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Abstract: Background: Osteoporosis (OP) is closely related to osteoblast damage and abnormal activation of ferroptosis. 

Aims: To investigate whether natural polyphenolic compound syringaresinol (Syr) improves OP by activating the 

Nrf2/solute carrier family 7 member 11 (SLC7A11)/glutathione peroxidase 4 (GPX4) pathway. Methods: A 

dexamethasone (DEX)-induced osteoblast injury model of MC3T3-E1 was established and the impacts of Syr on cell 

viability were assessed using Cell Counting Kit-8 and lactate dehydrogenase (LDH) assay. Osteogenic differentiation of 

MC3T3-E1 cells was assessed by alkaline phosphatase (ALP) staining, Alizarin Red S (ARS) staining and different kits. 

Oxidative stress factors and Fe2+ content were examined by flow cytometry and different kits. The levels of bone formation, 

ferroptosis and Nrf2/SLC7A11/GPX4 pathway-related proteins were examined through western blot. Results: Syr at 

concentrations of 25, 50, and 100 μM did not negatively impact MC3T3-E1 cell viability, and was able to enhance the 

viability of DEX-treated MC3T3-E1 cells and inhibit LDH release. Syr effectively increased ALP activity and ARS stained 

area and up-regulated bone formation marker proteins in MC3T3-E1 cells. Additionally, Syr inhibited oxidative stress and 

decreased ferroptosis-related protein levels. Notably, Syr activated Nrf2/SLC7A11/GPX4 pathway. Silencing Nrf2 

impaired the ameliorative impact of Syr on osteogenic function and caused oxidative stress and ferroptosis. Conclusion: 

Syr inhibits ferroptosis, promotes osteogenesis in MC3T3-E1 cells and ameliorates DEX-induced OP by activating 

Nrf2/SLC7A11/GPX4 pathway. 
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INTRODUCTION 
 

As the population grows older, osteoporosis (OP) is 

emerging as a critical public health concern, with rising 

rates of incidence (Johnston and Dagar, 2020; Yong and 

Logan, 2021). In China, approximately 20.73% of middle-

aged and older men are affected, whereas the rate for 

women in the same age group reaches an impressive 

38.05%, which is due to the imbalance between bone 

formation and bone degradation caused by the decrease in 

estrogen level after menopause (Fischer and Haffner-

Luntzer, 2022; Walker and Shane, 2023; Wang et al., 

2023a). There is a dynamic equilibrium of bone 

reconstruction processes in bone tissue and an imbalance 

in bone reconstruction is the core pathogenesis of OP, with 

increased osteoclast activity and suppressed osteoblast 

function leading to sustained bone loss, which in turn leads 

to fragile bones and an increased risk of fracture (Kim et 

al., 2020; Wu et al., 2024b; Zhong et al., 2025). Among its 

various etiologies, glucocorticoid-induced OP (GIOP) 

stands out as a major form of secondary OP, affecting 

approximately 30-50% of patients receiving long-term 

glucocorticoid therapy (e.g., dexamethasone, DEX) (Jha, 

2023; Madrid et al., 2025). Glucocorticoids disrupt bone 

metabolism by suppressing osteoblast proliferation and 

differentiation, promoting osteoblast apoptosis and 

exacerbating osteoclast activity, with recent evidence 

highlighting ferroptosis as a critical driver of 

glucocorticoid-induced osteoblast dysfunction (Urquiaga 

and Saag, 2022; Ochiai et al., 2024). Current treatments for 

OP include calcium supplementation, inhibition of 

osteoclast activity, promotion of osteoblast proliferation 

and estrogen replacement therapy, but drugs that promote 

bone formation are limited and have potential side effects 

(Muñoz et al., 2020; Brown, 2021; Zhang et al., 2024). 

Therefore, it is extremely necessary to explore new 

strategies to regulate osteoblast function and improve OP. 
 

Chinese medicines and their extracts are not only safe but 

also have rich pharmacological activities and multi-

targeting properties, which have attracted much attention 

in the therapeutic studies of OP and osteoarthritis (Wang et 

al., 2020; Wang et al., 2024c; Qiao et al., 2025). It has been 

shown that phytoestrogens with a polyphenolic structure 

can bind to estrogen receptors in the human body, 

mimicking the effects of estrogen and having the 

therapeutic potential to replace estrogen (Jang et al., 2022). 

