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Abstract
Background  This study mainly explores the possible role and mechanism of pyruvate dehydrogenase kinase 4 
(PDK4) in the onset and development of Glucocorticoid-induced osteoporosis (GIOP), and seeks potential targets for 
the treatment of GIOP.

Methods  Mesenchymal stem cells (MSCs) were treated with osteogenic induction medium. An in vitro osteogenic 
damage model was established by exposing MSCs to a high concentration (10− 6 M) of dexamethasone (DEX). 
Osteogenic markers were measured with real-time quantitative polymerase chain reaction, western blot, alkaline 
phosphatase staining, and Alizarin Red S staining. Ferroptosis markers were assessed through reactive oxygen species 
(ROS) fluorescent probe, transmission electron microscopy, and measurement of malondialdehyde (MDA). The 
potential mechanism was investigated using RT-qPCR, western blot, lysosomal probes, molecular docking, and other 
analytical approaches. The role of PDK4 was validated by using a GIOP rat model, micro-computed tomography and 
Masson’s trichrome staining.

Results  High concentrations (10− 6 M) of DEX inhibited osteogenic differentiation in C3H10T1/2 cells, and PDK4 
exhibited the opposite effect. PDK4 partially reversed the osteogenic inhibitory effect of DEX both in vivo and in vitro. 
DEX caused mitochondrial shrinkage and disappearance of cristae in C3H10T1/2 cells, as well as an increase in total 
iron, ROS, MDA contents, and the level of ferroptosis key factors. These changes were partially weakened by PDK4. The 
ferroptosis inhibitor ferrostatin-1 partially blocked the inhibitory effect of DEX, while ferroptosis inducer RSL3 inhibited 
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Background
Glucocorticoid-induced osteoporosis (GIOP) is a com-
mon adverse reaction after long-term and high-dose use 
of glucocorticoids (GCs) such as dexamethasone, and is 
also the most common secondary osteoporosis [1]. The 
main pathological features of GIOP are sustained reduc-
tion in bone formation and increased bone resorption, 
culminating in loss of bone mass [2]. The incidence of 
fractures in patients is related to the duration and dosage 
of GCs usage [3]. High doses of GCs can exert inhibitory 
effects on osteoblast proliferation and disrupt osteogenic 
differentiation of mesenchymal stem cells (MSCs) pri-
marily by suppressing BMP/Smads and phosphatidylino-
sitol 3 kinase/protein kinase B (PI3K/Akt) signaling 
pathways [4, 5]. DEX mainly inhibits osteoblast prolif-
eration and prevents Wnt/β-catenin signaling pathway 
to reduce osteogenic differentiation of MSCs [6–9]. The 
GCs-induced ferroptosis in osteoblasts and autophagy 
in osteoblasts and osteoclasts are involved in occur-
rence and development of osteoporosis [10–14]. There-
fore, searching for the crucial mechanisms and potential 
therapeutic targets of GIOP remains of great clinical 
significance.

Aerobic glycolysis plays an important role in the osteo-
genic differentiation of MSCs [15, 16]. Pyruvate dehydro-
genase kinase 4 (PDK4) is a key enzyme that regulates the 
activity of the pyruvate dehydrogenase complex (PDC) 
by phosphorylating its subunits, and thereby reduces 
the conversion of pyruvate to acetyl CoA and promot-
ing glycolysis [17–19]. It was reported that PDK4 plays 
an important role in promoting calcification in vascu-
lar smooth muscle cells, which may be related to inter-
act with phosphorylated Smad1/5/8 [20], mitochondrial 
function, and changes in autophagy [21, 22]. Given the 
similarity between vascular calcification and bone for-
mation processes, we previous found that PDK4 can 
promote the osteogenic induction potential of bone mor-
phogenetic protein 9 [23]. However, the impact of PDK4 
on DEX-induced osteogenic inhibition and whether it 
can become a potential target for treating GIOP is still 
unclear.

Ferroptosis, another form of cell death marked by iron 
overload and the accumulation of reactive oxygen species 

(ROS), involves diverse biological pathways encompass-
ing iron and lipid metabolism, oxidative stress, and the 
synthesis of glutathione and coenzyme Q10 [24, 25]. 
Ferroptosis may be closely related to the occurrence 
and development of orthopedic diseases, such as osteo-
porosis, osteosarcoma and osteoarthritis [26]. The level 
of critical proteins associated with ferroptosis, such as 
SLC7A11 and GPX4, in femur protein of osteoporosis 
model rats fed with high sugar or high-fat diet was abnor-
mal, and ferroptosis inhibitors can partially reverse the 
bone loss caused by high-fat diet [27]. Jiang et al. revealed 
that iron overload can inhibit osteogenic differentiation 
by inducing ferroptosis in MC3T3-E1 cells [28]. Luo et 
al. also demonstrated that induction of iron overload in 
BMSCs via ferric ammonium citrate can inhibit osteo-
genic differentiation by interfering with Wnt/β-catenin 
signaling [29]. In addition, GCs can induce ferroptosis in 
MSCs, and melatonin can alleviate GIOP by inhibiting 
ferroptosis in BMSCs through PI3K/AKT/mTOR signal-
ing [30–32]. PDK4 can inhibit ferroptosis which mak-
ing it become an important potential anti-cancer target 
[33]. However, the link between PDK4 and ferroptosis in 
MSCs necessitates further investigation.

In this study, we performed in vitro and in vivo experi-
ments to explore the connection between glucocorticoid-
induced bone damage and PDK4. This research endeavor 
holds the potential to unravel novel therapeutic targets 
for the management of GIOP.

Materials and methods
Cell culture and chemicals
HEK293, C3H10T1/2, MEFs, C2C12, MC3T3-E1, and 
MC3T3-L1 cells were procured from ATCC (Manas-
sas, VA, USA). These cells were cultured in Dulbecco’s 
modified Eagle’s medium supplemented with glucose 
(4.5 g/L) and 10% fetal bovine serum, alongside penicil-
lin (100 U/mL) and streptomycin (100  µg/mL), main-
tained at 37  °C in 5% CO2. Materials, including DMEM 
(SMK200.01), FBS (SMK100.01), trypsin (SMK0104), and 
PBS (SMK0106), were acquired from Saimike (Chongq-
ing, China). Primary antibodies targeting β-Actin 
(AC038), PDK4 (A13337), ACSL4 (A20414), and FTH1 
(A19644) were purchased from ABclonal (Wuhan, 

osteogenic differentiation and weakened the reversal effect of PDK4. DEX reduced the protein level of PDK4, which 
was partially weakened by Bafilomycin A1. The molecular docking results showed that DEX can directly bind with 
PDK4.

