cellular model of glucocorticoid-induced femoral head necrosis. Successful
establishment of the model was indicated by a substantially reduced osteoblast viability>%. This study indicated
a marked decline in MC3T3-E1 cell viability after treatment with 10-® M DEX. Therefore, it was hypothesized
that 10~ M DEX has a detrimental effect on MC3T3-E1 cells, and it can modulate osteoblast proliferation and
osteogenic differentiation. This indicates that high dosages and prolonged use of DEX might trigger femoral
head necrosis and other maladies. Therefore, 10-® M DEX concentration was selected as the treatment dose for
MC3T3-E1 cells for subsequent analyses.
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Fig. 8. Schematic of HE-stained rat femoral head and the analysis of serum ALP levels. (A) Schematic diagram
of HE staining of the femoral head of each group of rats. The black arrows indicate empty bone sockets, the
blue arrows indicate nuclear pyknosis, and the red arrows indicate fat droplets. (Scale bar =500 and 100 um).
(B) The ratio of empty lacuna within the femoral head in various groups. (C) Serum ALP levels of rats in each
group. **p<0.001, n=3.
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Fig. 9. Immunohistochemical staining and semi-quantitative analysis of rat femoral head. (A)
Immunohistochemical staining of HIF-1a, VEGE, OPN, ALP, and CD31 in rat femoral head samples from each
group. (B) Immunohistochemical semi-quantitative analysis of HIF-1a, VEGE, OPN, ALP, and CD31 proteins
in rats from each group. *p <0.01, n=3.

It has been indicated that after fracture, HIF-1a increases angiogenesis and bone repair via VEGF regulation.
Zhang et al. showed that HIF-1a participated in cord MSC-derived exosomes, which induces VEGF expression
and fracture repair™. Recent studies have indicated that the role of HIF-1a in chondrocytes during tissue repair
aids bone recovery. Furthermore, partial HIF-1a deficiency in chondrocytes promotes chondrogenesis and bone
healing process by modulating the formation of blood vessels, osteoblasts, and osteoclasts during repair and
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Fig. 9. (continued)

remodeling®. Ding et al. revealed that dimethylglycine oxalate increases HIF-1a expression to promote BMSCs’
angiogenic activity, which increases bone healing®. Here, it was found that HIF-1a-OE reduced the effect of
DEX on the osteogenic marker proteins RUNX2, ALP, and OPN in MC3T3-E1 cells by upregulating VEGE
Moreover, ALP staining and ARS results were consistent with these data, indicating that HIF-1a-OE attenuates
DEX-mediated suppression of osteogenic differentiation. Moreover, the treatment with YC-1, a HIF-la
inhibitor, substantially inhibited VEGF, RUNX2, ALP, and OPN expression. HIF-1a-OE partially reversed YC-
I’s inhibitory impact on HIF-1a protein manifestation and VEGF levels. Furthermore, HIF-1a-OE ameliorated
the reduction in VEGF expression, whereas HIF-1a inhibition reduced VEGF expression. Altogether, it is
suggested that DEX inhibits osteoblasts’ osteogenic differentiation via the signaling pathway of HIF-1a/VEGE.

Here, the successful establishment of the hormonal femoral head necrosis model was confirmed by the
Micro-CT and HE staining. Furthermore, the diagnosis of osteonecrosis was confirmed by histopathological
observation of empty cavities or nuclear pyknosis of bone cells in the trabecular bone, accompanied by necrosis
of surrounding bone marrow cells. Currently, Micro-CT is the most efficient detection system for the quantitative
evaluation of bone microstructure. In this study, Micro-CT scanning was performed to analyze the changes of
bone trabeculae in the femoral head. The SONFH rats indicated significantly more subchondral bone cavities,
femoral head collapse, and increased Tb.Sp and Tb.Pf, as well as reduced Tb.N, Tb.Th, and BV/TV in contrast
to normal Ctrl rats, consistent with a previous study®. The HE staining results revealed that, in addition to the
altered bone trabeculae morphology, there were numerous vacant bone sockets in the subchondral region of the
model group. Combined with the respective quantitative scoring results, the rat SONFH model was established.

The in-vivo findings indicated HIF-1a expression in both the SONFH model and Ctrl groups. The findings
indicated that the expression of HIF-1a was lower in the model group relative to the Ctrl group. This was
validated by Zhang et al., who indicated that BMMSCs infected with Lentivirus encoding HIF-1a (Lenti-HIF-1a)
significantly increased the production of HIF-1a protein. Furthermore, implantation of BMMSCs overexpressing
HIF-1a into femoral heads of SOFH mice significantly reduced osteonecrotic areas and enhanced bone repair,
thus preserving the structural integrity of femoral heads®. Overall, these results suggest that HIF-1a plays a
key role in the pathogenesis of SONFH. The literature has indicated increased osteocyte death and osteoclast
formation in necrotic areas in osteonecrosis, but with reduced vascularization and impaired osteogenic activity.
The present study revealed significantly impaired staining of OPN, ALP, VEGEF, and CD31 in the necrotic region.
Furthermore, serum ALP levels were assessed to determine the presence and degree of osteoblast differentiation.
Moreover, serum ALP assays showed markedly reduced in vivo ALP activity in the model group relative to the
Ctrl group.