Syringaresinol (Syr) is a natural lignan that is mainly 

present in Eucommia ulmoides and Sargentodoxae and is 

also a phytoestrogen with a polyphenolic structure. It can *Corresponding author: e-mail: zgy21769e_@hotmail.com 
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also be extracted from oilseeds, grain husks and various 

berry seeds (Jang et al., 2022; Zhang et al., 2025). Syr 

exhibits multiple pharmacological effects, like anti-

inflammatory, antioxidant and immunomodulatory 

impacts and has shown potential application in 

osteoarthritis, cardiorenal fibrosis and diabetic 

nephropathy treatment (Li et al., 2023a; Wang et al., 2023b; 

Wang et al., 2023c). Syr showed a linear pharmacokinetic 

profile in rats after oral administration, exhibiting slow 

absorption and wide distribution (Zhang et al., 2025). In 

addition, Syr has a high safety profile, with studies 

showing that 100 μM Syr does not cause HepG2 and HT29 

cytotoxicity (Kirsch et al., 2020). Syr has been shown to 

inhibit the secretion of inflammatory factors, thereby 

reducing osteoarthritis (Wang et al., 2023c). Also, a natural 

polyphenol curcumin has been reported to alleviate GIOP 

by modulating the gut microbiota (Li et al., 2025). 

However, at present, the studies on the pharmacological 

activity of Syr are still not deep enough and the effect of 

Syr on OP, along with its underlying mechanisms, has yet 

to be clarified. 
 

Ferroptosis, distinct from apoptosis, necrosis, or pyroptosis, 

is an iron-dependent form of regulated cell death 

characterized by imbalances in iron regulation, weakened 

defenses against oxidative stress and excessive lipid 

peroxidation (Jiang et al., 2021; Ashrafizadeh, 2024; 

Dixon and Olzmann, 2024). Ferroptosis and metabolic 

disorders are closely linked and OP, as a representative of 

abnormal bone metabolism, is intricately related to each 

other (Wang et al., 2025). Interfering with bone metabolic 

status by modulating cellular ferroptosis in order to 

influence OP development has become one of the 

important research directions in this field (Wang et al., 

2024b; Wu et al., 2024a). The nuclear factor E2-related 

factor 2 (Nrf2) is a master regulator of cellular redox 

homeostasis and a critical suppressor of ferroptosis, plays 

a crucial role in managing the cellular response to oxidative 

stress, it is normally inactivated by binding to the repressor 

protein Keap1 (Morgenstern et al., 2024; Wang et al., 

2024a).  
 

In response to oxidative stress or iron overload, Nrf2 

detaches from Keap1 and moves into the nucleus, 

upregulates antioxidant genes, including solute carrier 

family 7 member 11 (SLC7A11) and glutathione 

peroxidase 4 (GPX4) (Yuan et al., 2021; Liu et al., 2023). 

Nrf2, GPX4 and SLC7A11 have been shown to have 

significant antioxidant functions to block and reverse 

ferroptosis in osteoblasts (Zhang et al., 2022b; Deng et al., 

2024). However, whether Syr can alleviate OP by 

modulating the Nrf2/SLC7A11/GPX4 pathway remains 

unexamined. Therefore, this study established a 

dexamethasone (DEX)-induced MC3T3-E1 cell injury 

model with the aim of investigating whether Syr exerts an 

anti-OP effect by regulating this pathway and providing 

experimental basis and theoretical support for Syr clinical 

application and OP therapeutic drugs development. 

MATERIALS AND METHODS 
 

Cell culture and treatment 

Mouse embryonic osteoblast precursor cells MC3T3-E1 

(SNL-021) were purchased from Sunncell Biotechnology 

(Wuhan, Hubei, China). Cells were placed in sterile culture 

flasks and cultured using complete medium containing 10 

% fetal bovine serum (SNS-001, Sunncell Biotechnology), 

1% penicillin/streptomycin (SNA-001, Sunncell 

Biotechnology) and 89% DMEM (SNM-002B, Sunncell 

Biotechnology) in complete medium for culture. 

Subsequently, the culture medium was supplemented with 

40 ng/mL DEX (ST1258, Beyotime, Shanghai, China), 50 

μg/mL ascorbic acid (HY-B0166, MedChemExpress, 

Monmouth Junction, NJ, USA) and 10 mM β-

glycerophosphate (G5422, Sigma-Aldrich, St. Louis, MO, 

USA), when the cells achieved 70% confluence, which was 

considered to be the completion of osteogenic induction 

(Zhu et al., 2022). Referring to Han et al, MC3T3-E1 cells 

were exposed to DEX (1 μM) for 24 h to mimic the OP 

model (Han et al., 2019). 

 

In an experiment to investigate the effect of Syr (HY-

126030, MedChemExpress) on cell viability, MC3T3-E1 

cells were exposed to Syr (12, 25, 50, 100, 200, or 300 μM) 

for 24 h (Wang et al., 2023c). When exploring the 

inhibitory impact of Syr on OP, MC3T3-E1 cells were first 

exposed to DEX for 24 h to induce OP, followed by 

treatment with varying doses of Syr for 24 h. 

 

Nrf2 small interfering RNA (si-Nrf2) and control (si-NC) 

were synthesized by RiboBio Co., Ltd. (Guangzhou, 

Guangdong, China). Following the guidelines for 

Lipofectamine 3000 (L3000001, Invitrogen, Carlsbad, CA, 

USA), si-Nrf2 and si-NC were introduced into MC3T3-E1 

cells. After 48 h of transfection, MC3T3-E1 cells were 

exposed to DEX for 24 h and then to Syr (100 μM) for 24 

h (Yao et al., 2023). They were recorded as 

DEX+Syr100+si-NC group and DEX+Syr100+si-Nrf2 

group, respectively. All experiments were limited to cell 

culture and performed according to standard lab protocols. 