Conclusion  PDK4 can enhance the osteogenic differentiation ability of MSCs and bone mass of GIOP rats. DEX may 
promote the degradation of PDK4 via lysosome pathway, through which to weaken the osteogenic ability of MSCs by 
increasing ferroptosis. PDK4 may become a potential target for improving GIOP.
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China). Additionally, OPN (sc-21742) and BMP9 (sc-
514211) were procured from Santa Cruz Biotechnol-
ogy’s Chinese branch, while RUNX2 (TA5186), GPX4 
(T56959), and xCT/SLC7A11 (T57046) were obtained 
from Abmart (Shanghai, China). Substances such as 
dexamethasone (ST1254) were sourced from Beyotime 
(Shanghai, China), while RSL3 (HY-100218 A) and Ferro-
statin-1 (HY-100579) were acquired from MedChemEx-
press (Shanghai, China). Erastin (E872563) was procured 
from Macklin (Shanghai, China).

Recombinant adenovirus construction
The recombinant adenoviruses employed in this study 
were generated based on the AdEasy system. Coding 
sequences for PDK4, BMP9, GFP, RFP were amplified 
through polymerase chain reaction (PCR). The products 
and PDK4 small interfering RNA subsequently cloned 
into the shuttle vector of the adenovirus. Subsequently, 
we recombined the shuttle vector with BJ5183/AdEasy-1 
cells, followed by transduction for packaging in HEK293 
cells. These recombinant adenoviruses were designated 
as AdBMP9, AdPDK4, AdGFP, AdRFP, and AdsiPDK4. 
Notably, green fluorescent protein (GFP) or red fluores-
cent protein (RFP) were utilized as viral tracking labels. 
AdGFP or AdRFP were used as vehicle controls.

Preparation of osteogenic induction medium
The osteogenic induction medium (OIM) is formulated 
by supplementing DMEM with β-glycerophosphate, 
dexamethasone, and L-ascorbic acid. The specific prep-
aration involves dissolving these three components in 
DMEM, followed by filtrating using a sterile 0.2 μm filter. 
The final concentration of each component are adjusted 
to 10 mM for β-glycerophosphate, 100 nM for dexameth-
asone, and 250 µM for L-ascorbic acid [34].

RNA extraction, reverse transcription (RT), and real time 
polymerase chain reaction (PCR)
Total RNA was extracted using TRIzol reagent 
(15596026; Invitrogen, USA), and the quality and concen-
tration were assessed using the NanoDrop One machine 
(Thermo Fisher Scientific, USA). Subsequently, the 
extracted RNA underwent reverse transcription using RT 
Kits (RR037A; Takara), and the products were diluted 5 
to 10 times to act as templates for the PCR assay. Real-
time quantitative PCR was performed using the 2x SYBR 
Green qPCR Master Mix Kit (B2120, Selleck, USA) and 
the Bio-Rad CFX Connect System (Bio-Rad, Chicago, 
USA), following this thermal cycling profile: pre-dena-
turation at 95℃ for 3 min, denaturation at 95℃ for 10 s, 
annealing at 58℃ for 30 s and extension at 72℃ for 10 s, 
repeated for 40 cycles. The relative gene expression levels 
were calculated using the 2−ΔΔCt method and normalized 
to the levels of β-actin. The primers utilized in this study 
were shown in Table 1.

Protein collection and Western blot analysis
Cells were initially seeded in 6-well plates or cell culture 
dishes, followed by treatment with various factors as 
following the experimental design. At designated time 
points, cells in the wells were washed twice with 4  °C 
pre-chilled phosphate buffered saline (PBS), and followed 
by lysising for 5 to 10  min on ice using RIPA lysis buf-
fer (ST506, Beyotime, Shanghai, China) containing 1% 
PMSF (P0013B, Beyotime, Shanghai, China). Lysates 
were then scraped and collected into 1.5 mL tubes. Pro-
tein loading buffer (P0015L, Beyotime, Shanghai, China) 
was added, and the samples were boiled in a water bath 
for 15  min. The samples were separated using 10% or 
12.5% SDS-PAGE and subsequently transferred to PVDF 
membranes (Bio-Rad, USA). Blocking was performed at 
room temperature for 30 min using a protein-free rapid 
blocking solution (Epizyme, Shanghai, China), followed 
by overnight incubation at 4 °C with primary antibodies. 
Membranes were washed four times with TBST (Tris-
Buffered Saline, 0.1% Tween 20), then incubated for 1 h 
with the corresponding horseradish peroxidase-conju-
gated secondary antibodies (Beyotime, Shanghai, China). 
After four additional washes, detection was carried out 
using a chemiluminescent substrate kit (160072; Saimike, 

Table 1  Primer sequence for this study
Gene GeneBank entry Primer Sequence (5′→3′)
β-actin NM_007393.5 F CCACCATGTACCCAGGCATT

R CGGACTCATCGTACTCCTGC
Runx2 NM_001145920.1 F GCCGGGAATGATGAGAACTA

R GGACCGTCCACTGTCACTTT
OPN NM_001204233.1 F TGCACCCAGATCCTATAGCC

R CTCCATCGTCATCATCATCG
PDK4 NM_013743.2 F CTGCCTGACCGCTTAGTGAA

R TGCCTTGAGCCATTGTAGGG
PDK3 NM_145630.3 F CTGCTCTAGTGAGGATGCGG

R TTAGCCAGTCGCACAGGAAG
PDK2 NM_001361915.1 F GGTGAAACTGGGTCTCCCTG

R GAGAAGTGTCTCTGGGCCAC
PDK1 NM_001360002.1 F AGGCTACATGTACGGACCCT

R GCCACCTCTCCTTTCAAGCT
FTH1 NM_010239.2 F GCGGTTTCCTGCTTCAACAG

R GTCCTGGTGGTAGTTCTGGC
SLC7A11 NM_011990.2 F GGAAGTCACGACCGAACAGT

R ATTGCCCTGCAGGTAACCTC
GPX4 NM_001367995.1 F ATGAAAGTCCAGCCCAAGGG

R GTGTAGGGGCACACACTTGT
ACSL4 NM_207625.2 F GGAAAGCAAACTGAAGGCGG

R AATGGCCATGTCTGAAGGGG
(F: forward, R: reverse)
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Chongqing, China) and a gel imager (ChemiScope 6200, 
Qinxiang, China). Quantitative analysis was performed 
using ImageJ software.

Alkaline phosphatase (ALP) staining
C3H10T1/2 cells were seeded in 24-well plates and 
treated with various factors. After 5 or 7 days of differen-
tiation induction with OIM, the cells were gently rinsed 
twice with PBS. Alkaline phosphatase (ALP) activity was 
then assessed using a BCIP/NBT Alkaline Phosphatase 
Color Development Kit (C3206, Beyotime, Shanghai, 
China). Following the staining process, cells were washed 
twice with PBS and air-dried. Plates were conducted 
using a scanner (Phentom, China) and Microtek Scan-
Wizard 5 software. Additionally, images were captured 
under an optical microscope (IX53, Olympus, Tokyo, 
Japan).