The results of this study are consistent with previous studies®®, further confirming the key role of HIF-
la in femoral head necrosis. These factors are, therefore, considered major regulators of or correlate with
the osteogenic differentiation process®”®’. Osteoblasts are mainly derived from BMSCs, which first undergo

Scientific Reports |

(2025) 15:29205 | https://doi.org/10.1038/s41598-025-15018-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

spectral differentiation and become preosteoblasts. Glucocorticoid inhibits preosteoblast differentiation and
maturation by suppressing the expression of Runx2, which subsequently reduces ALP and OPN levels®!. The in
vivo results indicated an association of HIF-1a expression with OPN and ALP expression, which suggested that
DEX reduces osteoblasts’ osteogenic differentiation by inhibiting the HIF-1a/VEGF signaling pathway. VEGF
is crucial for promoting neointimal development and increasing vascular permeability®. Relative to the Ctrl
group, a substantial decrease was observed in HIF-1a, VEGE and CD31 levels in the MPS-treated group. This
might be because DEX promotes the onset of femoral head necrosis by suppressing the HIF-1a/VEGF signaling
pathway, thus delaying angiogenesis. The precise mechanism of this regulation requires further investigation and
is a focus of our future research.

Although this study validates that DEX inhibits osteoblast differentiation through the HIF-1a/VEGF
signaling pathway, the specific mechanism by which DEX regulates HIF-la expression warrants further
research. Jiang et al. found that low-dose DEX reduced small ubiquitin-like modifications of HIF-1a and Oct4,
increased their degradation, and inhibited their translocation from the cytoplasm to the nucleus, thereby
reducing their accumulation and stable nuclear expression, ultimately reducing hypoxia tolerance and stem
cell maintenance potential®. Gao et al.. reported that prenatal DEX exposure induced high methylation of the
bone morphogenetic protein 4 promoter DNA in cardiomyocytes, significantly reducing the binding activity of
cardiac ischemia-induced transcription factor HIF-1a%,

Several studies have indicated that the inhibitory effect of DEX on HIF-la is closely related to the
glucocorticoid receptor (GR). Xu et al.%> showed that GR antagonist (RU486 and DEX) treated MC3T3-E1 cells
had increased HIF-1a expression, suggesting glucocorticoids reduce HIF-1a expression levels by binding to GR.
Under hypoxic conditions, HIF-1-dependent gene expression is further upregulated by glucocorticoids via GR®.
This upregulation cannot be replaced by other steroid receptors and is thought to result from the interaction
between GR and HIF-1a’s transcriptional activation domain. Glucocorticoid-bound GR transactivates TSC22D3
via glucocorticoid response element (GRE), causing ubiquitin-proteasome system (UPS)-mediated degradation
of HIF-1a, which is otherwise stabilized by hypoxia and diabetes for the induction of Miiller glial galectin-1
expression®”. Anna et al. performed in vivo and in vitro assays and identified that the GR signaling pathway
reduced the activity of HIF-1a on the VEGFA promoter, leading to decreased VEGFA expressi0n68. However, the
absence of GRE consensus sites in Hif-1a promoter suggests a more complex level of regulation by the GC/GR
pathway®. Alternative mechanisms, such as potential crosstalk between GR and PPARY, could be considered to
modulate the HIF-1a/VEGFA pathway and therefore AT angiogenesis”’.

Currently, there is a lack of direct research on how the HIF-1a/VEGF axis regulates the osteogenic
differentiation marker RUNX2. Zhang et al. found that BMMSC-Exos transplantation induces a critical effect
on the treatment of nonunion by promoting osteogenesis and angiogenesis’!. This promoting effect might be
ascribed to the activation of the BMP-2/Smad1/RUNX2 and the HIF-1a/VEGF signaling pathways. Shan et
al. suggest that astragaloside IV can promote osteogenesis and angiogenesis through the Akt/Runx2 and Akt/
HIF-1a/VEGF pathways, respectively, thereby preventing SONFH’2. Moreover, it can also inhibit apoptosis and
oxidative stress through the Akt/Bad/Bcl-2 and Akt/Nrf2/HO-1 pathways, respectively. Tian et al. indicated that
whole-body vibration therapy upregulates Piezol to promote osteogenic differentiation, potentially by enhancing
the HIF-1a/VEGF axis and regulating H-vessel angiogenesis by activating Piezol ion channel’®. This mechanism
may improve blood flow supply and enhance osteogenic differentiation within the femoral head. Overall, these
studies indicate that the HIF-1a/VEGF signaling pathway is closely related to angiogenesis. However, there are
currently no reports on how the HIF-1a/VEGF axis regulates RUNX2, which warrants further research.

Limitations

This study provides evidence that the HIF-1a/VEGF signaling pathway is associated with SONFH pathogenesis
through ex vivo experiments; however, this study has certain limitations. This study only studied the role of
the HIF-1a/VEGF signaling pathway in glucocorticoid-induced osteogenic inhibition of osteoblasts due to the
close temporal and spatial correlation between angiogenesis and osteogenesis. Further research is warranted to
understand this signaling pathway’s role in SONFH angiogenesis.

Conclusion

In summary, it was observed that glucocorticoids can inhibit osteoblasts’ osteogenic differentiation by activating
the HIF-1a/VEGF signaling pathway, which contributes to SONFH progression. The above findings offer novel
perspectives for comprehensively understanding the molecular mechanism underlying the osteogenic inhibition
of osteoblasts triggered by glucocorticoids. Overall, selective HIF-1a-OE could potentially be employed to
mitigate glucocorticoid-induced osteonecrosis of the femoral head.

Data availability
The datasets used and analysed during the current study are available from the corresponding author on rea-
sonable request.
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