 

Cell Counting Kit-8 (CCK-8) assay 

MC3T3-E1 cells were taken, digested by trypsin (HY-

K3009, MedChemExpress) and resuspended in complete 

medium. Cells were seeded into 96-well plates (2.5×103 

cells/100 µL) and, when the cells were fully apposed, 

exposed to DEX or/and Syr for 24 h. After that, added 10% 

CCK-8 reagent (HY-K0301, MedChemExpress) and left to 

incubate at 37°C for 2 h. To screen for appropriate 

concentrations for Syr treatment, OD450 values were 

examined through a microplate reader (SpectraMax iD3, 

Molecular Devices, Shanghai, China). 

 

Lactate dehydrogenase (LDH) assay 

LDH is a cytoplasmic enzyme that is unable to pass 

through normal cell membranes, so cell membrane 
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integrity can be assessed by measuring the amount of LDH 

released (Pandarathodiyil et al., 2022). MC3T3-E1 cells 

were seeded into 96-well plates and once they reached 

approximately 70% confluence, they were exposed to DEX 

or/and Syr for 24 h. The supernatant was collected by 

centrifugation, mixed well with the LDH assay working 

solution (C0016, Beyotime) and incubated for 30 min at 

25°C. The OD490 value of the cells was examined through 

a microplate reader to calculate the relative LDH release. 

 

Reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) assay 

RNA in cells was extracted with Trizol (10606ES60, 

Yeasen, Shanghai, China), reverse transcribed (2621, 

TAKARA, Tokyo, Japan) to cDNA. The target genes were 

then amplified using the TB Green FAST qPCR kit 

(CN830S, TAKARA). GAPDH was utilized as the internal 

standard and the 2-ΔΔCt method was applied to determine 

the relative gene expression level. 
 

The primers used were as follows: mouse transferrin 

receptor 1 (TFRC)-F: 5'-

GTTTCTGCCAGCCCCTTATTAT-3'; mouse TFRC-R: 

5'-GCAAGGAAAGGATATGCAGCA-3'; mouse acyl-

CoA synthetase long-chain family member 4 (ACSL4)-F: 

5'-TGAACGTATCCCTGGACTAGG-3'; mouse ACSL4-

R: 5'-TCAGACAGTGTAAGGGGTGAA-3'; mouse 

ferroptosis suppressor protein 1 (FSP1)-F: 5'-

CGGGTTCGCCAAAAAGACATT-3'; mouse FSP1-R: 5'-

CTATGCCAATCACTTTGCCCT-3'; mouse GAPDH-F: 

5'-AGGTCGGTGTGAACGGATTTG-3'; mouse 

GAPDH-R: 5'-GGGGTCGTTGATGGCAACA-3'. 
 

Alkaline phosphatase (ALP) assay 

ALP staining: MC3T3-E1 cells were seeded into 6-well 

culture plates (2×104 cells/well) and cultured in DMEM 

medium (including DEX or/and Syr) for 2 d. After that, 

they were replaced with osteogenic differentiation medium 

(including DEX or/and Syr) to continue the culture. After 

7 d of culture, cells were fixed using 4% paraformaldehyde 

(441244, Sigma-Aldrich) for half an hour (Yao et al., 2023). 

Subsequently, the BCIP/NBT ALP reagent (C3206, 

Beyotime) was used for light-avoidance staining and the 

staining duration was 30 min. The color development 

reaction could be terminated by gently rinsing with 

distilled water for 2 times, followed by photographic 

observation using a microscope (DM IL LED, Leica, 

Heidelberg, Germany). The stained area of the 

experimental and control groups was analyzed by Image J 

software (1.54h, Wavne Resband, National Institute of 

Mental Health, USA) to quantify the relative activity of 

ALP. 
 

ALP activity: In addition, ALP activity was examined 

through an ALP assay kit (P0321S, Beyotime) (Zhao et al., 

2020). After 7 days of culture as described above, MC3T3-

E1 cells were lysed by cell lysis solution (P0013J, 

Beyotime) and centrifuged in the centrifuge (JRA-2800L, 

Wuxi Jie Ruian Instrument Equipment Co., Ltd, Jiangsu, 

China) for supernatants. The assay buffer, color 

development substrate and cell supernatant were mixed 

well and left to incubate at 37°C for 10 min. Subsequently, 

the reaction was terminated by the reaction termination 

solution. Finally, the OD405 values were examined through 

a microplate reader to calculate the ALP activity. 

Standardized according to the kit instructions using control 

group ALP activity as a reference. 
 