Alizarin Red S (ARS) staining
Cells were cultured in 24-well plates and treated with var-
ious factors for osteogenic induction over 14 or 21 days. 
The culture medium was discarded, and cells were gently 
rinsed twice using PBS (pH 4.2). Cells were then fixed for 
15  min with 4% paraformaldehyde followed by another 
rinse. Staining was performed for 20  min using a 0.2% 
Alizarin Red solution (G8550, Solarbio, Beijing, China). 
After washing with PBS, the samples were scanned using 
a Phentom scanner (China) and Microtek ScanWizard 
5 software, and images were captured under an optical 
microscope (IX53, Olympus, Tokyo, Japan). Quantitative 
analysis was conducted using ImageJ software.

Construction of GIOP rat and delivery of AAV-PDK4
Animal experiments were approved by the Institutional 
Ethics Committee of Chongqing Medical University 
(IACUC-CQMU-2022-0021). Twenty male Sprague-
Dawley (SD) rats, aged 8 weeks and each weighing 
approximately 200 g, were sourced from the Experimen-
tal Animal Center of Chongqing Medical University. The 
animals were individually placed in a rigorously con-
trolled environment at the Chongqing Medical Univer-
sity’s animal facility, adhering strictly to the protocols 
established by both the National Institutes of Health and 
the Institutional Animal Care and Use Committee. This 
facility featured with an automated temperature regu-
lation system, maintaining a stable temperature range 
of 22 ± 2  °C and a relative humidity level of 50 ± 10%. 
To mimic natural diurnal rhythms, the animals were 
subjected to a regulated 12-hour light-dark cycle. 
Each animal’s cage was furnished with standard bed-
ding materials, which were changed frequently, at least 
twice weekly, to uphold hygiene standards and deter the 
build-up of waste or potentially harmful microorgan-
isms. To enhance the animals’ psychological well-being 

and alleviate boredom, they were provided with a range 
of environmental enrichment items, including nesting 
materials, chewable toys, and/or visual barriers. The ani-
mals had unrestricted access to a species-specific, bal-
anced laboratory diet designed to meet their nutritional 
needs. An automated watering system ensured continu-
ous access to fresh, filtered water. Trained personnel 
conducted daily health checks, monitoring the animals 
for signs of illness, injury, or distress. Any animal exhibit-
ing abnormal behaviors or physiological alterations was 
promptly removed from the study and provided with 
necessary veterinary attention. Throughout the experi-
mental period, the utmost priority was placed on ensur-
ing the health and well-being of the animals.

Rats were randomly divided into 4 groups and five mice 
each group. After an one-week acclimatization period, 
they were further randomized into one control group 
and three GIOP experimental groups. The treatment for 
the experimental groups included intraperitoneal injec-
tion of dexamethasone sodium phosphate (5  mg/Kg) 
for 4 weeks to induce GIOP. The control group received 
intraperitoneal injections of an equivalent volume of 
normal saline. Approximately 8 weeks post-treatment 
initiation, the GIOP experimental groups were further 
subdivided into the PBS group, AAV-Vehicle group (virus 
empty vector group), and AAV-PDK4 group. Each rat 
in the AAV-PDK4 group received a tail vein injection of 
200 µl solution containing 2 × 1012 v.g AAV-PDK4, while 
the AAV-Vehicle group received 200 µl of empty vector 
control (containing 2 × 1012 v.g AAV-GdGreen). The PBS 
group and the original control group received tail vein 
injections of an equivalent volume of PBS.

After 4 weeks, rats were anesthetized via intraperi-
toneal injection of 2% sodium pentobarbital (50  mg/kg, 
supplied by the Animal Experiment Center of Chongq-
ing Medical University). Vital signs such as respiration 
and heart rate were closely observed to ensure adequate 
anesthesia depth and avoid any potential discomfort. 
Once the rats were successfully anesthetized, cardiac 
blood, femur, and tibiae were harvested for subsequent 
experiments. Upon completion of the experiments, rats 
were placed in a euthanasia chamber, where CO₂ gas was 
introduced at a flow rate corresponding to 60% volume 
displacement per minute. Once the rats lost conscious-
ness, 100% CO₂ was administered for an additional 2 min 
until death was confirmed.

Lysosome co-localization assay
Cells were transfected with AdPDK4 tagged with GFP 
fluorescence. After 6  h, cells were treated with 1 µM 
DEX for 48 h. Following removal of the original culture 
medium, cells were incubated with 50 nM Lyso-Tracker 
Red (C1046, Beyotime, Shanghai, China) working solu-
tion to label lysosomes at 37 °C for 60 min. Subsequently, 
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the working solution was removed, and cells were washed 
three times with PBS for 5 min each. Hoechst stain solu-
tion (C1022, Beyotime, Shanghai, China) was then added 
to label cell nuclei, followed by incubation at room tem-
perature in the dark for 10 min. Finally, cells were washed 
three times with PBS and fresh complete culture medium 
was added. PDK4 and lysosome co-localization were 
observed by confocal laser microscope (SP8, Leica, Wet-
zlar, Germany).

Histological evaluation and staining
The collected rat femurs were fixed in 4% paraformalde-
hyde for 3 days, decalcified in EDTA solution (pH 7.2) for 
21 days, dehydrated in ethanol, and then embedded in 
paraffin. Samples were sectioned, and subjected to hema-
toxylin and eosin (H&E) staining and Masson’s trichrome 
staining following deparaffinization and rehydration. 
Images were observed and captured using a microscope 
(Ci-L, Nikon, Tokyo, Japan).

Microcomputed tomography
The rat femurs were performed with computerized 
tomography scans (µCT) (SkyScan 1276, Bruker, Ger-
many). Analysis was performed using the manufacturer’s 
evaluation software. Reconstruction was accomplished 
by NRecon (version 1.7.4.2). Standard 3D microstruc-
tural analysis was used to evaluate parameters, includ-
ing the trabecular BMD, bone volume fraction (BV/TV), 
trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), 
trabecular number (Tb.Tn), and object surface/volume 
ratio (BS/BV).

Transmission electron microscopy assay
To investigate the mitochondrial morphology changes, 
C3H10T1/2 cells were collected and pre-treated with 3% 
glutaraldehyde. The specimens were subsequently fixed 
in 1% osmium tetroxide, dehydrated in a series of graded 
acetone solutions, infiltrated with Epon 812 for extended 
periods, and then embedded. Semi-transparent sections 
were stained with methylene blue, ultra-thin sections 
were cut using a diamond knife, and further stained with 
uranyl acetate and lead citrate. The sections were exam-
ined using a JEM-1400-FLASH transmission electron 
microscope.

Cell viability assay
To assess the effects of DEX, RSL3, and Ferrostatin-1 on 
cell viability, the Cell Count Kit (CCK-8) (C0037, Beyo-
time, Shanghai, China) was employed. C3H10T1/2 cells 
were seeded in 96-well plates at a density of 5000 cells per 
well. Subsequently, cells were treated with varying con-
centrations of DEX (10− 9, 10− 8, 10− 7, 10− 6, and 10− 5M), 
RSL3 (0, 0.1, 0.5, 1, 2, 4, and 8 µM), or Ferrostatin-1 (0, 
0.5, 1, 2, 4, 8, and 16 µM) for either 24–48 h. Then, cells 

were incubated with CCK8 mixed solution in the dark at 
37 °C for 30 min. Finally, the absorbance of each well was 
measured at 450 nm using a microplate reader (Thermo, 
USA).

A Calcein-AM/PI kit (C2015-M, Beyotime, Shanghai, 
China) was used following the manufacturer’s protocol 
for live/dead staining. Cells were seeded at a concentra-
tion of 20,000 cells per well in a 24-well plate and treated 
with medium containing DEX or AdPDK4 for 48 h. Sub-
sequently, the working solution was added, and cells were 
incubated at 37 °C for 30 min before imaging under a flu-
orescence microscope (Olympus, Japan).

Intracellular iron ions, ROS, and malondialdehyde assay
The detection of total intracellular iron ions was per-
formed using the Total Iron Content Colorimetric 
Assay Kit (E1042, Applygen, Beijing, China). Levels of 
ROS were assessed utilizing either DCFH-DA (S0033S, 
Beyotime, Shanghai, China) or DHE (S0063, Beyotime, 
Shanghai, China) fluorescent probes. Measurement of 
malondialdehyde (MDA) content was conducted with a 
lipid oxidation detection kit (S0131S, Beyotime, Shang-
hai, China). Each specific experimental procedure was 
executed according to the manufacturer’s instructions, 
with analysis conducted using either an enzyme-linked 
immunosorbent assay (Thermo, USA) or a fluorescence 
microscope (Olympus, Japan).

Plasma PDK4, GSH, MDA, and ROS assay
Freshly collected blood underwent natural coagulation 
for 30 min followed by centrifugation at 4 °C for 10 min 
to obtain the supernatant (serum). The concentrations 
of PDK4, GSH, and MDA in the serum were determined 
using an enzyme-linked immunosorbent assay (ELISA) 
kit (Ruixinbio, Quanzhou, China). Absorbance was mea-
sured at 450  nm using a microplate reader, and optical 
density (OD) values were converted to concentrations. 
For ROS analysis, absorbance was measured using a fluo-
rescent enzyme-linked immunosorbent assay (ELISA) 
with an excitation wavelength of 535 nm and an emission 
wavelength of 610  nm, employing the reactive oxygen 
species O13 fluorescence probe method. The OD values 
were then converted into concentrations. Specifically, 
the OD values obtained from calibration with a standard 
sample were converted into concentrations using a for-
mula derived from the standard sample.

Molecular docking
Molecular docking was performed to assess the binding 
affinity of dexamethasone with potential targets, indica-
tive of its stability. Protein molecular structures of the 
potential targets were downloaded from the PDB data-
base (https://www.rcsb.org/), while the structure of ​d​e​x​a​
m​e​t​h​a​s​o​n​e was obtained from the PubChem database (​

https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
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h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​​i​.​n​l​​m​.​​n​i​h​.​g​o​v​/). The structures of 
the potential targets and dexamethasone were imported 
into AutoDock Tools software for processing. Global 
docking was conducted with 50 random docking runs to 
ensure thorough exploration of binding configurations. 
The docking result with the lowest binding energy was 
selected for further analysis. Visualization of the docking 
outcome was achieved using PyMol 2.5.5.

Statistical analysis
The data were expressed as mean ± standard error, and 
all experiments are repeated independently at least three 
times. The experimental data was analyzed using Graph-
Pad Prism 9.5.0 software, and western blot images, ALP 
staining images, ARS staining images, and partial fluo-
rescence images were quantified using Image J software. 
The differences between two groups were statistically 
analyzed using two-tailed Student’s t-test, and one-way 
ANOVA was used for comparison between two or more 
groups. If the P value is less than 0.05, the difference is 
considered statistically significant.

The work has been reported in line with the ARRIVE 
guidelines 2.0.

Results
Effects of DEX on osteogenic differentiation of MSCs
Given that DEX is also one of the components of osteo-
genic induction medium, we prepared DEX at con-
centrations of 10− 9 M ~ 10− 5 M to induce osteogenic 
differentiation, and screened the appropriate concentra-
tion of DEX to inhibit osteogenic differentiation based on 
the preliminary results for the subsequent experiments. 
The results of ALP and Alizarin Red staining showed that 
low concentrations of DEX (10− 9 M, 10− 8 M, 10− 7 M) 
increased ALP activity compared to the DMEM group, 
while high concentrations of DEX (10− 6 M, 10− 5 M) sig-
nificantly inhibited OIM-induced ALP activity (Fig.  1A, 
B) and the level of matrix mineralization (Fig.  1C, D). 
Next, we chose 10− 6 M DEX for subsequent experiments. 
RT-qPCR and western blot results showed that high con-
centrations of DEX could significantly reduce the mRNA 
and protein levels of RUNX2 (Fig.  1E-G) and OPN 
(Fig. 1H-J) induced by OIM.

Effects of GIOP and/or osteogenic induction on the 
expression of PDK4
To understand the mechanism through which DEX 
regulates osteogenic differentiation, we performed tran-
scriptome sequencing after using BMP9 as an osteo-
genic induction model and treating MSCs with 10− 6 M 
DEX. Differential gene analysis was performed with P 
value of < 0.05 and丨LogFC丨≥1. Volcano plots and dif-
ferential gene heatmap analyses showed that PDK4 was 
significantly upregulated by DEX (Fig. 2A, B). RT -qPCR 

results showed that PDK4 was expressed in different tis-
sues and stem cells (Fig. S1A, B). Given the widespread 
use of C3H10T1/2 cells in osteogenic differentiation 
studies, we used this cell line in our subsequent experi-
ments. We examined the changes of PDK family mem-
bers under osteogenic induction, and the results showed 
that the mRNA levels of PDK family were all upregulated 
under OIM induction, with PDK4 being the most signifi-
cant (Fig.  2C). Immunohistochemical staining showed 
that PDK4 was downregulated in the bone tissue of GIOP 
rats (Fig.  2D). Meanwhile, we found that the mRNA 
and protein levels of PDK4 were upregulated in a time-
dependent manner, peaking on day 7 (Fig.  2E-G). The 
above results suggested that PDK4 may be involved in the 
osteogenic differentiation process of MSCs and the path-
ological process of GIOP. These results suggested that 
PDK4 may have a promoting effect on the GCs-induced 
inhibition of osteogenic differentiation in MSCs.