Alizarin Red S (ARS) staining 

MC3T3-E1 cells were cultured in DMEM medium 

(including DEX or/and Syr) for 2 d and then they were 

replaced with osteogenic differentiation medium 

(including DEX or/and Syr) to continue the culture. After 

21 d of incubation, fixation was carried out using 4% 

paraformaldehyde for half an hour and PBS was gently 

rinsed three times to make sure that the fixative had been 

completely removed (Zou et al., 2024). Subsequently, 

added ARS staining solution (C0148S, Beyotime) for 

staining for 30 min and rinsed twice with PBS, then 

observed using a microscope. To assess MC3T3-E1 cell 

mineralization capacity, images were processed by ImageJ 

software to quantify the relative activity of ARS. 
 

Enzyme-Linked immunosorbent assay (ELISA) 

Mouse runt-related transcription factor 2 (Runx2, 

ml603125S), Osteopontin (OPN, ml001898), osteocalcin 

(OCN, ml063317) ELISA kits were from Enzyme Link 

Biotechnology (Shanghai, China). Mouse bone 

morphogenetic protein 2 (BMP2, HJ270) ELISA Kit from 

Epizyme Biotech (Shanghai, China). After different 

treatments, MC3T3-E1 cells were centrifuged and 

supernatants were collected. 50 μL of cell supernatant, 50 

μL of diluted standard and 50 μL of biotin-labeled antibody 

were introduced into the ELISA well plate, then incubated 

at 37°C for 60 min in the incubator (LRH-70F, Wuxi Marit 

Technology Co., Ltd, Jiangsu, China). The liquid in the 

wells was discarded, washed with washing solution, added 

HRP-labeled Streptavidin and left to incubated for 30 min 

away from light. Then added substrate A and substrate B, 

gently shook and mixed well and incubated at 37℃ away 

from light for 10 min. The termination solution was quickly 

introduced and well-mixed and then OD450 value was 

measured. 
 

Flow cytometry 

After different treatments, MC3T3-E1 cells were rinsed 

two times with PBS, centrifuged, the supernatant was 

discarded. The 2′,7′-dichlorofluorescein diacetate (DCFH-

DA) fluorescent probe (HY-D0940, MedChemExpress) 

was mixed with the cells and serum-free culture medium to 

give a final concentration of 10 μM of DCFH-DA and 

incubated for 20 min in the dark. Upside down mixing was 

done every 3 to 5 min. The cell sediment was collected 

after centrifugation and rinsed with PBS for two times. 

Finally, the precipitate was resuspended with an 

appropriate amount of serum-free medium and transferred 
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to a flow-through tube. Detection was performed through 

BD FACSCaliburTM flow cytometer (BD Biosciences, San 

Jose, CA, USA) and reactive oxygen species (ROS) levels 

were calculated using FlowJo software (v10.8, BD 

Biosciences). 

 

Superoxide dismutase (SOD), glutathione (GSH) and 

malondialdehyde (MDA) assay 

MC3T3-E1 cells were washed once with pre-cooled PBS 

after different treatments. Cells were mixed well with SOD 

sample preparation solution (S0101S, Beyotime), lysed the 

cells well and centrifuged and took the supernatant as the 

sample to be tested. Protein content was examined through 

BCA Protein Assay Kit (ab102536, Abcam, Cambridge, 

MA, USA). A total of 50 μg of protein was mixed well with 

SOD assay buffer, incubated for half an hour at 37°C and 

the absorbance was recorded at 450 nm using Spectra Max 

iD3 microplate reader (Zheng et al., 2025). Additionally, 

the supernatant from the previously mentioned cell lysate 

was taken and MDA and GSH levels were detected in 

accordance with the guidelines provided by MDA Assay 

kit (S0131S, Beyotime) and GSH Assay kit (BC1175, 

Solarbio, Beijing, China). 

 

Fe2+ level assay 

Ferro Orange Fluorescent staining: MC3T3-E1 cells were 

seeded in 6-well cell culture plates with pre-prepared 

sterile coverslips at a suitable density and when the cells 

grew until the fusion reached 70%-80%, the coverslips 

were carefully removed and gently rinsed twice with 

serum-free medium. Subsequently, 1 μM Ferro Orange 

Fluorescent Probe (HY-D1913, MedChemExpress) was 

added drop wise to the cell surface to ensure that the probe 

evenly covered the cells and incubated for half an hour 

under light protection. At the end of incubation, without 

washing, the cells were immediately placed under a 

microscope for observation and the fluorescence images of 

the cells were processed by ImageJ software to obtain 

fluorescence intensity. 
 

Fe2+ content assay: Fe2+ levels were examined through the 

Fe2+ assay kit (ab83366, Abcam). Log phase MC3T3-E1 

cells were taken and resuspended in PBS. Under ice bath 

conditions, the homogenization process was carried out by 

adding 5 times the volume of the iron assay buffer and the 

homogenized supernatant was gathered. Subsequently, 

iron reducing agent was mixed well with the supernatant, 

incubated for 30 min in the dark, then added iron probe, 

mixed well again and incubated for 60 min. After the 

incubation was completed, the OD593 value was quickly 

examined through microplate reader and a standard curve 

was plotted to calculate the intracellular Fe2+ content. 
 