Effects of PDK4 on DEX-inhibited osteogenic 
differentiation
To accurately determine the role of PDK4 in osteogenic 
differentiation, we employed a concentration of 10− 6 M 
DEX for subsequent experiments. RT-qPCR and west-
ern blot results showed that PDK4 partially reversed the 
mRNA and protein levels of RUNX2 (Fig.  3A-C) and 
OPN (Fig.  3F-H) that were reduced by DEX. Addition-
ally, ALP and ARS staining results showed that the ALP 
activity (Fig.  3D, E) and cellular matrix mineralization 
levels (Fig. 3I, J) inhibited by DEX were partially restored 
by PDK4. These results suggested that PDK4 can mitigate 
the DEX-inhibited osteogenic differentiation of MSCs.

The relationship between the DEX’s osteogenic inhibitory 
effect and ferroptosis in MSCs
As DEX may promote ferroptosis in different cells, we 
aimed to explore its effect on ferroptosis in MSCs. Cal-
cein/PI staining showed a decrease in the viability of 
C3H10T1/2 cells upon DEX treatment (Fig.  4A, B). 
Transmission electron microscopy analysis demon-
strated that DEX induced mitochondrial wrinkling and 
increased membrane density, showing morphologi-
cal changes of ferroptosis (Fig.  4C). Furthermore, DEX 
triggered the elevated levels of cellular ROS content 
(Fig. 4D), MDA content (Fig. 4E) and total iron ion levels 
(Fig. 4F). RT-qPCR and western blot results showed that 
DEX downregulated the mRNA and protein levels of the 
negative regulators of ferroptosis, including GPX4, FTH1 
and SLC7A11, but upregulated the ACSL4 mRNA and 
protein levels of ACSL4 (Fig. 4G, H). RT-qPCR and west-
ern blot results showed an increase in both mRNA and 
protein levels of negative regulators of ferroptosis during 
the osteogenic differentiation of MSCs in a roughly time-
dependent manner (Fig. 4I, J).

https://pubchem.ncbi.nlm.nih.gov/
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We employed the RSL3 (ferroptosis inducer, data are 
not shown) and Fer-1 (ferroptosis inhibitor) to further 
investigate the relationship between ferroptosis and 
DEX-inhibited osteogenic differentiation in MSCs. RT-
qPCR and western blot results showed that the decrease 

of RUNX2 mRNA and OPN protein levels induced by 
DEX were partially reversed by the Fer-1 (Fig.  4K, M). 
ALP staining and ARS staining further demonstrated 
that the decrease in ALP activity and matrix mineraliza-
tion levels caused by DEX were also partially restored 

Fig. 1  Effects of DEX on osteogenic differentiation in C3H10T1/2
(A-B) ALP staining and its quantification showed the effect of different concentrations of DEX on OIM-induced ALP activities in C3H10T1/2 after 5 and 7 
days. Scar bar: 200 μm. (C-D) Alizarin Red S staining and its quantification showed the effect of different concentrations of DEX on OIM-induced matrix 
mineralization in C3H10T1/2 after 14 and 21 days. Scar bar: 200 μm. (E) RT-qPCR detection demonstrated the effect of high concentration of DEX (10− 6 M) 
on OIM-induced RUNX2 mRNA levels after 1 and 2 days. (F-G) Western blot results and these quantifications demonstrated the effect of high concentra-
tion of DEX (10− 6 M) on OIM-induced RUNX2 protein levels after 1 and 2 days. (H) RT-qPCR detection demonstrated the effect of high concentration of 
DEX (10− 6 M) on OIM-induced OPN mRNA levels after 9 and 11 days. (I-J) Western blot results and these quantifications demonstrated the effect of high 
concentration of DEX (10− 6 M) on OIM-induced OPN protein levels after 9 and 11 days. The uncropped gels and blot were shown in supplementary Fig. 1 
(Fig. S1). The data for ALP activities on day 5, Runx2 mRNA level on day 1, mRNA and protein level for OPN on day 9, and Alizarin Red S staining on day 14 
were shown in supplementary Fig. 9 (Fig. S9)
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Fig. 2 (See legend on next page.)
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by Fer-1. However, there were no significant changes in 
ALP activity and matrix mineralization levels in the Fer-1 
alone treatment group compared to the control group 
(Fig. 4L, N). These results suggested a potential associa-
tion between the DEX-inhibited osteogenic differentia-
tion and the promotion of ferroptosis in MSCs.

Effects of PDK4 on DEX-induced ferroptosis in MSCs
Subsequently, we explored whether PDK4 could affect 
ferroptosis induced by DEX in MSCs. The transmission 
electron microscopy results indicated that PDK4 par-
tially mitigated the DEX-induced morphological altera-
tions such as mitochondrial wrinkling and increased 
membrane density (Fig.  5A). Assessment of total iron 
ion and MDA levels revealed that PDK4 attenuated the 
DEX-induced increase in MDA and total iron ion levels 
(Fig.  5B, C). DHE staining showed that PDK4 partially 
reversed the increase of ROS content caused by DEX 
(Fig. 5D). The further western blot results showed PDK4 
inhibited the increase of ACSL4 protein levels caused 
by DEX, reversed the decrease of GPX4 and SLC7A11 
protein levels caused by DEX, but no significant effect 
on protein levels of FTH1 (Fig. 5E-I). These results sug-
gested that PDK4 can inhibit the DEX-induced ferropto-
sis in MSCs.

Effects of PDK4 on bone formation and ferroptosis in GIOP 
rats
To assess the effect of PDK4 on the bone damage 
effect of DEX, we established a GIOP rat model. Mas-
son’s trichrome staining showed a notable reduction 
in bone trabecular density and collagen fiber produc-
tion in the GIOP and viral empty vector groups relative 
to the control group. Conversely, PDK4 overexpression 
led to augmentation of collagen fiber production and 
increased-density of bone trabeculae (Fig.  6A). Micro-
CT scans confirmed a decreased density of bone tra-
beculae in the GIOP and viral empty vector groups 
compared to controls, which was significantly attenuated 
by PDK4 overexpression (Fig. 6B). Quantitative analyses 
results of bone trabecular parameters were consistent 
with the micro-CT results (Fig. 6C-G). Furthermore, we 
determined the impact of PDK4 on ferroptosis-related 

markers. ELISA results showed a decrease in glutathi-
one content and an increase in malondialdehyde content 
in the GIOP model group compared to controls, which 
was partially reversed by PDK4 overexpression (Fig. 6H, 
I). O13 probe detection revealed that PDK4 overexpres-
sion attenuated the heightened ROS content in the GIOP 
model group compared to controls (Fig. 6J). Western blot 
analysis exhibited an elevated ACSL4 protein levels but 
decreased levels of GPX4, SLC7A11, and FTH1 in the 
femur of the GIOP model group compared to controls. 
PDK4 overexpression partially reversed these alterations, 
albeit without statistical significance in SLC7A11 protein 
levels (Fig. 6K, L). These results suggested that PDK4 has 
an ameliorative effect on GIOP via reducing ferroptosis.

Effects of ferroptosis on the attenuation of DEX-inhibited 
osteogenic differentiation by PDK4 in MSCs
To further investigate whether the reversal effect of PDK4 
on DEX inhibition of MSCs osteogenic differentiation is 
related to ferroptosis, we employed a ferroptosis inducer 
(RSL3) for pertinent experiments. RT-qPCR and western 
blot analyses revealed that the reversal effect of PDK4 
on the mRNA and protein levels of RUNX2 (Fig. 7A-C) 
and OPN (Fig. 7F-H) caused by DEX was partially offset 
by RSL3. ALP staining showed that RSL3 partially coun-
teracted PDK4’s ability to reverse the decrease in ALP 
activities induced by DEX, with more pronounced effects 
observed on day 7 (Fig. 7D, E). Additionally, ARS stain-
ing results showed that the effect of PDK4 on inhibiting 
the DEX-caused matrix mineralization decrease were 
partially attenuated by RSL3 (Fig.  7I, J). These results 
suggested that the reversal effect of PDK4 on the DEX’s 
inhibitory effect on osteogenic differentiation in MSCs 
was mediated by disturbing ferroptosis partially.

Effects of DEX on Pdk4 mRNA expression and protein 
degradation in MSCs
Although we have demonstrated the role of PDK4 in 
reducing the DEX-caused reduction of osteogenic dif-
ferentiation, the interaction between DEX and PDK4 
remains unclear. Thus, we analyzed the effects of DEX 
on PDK4 expression. RT-qPCR and western blot analy-
ses showed an upregulation of PDK4 mRNA levels 

(See figure on previous page.)
Fig. 2  Effects of GIOP and/or osteogenic induction on the expression of PDK4
(A-B) BMP9 was used as an osteogenic induction model and MSCs were treated with 10− 6 M DEX before transcriptome sequencing. Differential gene 
analysis was performed with P value < 0.05 and| LogFC| ≥ 1. Volcano plot and differential gene heatmap analysis showed significantly upregulated or 
downregulated differentially expressed genes. (C) RT-qPCR detection showed the mRNA levels of PDK family members in C3H10T1/2 cells after OIM 
treated for 2 days. (D) Immunohistochemical staining results showed the level of PDK4 in the tibia of GIOP model. Scar bar: 50 μm. (E) PCR assay showed 
the expression of Pdk4 during osteogenic differentiation in MSCs. (F) Western blot assay showed the protein level of PDK4 during osteogenic differentia-
tion in C3H10T1/2 cells. (G) Quantitative results of western blot assay showed the protein level of PDK4 during osteogenic differentiation in MSCs. (H-I) 
Western blot showed the protein expression of PDK4 in C3H10T1/2 after Ad-GFP, Ad-PDK4, Ad-RFP and Ad-siPDK4 infection. (J-K) Quantitative analysis 
results of western blot showed the protein expression of PDK4 in C3H10T1/2 after Ad-GFP, Ad-PDK4, Ad-RFP and Ad-siPDK4 infection. (L) Microscopic 
white light and fluorescence images of C3H10T1/2 infected with adenovirus-mediated Ad-GFP, Ad-PDK4, Ad-RFP, and Ad-siPDK4 after 24 h. Scar bar: 
200 μm. The uncropped gels and blot were shown in supplementary Fig. 2 (Fig. S2)
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Fig. 3  Effects of PDK4 on DEX-inhibited osteogenic differentiation
(A) RT-qPCR results showed the effect of AdPDK4 and/or DEX on RUNX2 mRNA levels after 1 and 2 days. (B-C) Western blot results and these quantifica-
tions demonstrated the effect of AdPDK4 and/or DEX on RUNX2 protein levels after 1 and 2 days. (D-E) ALP staining and its quantification showed the 
effect of AdPDK4 and/or DEX on ALP activities after 5 and 7 days. Scar bar: 200 μm. (F) RT-qPCR results showed the effect of AdPDK4 and/or DEX on OPN 
mRNA levels after 9 and 11 days. (G-H) Western blot results and these quantifications demonstrated the effect of AdPDK4 and/or DEX on OPN protein 
levels after 9 and 11 days. (I-J) Alizarin Red S staining and its quantification showed the effect of AdPDK4 and/or DEX on matrix mineralization levels after 
14 and 21 days. Scar bar: 200 μm. The uncropped gels and blot were shown in supplementary Fig. 3 (Fig. S3). The data for ALP activities on day 5, Runx2 
mRNA level on day 1, mRNA and protein level for OPN on day 9, and Alizarin Red S staining on day 14 were shown in supplementary Fig. 10 (Fig. S10)
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across different DEX concentrations compared to the 
DMEM control group (Fig.  8A). However, the pro-
tein level of PDK4 was increased by low concentrations 
(10− 9 M, 10− 8 M, 10− 7 M) of DEX, but decreased by high 

concentrations (10− 6 M, 10− 5 M) of DEX compare to the 
control group (Fig. 8B, C). To further elucidate the under-
lying mechanism, we investigated whether DEX could 
influence the degradation of PDK4 protein. Western blot 

Fig. 4 (See legend on next page.)
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analyses showed that DEX accelerated PDK4 degrada-
tion compared to cycloheximide (CHX) treatment alone 
(Fig.  8D-F). Given that protein degradation primarily 
occurs via the ubiquitin-proteasome or autophagy-lyso-
somal pathways, we utilized the proteasome inhibitor 
MG132 and the autophagy inhibitor bafilomycin A1 
(BafA1) to analyze potential degradation measure facili-
tated by DEX. Western blot assay showed that BafA1 
effectively rescued the reduction in PDK4 protein levels 
induced by DEX, whereas MG132 did not yield the simi-
lar effect (Fig. 8G, H). Laser confocal images more visu-
ally showed the increased translocation of PDK4 protein 
to the lysosome after DEX (10− 6 M) treatment compared 
to control (Fig. 8I). The molecular docking analysis indi-
cated the stable binding between DEX and PDK4, with 
DEX predominantly interacting with ASN-187 and HIS-
190 residues of PDK4 in the lowest-energy binding mode 
(Fig. 8J). These results suggested that the inhibitory effect 
of high concentration or dose of DEX on osteogenesis 
may be achieved by promoting the PDK4 degradation 
through lysosomal pathway, and thereby lead to ferrop-
tosis in MSCs.