Western blot 

After MC3T3-E1 cells were treated differently, the cell 

precipitate was collected by centrifugation, RIPA lysis 

buffer (P0013B, Beyotime) was added and mixed and the 

cells were lysed sufficiently to extract proteins. After lysis 

was completed, the protein levels in the samples were 

assessed by the BCA protein assay kit. Next, the protein 

was mixed well with SDS-PAGE protein upsampling 

buffer, followed by the separation of proteins through 

SDS-PAGE electrophoresis. Subsequently, proteins were 

transferred to PVDF membranes (Invitrogen) and closed 

with 5% bovine serum albumin (BSA, B2064, Sigma-

Aldrich) for 2 h. After that, the membranes were incubated 

overnight with primary antibodies Bmp2 (PA5-85956, 

1:1000, Invitrogen), Runx2 (PA5-82787, 1:2000, 

Invitrogen), ACSL4 (MA5-42523, 1:1000, Invitrogen), 

OPN (PA5-34579, 1:500, Invitrogen), OCN (PA5-96529, 

1:500, Invitrogen), TFRC (ab214039, 1:1000, Abcam), 

FSP1 (ab155326, 1:500, Abcam), SLC7A11 (MA5-35360, 

1:500, Invitrogen), GPX4 (MA5-32827, 1:10000, 

Invitrogen), or Nrf2 (PA5-27882, 1:3000, Invitrogen) at 

4°C. The following day, after washing the membrane 3 

times, the secondary antibody (ab205718, 1:10000, Abcam) 

was incubated for 2 h. Developing solution (HY-K2005, 

MedChemExpress) was prepared, dropped evenly on the 

membrane and scanned with 5200 Multi gel imaging 

system (Tanon, Shanghai, China). GAPDH (MA5-35235, 

1:50,000, Invitrogen) was used as an internal reference 

protein and the relative protein expression levels were 

quantified by analyzing the ratio of gray scale values of the 

target proteins to those of the internal reference proteins by 

ImageJ software. In addition, the Nuclear and Cytoplasmic 

Protein Extraction Kit (P0028, Beyotime) was utilized to 

extract nuclear proteins from MC3T3-E1 cells. Nrf2 level 

in the nucleus was determined according to the above 

method using Lamin B1 (702972, 1:3000, Invitrogen) as an 

internal reference. 
 

Statistical analysis 

All experiments were performed with 3 biological 

replicates per group and each biological replicate was 

analyzed with 3 technical replicates. Results are presented 

as mean ± standard deviation. Statistical analyses were 

conducted using SPSS 26.0 software (IBM SPSS Statistics 

26) and graphs were generated using GraphPad Prism 9.0 

software. For statistical testing, normality of the data was 

first assessed using the Shapiro-Wilk test and homogeneity 

of variance was evaluated using Levene’s test. For multiple 

group comparisons, one-way analysis of variance 

(ANOVA) was applied. When variances were 

homogeneous, pairwise comparisons were performed 

using the LSD test; when variances were heterogeneous, 

Tamhane’s T2 test was used for pairwise comparisons. 

P<0.05 represents a statistically significant difference.  
 

RESULTS 
 

Syr ameliorates DEX-induced reduction in MC3T3-E1 

cell activity 

Fig. 1A shows the molecular formula of Syr. The viability 

of normal MC3T3-E1 cells after 24 hours of exposure to 

various concentrations of Syr treatment was detected 

through the CCK-8 assay. Syr at 12, 25, 50 and 100 μM did 
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not notably impact cell survival (P>0.05), whereas 

increasing the dosage to 200, 300, 600 and 1200 μM caused 

a marked reduction in cell viability, which indicated that 

the high dose of Syr had some cytotoxicity (Fig. 1B). DEX 

(1 μM) treatment significantly decreased MC3T3-E1 cell 

viability to 66.11% (P<0.01), whereas Syr treatments of 25, 

50, 100 and 200 μM increased the cell viability after DEX 

treatment (P<0.05) (Fig. 1C). The results of LDH assay 

showed that DEX caused an 88% marked rise in LDH 

release from MC3T3-E1 cells (P<0.001), whereas Syr 

treatment at 25, 50, 100, 200 and 300 μM significantly 

inhibited LDH release (P<0.05) (Fig. 1D). These results 

suggested that Syr can alleviate DEX-induced reduction in 

MC3T3-E1 cell activity and inhibit LDH release. Due to 

the cytotoxicity of 200 and 300 μM Syr, we chose 25, 50 

and 100 μM Syr for subsequent experiments. 
 