Discussion
It is universally acknowledged that prolonged or exces-
sive exposure to glucocorticoids (GCs) elicits bone 
harm, yet the precise molecular underpinnings of this 
detrimental effect remain elusive. A pivotal function 
of GCs involves elevating serum glucose levels, and the 
osteogenic capacity of mesenchymal stem cells (MSCs) 
is susceptible to alterations mediated by distinct glu-
cose metabolic pathways. Notably, PDK4 modulates the 
glucose metabolic profile by directing the flux of pyru-
vate. Herein, we delved into the potential involvement 
of ferroptosis in GC-mediated bone damage, specifically 
examining the role of PDK4 in this process. Our findings 
revealed that augmented ferroptosis is intimately linked 
to bone damage induced by DEX (10− 6 M), a type of GCs, 
and this damage can be partially mitigated by PDK4. 
Furthermore, DEX may diminish PDK4 level via a non-
genomic mechanism by binding with it directly.

GCs, such as DEX, has been widely used since the 
1940s for the treatment of autoimmune diseases, asthma, 
and chronic inflammatory diseases [35, 36]. However, 
the prolonged usage of GCs has been related to seri-
ous skeletal complications, with fractures occurring in 
approximately 40% of these patients [37]. Studies have 
reported that GCs play an important role in regulating 
MSC differentiation at physiological concentrations [38], 
such as promote osteogenic differentiation of MSCs [39]. 
Whereas high concentrations of DEX (1 µM) increase 
the lipogenic differentiation of MSCs while attenuat-
ing their ability to differentiate towards osteogenic lin-
eage [40–42], and most of these effects are associated 
with altered Wnt/β-catenin signaling [8, 9]. DEX is one 
of the major components of OIM, and the concentra-
tions of DEX commonly used to induce osteogenic dif-
ferentiation of MSCs are 10− 9 M, 10− 8 M and 10− 7 M, 
but there is no consensus on the optimal concentration 
[43]. In this study, we used OIM containing 10− 7 M DEX. 
We found that the osteogenic induction effect of differ-
ent concentrations of DEX on MSCs varied due to differ-
ences in treatment time. For example, the ALP activity of 
MSCs induced by OIM containing 10− 9 M and 10− 8 M 
DEX for 5 days was higher than that of 10− 7 M, but there 
was no significant difference after 7 days. This highlights 
the dynamic interaction of DEX concentration, exposure 
time and cell types. Consistent with previous reports, our 
results showed that low concentrations of DEX promoted 
ALP activity and matrix mineralization, whereas high 
concentrations (10− 6 M, 10− 5 M) of DEX significantly 
reduced the mRNA and protein levels of RUNX2 and 
OPN, inhibited ALP activity and matrix mineralization 
levels; Meanwhile, animal experiments have also con-
firmed that DEX induces osteoporosis in rats, leading to 
a decrease in bone density and trabecular bone.

PDK4 is a key enzyme that regulates the activity of the 
pyruvate dehydrogenase complex (PDC) and inhibits its 
activity by phosphorylating its subunits, reducing the 
production of acetyl coenzyme A and promoting glycoly-
sis [17–19]. Aerobic glycolysis plays an important role in 
the osteogenic differentiation of MSCs [15, 16], and the 
impact of glycolysis on the osteogenic differentiation of 

(See figure on previous page.)
Fig. 4  Effects of DEX on ferroptosis and the relationship between ferroptosis and osteogenic differentiation of MSCs
(A, B) The Calcein-AM/PI staining results showed fluorescence images of cell viability in C3H10T1/2 cells treated with DMSO or 1 µM DEX for 48 h. Scar 
bar: 500 μm. (C) Transmission electron microscopy observations showed the effect of 1 µM DEX treatment for 48 h on mitochondrial morphology in 
C3H10T1/2 cells. Red scar bar: 2 μm. Yellow scar bar: 500 nm. (D) Effect of DEX on reactive oxygen species generation detected by 2’,7’-dichlorodihydroflu-
orescein diacetate probe. Scar bar: 500 μm. (E) MDA detection assay showed the effect of DEX on lipid peroxidation level. (F) Total iron colorimetric assay 
showed the effect of DEX on intracellular iron content. (G-H) RT-qPCR and Western blot analysis showed the effect of DEX on mRNA and protein level of 
ferroptosis key factors. (I-J) RT-qPCR and Western blot analysis showed changes in ferroptosis key factors during osteogenic differentiation of C3H10T1/2 
cells. (K) RT-qPCR detection indicated the effect of 5 µM Fer-1 on DEX inhibited RUNX2 mRNA level after 1 and 2 days. (L) ALP staining showed the effect 
of 5 µM Fer-1 on DEX inhibited ALP activity after 7 days. Scar bar: 200 μm. (M) Western blot analysis showed the effect of 5 µM Fer-1 on DEX inhibited OPN 
protein level after 9 days. (N) Alizarin Red S staining showed the effect of 5 µM Fer-1 on DEX inhibited matrix mineralization levels after14 and 21 days. 
Scar bar: 200 μm. The uncropped gels and blot were shown in supplementary Fig. 4 (Fig. S4). The data for Runx2 mRNA level on day 1 and Alizarin Red S 
staining on day 14 were shown in supplementary Fig. 11 (Fig. S11)
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MSCs is related to the plasticity of stem cell fate and glu-
cose metabolism [16, 44]. PDK4 can promote calcification 
of VSMCs, and vascular calcification is a process similar 
to bone formation [20, 21]. Our previous studies found 
that PDK4 can negatively regulate SOST expression and 

enhance Wnt/β-catenin signaling pathway to promote 
BMP9-induced osteogenic differentiation by interacting 
with p-Smad1/5/9 [23]. In this study, our data showed 
that among the PDK family, the mRNA level of PDK4 
changes most significantly under OIM conditions, with 

Fig. 5  Effects of PDK4 on DEX-induced ferroptosis in MSCs
(A) Transmission electron microscopy observation revealed the effect of AdPDK4 and DEX on mitochondrial morphology in C3H10T1/2 cells (Red scar bar: 
2 μm. Yellow scar bar: 500 nm). (B) Total iron colorimetric assay showed the effect of AdPDK4 and DEX on on intracellular iron content. (C) MDA detection 
assay showed the effect of AdPDK4 and DEX on lipid peroxidation level. (D) Effect of AdPDK4 and DEX on reactive oxygen species generation detected 
by dihydroethidium probe. Scar bar: 100 μm. (E-I) Western blot analysis and these quantifications showed the effect of AdPDK4 and DEX on protein levels 
of ferroptosis key factors. The uncropped gels and blot were shown in supplementary Fig. 5 (Fig. S5)
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Fig. 6 (See legend on next page.)

 



Page 15 of 20Jiang et al. Stem Cell Research & Therapy           (2025) 16:91 

a roughly time-dependent manner. Overexpression of 
PDK4 increased the levels of osteogenic markers, while 
silencing PDK4 exhibited the opposite effect. We also 
found that overexpression of PDK4 alleviated the degree 
of DEX-induced osteoporosis in rats. Therefore, PDK4 
may play an important role in preventing osteoporosis 
from GCs, and PDK4 activators or recombinant proteins 
may be developed for the treatment of GIOP.

Ferroptosis is closely related to the occurrence and 
development of orthopedic diseases such as osteoporo-
sis, spinal cord injury, and osteoarthritis [26]. Ferropto-
sis inhibitors can partially reverse bone loss caused by a 
high-fat diet [27]. Iron overload can inhibit osteogenic 
differentiation by inducing ferroptosis in MC3T3-E1 and 
BMSCs [29, 31]. High concentrations of DEX can induce 
ferroptosis in BMSCs and MC3T3-E1, and melatonin can 
inhibit ferroptosis in BMSCs through PI3K/AKT/mTOR 
signaling, alleviating GIOP [31, 32]. In addition, PDK4 
was found to inhibit ferroptosis in human pancreatic 
cancer and hepatic stellate cells [33, 45]. In this study, we 
found that high concentrations of DEX (1 µM) can cause 
mitochondrial damage, induce ROS accumulation, iron 
accumulation, and lead to ferroptosis in MSCs, but these 
effects were partially reversed by PDK4. The inhibitory 
effect of DEX on osteogenic differentiation was partially 
reversed by the ferroptosis inhibitor Fer-1, whereas the 
ferroptosis inducer RSL3 attenuated the improvement 
effect of PDK4 on DEX osteogenic damage. Therefore, 
our results suggested that PDK4 may improve the osteo-
genic inhibitory effect of DEX by reducing ferroptosis, 
providing new insights for the treatment of GIOP.

In exploring how DEX regulates PDK4, our study 
found that high concentrations of DEX upregulate PDK4 
mRNA levels and downregulate its protein levels com-
pared with the OIM control group. The regulatory effect 
of 10− 7 M DEX on PDK4 mRNA is consistent with lit-
erature reports [46]. DEX shows opposite effects on 
PDK4 mRNA and protein levels, which may due to the 
non-genomic effect of high concentrations of DEX, such 
as promoting post-translational modification of PDK4 
protein or directly acting on the protein to accelerate 
its degradation; thereby, the PDK4 mRNA level can be 
increased by the feedback regulation. Protein degrada-
tion mainly occurs through the ubiquitin proteasome or 
lysosomal pathways [47]. Our data suggested that DEX 

may reduce the protein level of PDK4 by promoting its 
degradation via lysosomal pathway. However, we have 
not yet conducted further experimental to verify whether 
DEX can regulate PDK4 protein level by affecting other 
factors.

In this study, we utilized RSL3 and Fer-1 to explore 
the relationship between ferroptosis and DEX-induced 
osteogenic inhibition. Although the results were convinc-
ing, other types of ferroptosis inducers or other cell death 
pathway inducers were not introduced in our analysis to 
demonstrate the importance of ferroptosis in osteogenic 
differentiation. This study needs to be further refined in 
future studies. In addition, the specific molecular mech-
anisms of DEX-induced ferroptosis and PDK4 protein 
degradation need to be further explored.

Conclusion
In summary, our data suggested that DEX can induce 
ferroptosis in MSCs by down-regulating PDK4 and lead 
to osteogenic damage. The regulatory effect of DEX on 
PDK4 may be related to the non-genomic effect by bind-
ing with PDK4 and promote its degradation through 
the lysosomal pathway. Our findings have preliminarily 
revealed the role of PDK4 in hindering the bone dam-
age effect of GCs, which is beneficial for providing new 
insights into clinical treatment of GIOP and new targets 
for drug development.

(See figure on previous page.)
Fig. 6  Effects of PDK4 on bone formation and ferroptosis in DEX-induced GIOP rats
(A) Masson’s trichrome staining demonstrated the influence of AAV-PDK4 on collagen fiber synthesis in the tibia of rats with GIOP (Scar bar: 100 μm). (B) 
Micro-CT reconstruction results showed the effect of AAV-PDK4 on the number and density of bone trabeculae in the GIOP rats (Scar bar: 2 mm). (C-G) 
Quantitative analysis of trabecular bone-related indices revealed the effect of AAV-PDK4 on DEX-induced GIOP rats. (H) ELISA detection showed the ef-
fect of PDK4 on serum glutathione levels in GIOP rats. (I) ELISA detection showed the effect of AAV-PDK4 on serum MDA levels in GIOP rats. (J) O13 probe 
detection showed the effect of AAV-PDK4 on serum reactive oxygen species level in GIOP rats. (K, L) Western blot analyses and these quantifications 
showed the effect of AAV-PDK4 on protein levels of ferroptosis key factors in DEX-induced GIOP rats. ( *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. 
control. BMD, bone mineral density; BV/TV, ratio of bone volume to total volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular 
separation; AAV-PDK4, adeno-associated virus of PDK4. The uncropped gels and blot were shown in supplementary Fig. 6 (Fig. S6)
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Fig. 7  The relationship between ferroptosis and PDK4 reversal of DEX inhibition of MSCs osteogenic differentiation
(A) RT-qPCR results showed the effect of 2 µM RSL3 on PDK4 reversing DEX-inhibited RUNX2 mRNA levels after 1 and 2 days. (B-C) Western blot results 
and these quantifications demonstrated the effect of 2 µM RSL3 on PDK4 reversing DEX-inhibited RUNX2 protein levels after 1 and 2 days. (D-E) ALP 
staining and its quantification showed the effect of 2 µM RSL3 on PDK4 reversing DEX-reduced ALP activities after 5 and 7 days (Scar bar: 200 μm). (F) 
RT-qPCR results showed the effect of 2 µM RSL3 on PDK4 reversing DEX-inhibited OPN mRNA levels after 9 and 11 days. (G, H) Western blot results and 
these quantifications demonstrated the effect of 2 µM RSL3 on PDK4 reversing DEX-inhibited OPN protein levels after 9 and 11 days. (I-J) Alizarin Red S 
staining and its quantification showed the effect of 2 µM RSL3 on PDK4 reversing DEX-reduced matrix mineralization levels after 14 and 21 days. Scar bar: 
200 μm. RSL3, a ferroptosis inducer. The uncropped gels and blot were shown in supplementary Fig. 7 (Fig. S7). The data for ALP activities on day 5, Runx2 
mRNA level on day 1, mRNA and protein level for OPN on day 9, and Alizarin Red S staining on day 14 were shown in supplementary Fig. 12 (Fig. S12)
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Fig. 8 (See legend on next page.)
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