Syr ameliorates DEX-induced reduction of osteogenic 

function 

Next, we investigated the impact of Syr treatment on the 

osteogenic function of MC3T3-E1 cells. ALP staining 

revealed that DEX treatment caused lighter staining of 

MC3T3-E1 cells and a 78% reduction in the number of 

ALP-positive cells compared to control group (P<0.001), 

whereas Syr treatment attenuated the effect of DEX 

(P<0.01) (Figs. 2A-2B). ALP quantification results 

similarly showed that after DEX treatment, ALP activity 

was significantly reduced by 27 U/L in MC3T3-E1 cells 

(P<0.001) and Syr treatment dose-dependently increased 

ALP activity, which was the same as the staining results 

(P<0.01) (Fig. 2C). In addition, by ARS staining, we found 

that DEX treatment reduced the ARS-positive area of 

MC3T3-E1 cells by 85% (P<0.001), indicating a decline in 

the number of mineralized nodules, while mineralized 

nodules numbers were increased markedly after Syr 

treatment (P<0.05) (Figs. 2D-2E). ELISA results revealed 

that bone formation markers like Runx2, Bmp2, OCN and 

OPN levels were significantly reduced in cell supernatant 

after DEX treatment (P<0.001), whereas Syr treatment 

weakened the treatment effect of DEX and increased 

Runx2, Bmp2, OCN and OPN levels (Figs. 2F-2I). Not 

only that, Western blot likewise showed that DEX caused 

a marked decline in Runx2, Bmp2, OCN and OPN 

expression (P<0.001) and Syr treatment weakened the 

effect of DEX (P<0.05) (Figs. 2J-2N). These findings 

confirmed that DEX reduced the differentiation activity 

and declined the osteogenic capacity of MC3T3-E1 cells, 

whereas Syr effectively increased the differentiation 

activity and osteogenic capacity of the cells. 
 

Syr ameliorates DEX-induced oxidative stress and 

ferroptosis 

It has been shown that oxidative stress and ferroptosis play 

a key role in the pathology of OP (Liu et al., 2022). 

Therefore, we explored whether Syr attenuates DEX-

induced MC3T3-E1 cell injury and reduced osteogenic 

capacity through hindering oxidative stress and ferroptosis. 

Flow cytometry revealed that DEX treatment resulted in a 

significant 320% rise in ROS levels (P<0.001), whereas 

Syr was able to attenuate the impact of DEX, resulting in a 

significant decrease in ROS levels (P<0.05) (Figs 3A-3B). 

Furthermore, DEX notably elevated the lipid peroxidation 

marker MDA levels and notably declined SOD and GSH 

levels (P<0.001), whereas Syr treatment reversed the 

impact of DEX (P<0.05) (Figs. 3C-3E). By FerroOrange 

staining, we found that DEX treatment caused a marked 

rise in Fe2+ content (P<0.001) and the Fe2+ assay kit results 

also showed a significant increase in Fe2+ levels (P<0.001), 

whereas Syr treatment caused a significant decline in Fe2+ 

levels (P<0.05) (Figs. 3F-3H).  
 

In addition, DEX treatment markedly elevated the levels of 

the ferroptosis marker TFRC (171% increase) and ACSL4 

(234% increase) proteins and declined FSP1 (74% 

reduction) level in MC3T3-E1 cells (P<0.001), but Syr 

treatment notably reversed the effect of DEX (P<0.05) 

(Figs. 3I-3J). Not only that, DEX treatment increased 

TFRC (131% increase) and ACSL4 (221% increase) 

mRNA levels and decreased FSP1 (73% reduction) levels 

in MC3T3-E1 cells (P<0.001), whereas Syr treatment 

significantly reversed the effects of DEX (P<0.05) (Fig. 

3K). These suggested that DEX promoted oxidative stress 

and ferroptosis, while Syr ameliorated DEX-induced 

cellular oxidative stress and ferroptosis. 
 

Syr modulates the Nrf2/SLC7A11/GPX4 signaling 

pathway 

We investigated the molecular mechanisms through which 

Syr improves osteogenic function and ferroptosis in 

MC3T3-E1 cells by assessing the associated signaling 

pathways. DEX treatment significantly reduced SLC7A11, 

GPX4 and nuclear Nrf2 levels by 90%, 67% and 85% in 

MC3T3-E1 cells (P<0.001), whereas total Nrf2 protein 

levels were not significantly changed (P>0.05). Syr 

treatment, on the other hand, increased SLC7A11, GPX4, 

nuclear Nrf2 and total Nrf2 proteins expression, suggesting 

that Syr activates the Nrf2/SLC7A11/GPX4 pathway (Figs. 

4A-4E). After transfection of si-Nrf2, the protein level of 

Nrf2 was notably reduced by 38% in MC3T3-E1 cells 

(P<0.01), confirming that the transfection was successful 

and subsequent experiments could be performed (Figs. 4F-

4G). Transfection of si-Nrf2 in MC3T3-E1 cells markedly 

attenuated the impact of Syr, resulting in a significant 

decline of SLC7A11, GPX4, total Nrf2 and nuclear Nrf2 

levels by 16%, 14%, 75% and 20% in MC3T3-E1 cells 

(P<0.05) (Figs. 4H-4L). These results confirmed that DEX 

blocked Nrf2/SLC7A11/GPX4 pathway in MC3T3-E1 

cells, whereas Syr activated this pathway. 
 

Syr mediates the Nrf2/SLC7A11/GPX4 pathway to 

improve osteogenic function 

Next, we explored whether Syr ameliorates DEX-induced 

decline in osteogenic function of MC3T3-E1 cells through 

activating the Nrf2/SLC7A11/GPX4 pathway. The 

intensity of ALP staining was significantly enhanced by 73% 

in Syr-treated MC3T3-E1 cells (P<0.001), indicating that 
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Syr could effectively increase the differentiation activity of 

this cell and promote its differentiation towards osteoblasts. 

And when cells were transfected with si-Nrf2, the 

enhancement of differentiation activity brought about by 

Syr treatment was significantly attenuated (P<0.01) (Figs. 

5A-5C). Syr treatment caused a notable 75% rise in the 

number and staining intensity of mineralized nodules in 

MC3T3-E1 cells (P<0.001), suggesting that Syr is 

effective in enhancing the mineralization capacity of these 

cells and promoting the formation of bone matrix.  

 

The enhancement effect of mineralization capacity induced 

by Syr treatment was significantly inhibited by 49% after 

transfection with si-Nrf2 (P<0.01) (Figs. 5D-5E). In 

addition, Runx2, OPN and OCN levels in the cell 

supernatants of the Syr-treated group were markedly 

higher than the DEX-treated group (P<0.01), suggesting 

that Syr promoted the synthesis and secretion of these 

osteogenesis-related proteins. In contrast, after silencing 

Nrf2, the levels of all three proteins in the cell supernatant 

showed a significant decrease (P<0.05) (Figs. 5F-5I). Syr 

treatment caused a significant rise in Runx2, OPN and 

OCN protein levels in MC3T3-E1 cells (P<0.05), 

indicating that Syr not only promoted the secretion of these 

proteins but also increased their expression within the cells. 

And the levels of all three proteins were significantly 

reduced after transfection with si-Nrf2 (P<0.05) (Figs. 5J-

5N). This confirms that Syr may improve the osteogenic 

function of MC3T3-E1 cells through activating the 

Nrf2/SLC7A11/GPX4 pathway. 

 

Syr mediates the Nrf2/SLC7A11/GPX4 pathway to 

ameliorate DEX-induced oxidative stress and ferroptosis 

Finally, we explored whether Syr alleviated DEX-induced 

oxidative stress and ferroptosis in MC3T3-E1 cells through 

activating Nrf2/SLC7A11/GPX4 pathway. ROS levels 

were notably reduced by 183% after Syr treatment, which 

indicated that Syr was able to effectively scavenge 

intracellular ROS (P<0.001). Whereas, when cells were 

transfected with si-Nrf2, ROS levels were significantly 

elevated by 62% (P<0.01) (Figs. 6A-6B). Syr treatment 

weakened the effect of DEX, resulting in a marked decline 

 
 

Fig. 1: Syr ameliorates DEX-induced reduction in MC3T3-E1 cell activity (A) The chemical structure formula of Syr. (B) 

CCK-8 assay detected the viability of MC3T3-E1 cells following a 24-hour exposure to various concentrations of Syr. (C) CCK-8 

assay detected the viability of DEX-treated MC3T3-E1 cells following a 24-hour exposure to Syr. (D) LDH assay measured LDH 

release in DEX-treated MC3T3-E1 cells. n=3, *P<0.05, **P<0.01, ***P<0.001 vs Control, ns P≥0.05, #P<0.05, ##P<0.01, 

###P<0.001 vs DEX. 
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in MDA level in MC3T3-E1 cells, along with a notable rise 

in SOD and GSH levels (P<0.001). However, when 

transfected with si-Nrf2, the effect of Syr was reversed and 

intracellular MDA levels rebounded and SOD and GSH 

levels decreased (P<0.01) (Figs. 6C-6E). After Syr 

treatment, the intensity of Fe2+ fluorescence in MC3T3-E1 

cells was markedly weakened, while Fe2+ content assay 

also indicated that its level was significantly reduced 

(P<0.001). After silencing Nrf2, the intensity of 

intracellular Fe2+ fluorescence was significantly enhanced 

and Fe2+ levels were significantly elevated (P<0.01) (Figs. 

6F-6H). Not only that, after Syr treatment, the protein 

levels of TFRC and ACSL4 decreased by 107% and 133% 

and the protein level of FSP1 increased by 69% (P<0.01). 

However, after silencing Nrf2, TFRC and ACSL4 

expression levels rebounded by 105% and 102% and FSP1 

levels decreased by 36% (P<0.05) (Figs. 6I-6J). Similar 

trends were observed for mRNA levels of Nrf2, TFRC and 

ACSL4 (Figs. 6K). These findings implied that Syr 

attenuated the oxidative stress and ferroptosis triggered by 

DEX through activating the Nrf2/SLC7A11/GPX4 

pathway. 

 

DISCUSSION 
 

OP patients are at increased risk of fractures, raising 

disability and mortality rates among elderly patients 

(Clynes et al., 2020; Lo et al., 2023). The main drugs 

commonly utilized in the clinical management of OP are 

bisphosphonates, estrogens and calcium, but these drugs 

are associated with adverse effects, drug dependence and 

other problems (Sabri et al., 2023). Therefore, it is urgent 

to explore novel drugs against OP. In recent years, natural 

plant extracts have become a research hotspot due to their 

unique biological activities. DEX is a clinically used 

glucocorticoid that can cause OP with prolonged use and is 

frequently employed to construct experimental OP cell 

injury models (Zhang et al., 2022a). Referring to previous 

studies (Han et al., 2019; Zheng et al., 2021), we treated 

MC3T3-E1 cells with DEX (1 μM) to construct an OP cell 

 

Fig. 2: Syr ameliorates DEX-induced reduction of osteogenic function (A-C) ALP staining showed measured DEX declined 

the ALP activity of MC3T3-E1 cells, which was reversed by Syr treatment (20×, 100 μm). (D-E) ARS staining showed that DEX 

decreased the mineralization capacity, whereas Syr treatment increased the mineralization capacity (20×, 100 μm). (F-I) The ELISA 

kit measured that DEX decreased Runx2, OPN and OCN levels in the cell supernatant, and Syr treatment increased these levels. (J-

N) Western blot measured Runx2, OPN and OCN levels in MC3T3-E1 cells. n=3, ***P<0.001 vs Control, ns P≥0.05, #P<0.05, 

##P<0.01, ###P<0.001 vs DEX. 
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injury model. DEX treatment reduced MC3T3-E1 cell 

activity and osteogenic ability, confirming the success of 

OP cell injury model construction. Of interest, Syr, as a 

natural lignan-like compound, is abundantly present in a 

variety of herbal medicines and plants and has been shown 

to alleviate osteoarthritis (Wang et al., 2023c).  

 

In this study, Syr at concentrations of 25, 50 and 100 μM 

had no adverse impact on normal MC3T3-E1 cell viability, 

yet effectively increased the viability of DEX-treated cells, 

inhibited LDH release and could promote the osteogenic 

differentiation of the cells. This confirms that Syr can 

promote osteogenesis and alleviate the progression of OP, 

offering a crucial experimental foundation for creating 

therapeutic drugs for OP with both high efficiency and 

safety. Decreased bone formation is one of the core 

pathological features of OP, which is strongly related to 

defects in differentiation and function of osteoblasts 

(Zhivodernikov et al., 2023). During bone formation, 

preosteoblasts first proliferate, subsequently transform into 

mature osteoblasts and finally form a new bone matrix 

(Kitaura et al., 2020). Runx2 is a key transcription factor 

that initiates osteoblast-specific gene expression and 

promotes differentiation of precursor cells to osteoblasts 

(Komori, 2022; Arya et al., 2024). In cases where the 

Runx2 gene is defective, the development of osteoblasts 

and the process of bone formation in mice are severely 

impaired, leading to a diminished response to vitamin D 

(Aoki et al., 2022). Bmp2 is a key cytokine that induces 

osteogenic differentiation and bone formation, promotes 

bone matrix synthesis and mineralized nodule formation 

and enhances osteoblast function (Chen et al., 2022). After 

entering the late differentiation stage, the non-collagenous 

proteins OPN and OCN in the bone matrix play a key role. 

OPN mediates the adhesion of osteoblasts to the 

extracellular matrix, promotes bone mineralization and 

regulates bone remodeling homeostasis (Bai et al., 2022). 

OCN, on the other hand, is directly involved in bone matrix 

mineralization as a hallmark protein of terminal osteoblast 

differentiation and its expression represents a late stage of 

osteoblast differentiation and maturation (Komori, 2020). 

In this study, Syr was able to promote the synthesis and 

secretion of the above osteogenesis-related proteins and 

also upregulated their expression.   

 
 

Fig. 3: Syr ameliorates DEX-induced oxidative stress and ferroptosis (A-B) Flow cytometry assessed ROS levels in MC3T3-

E1 cells (40×, 50 μm). (C-E) Different kits assessed MDA, SOD, and GSH levels. (F) The results of the kit assay indicated that DEX 

treatment resulted in increased Fe2+ levels, while Syr treatment decreased Fe2+ levels. (G-H) FerroOrange fluorescent staining showed 

that DEX treatment increased Fe2+ content in MC3T3-E1 cells, while Syr treatment decreased Fe2+ content (40×, 50 μm). (I-J) Western 

blot measured TFRC, ACSL4 and FSP1 levels in MC3T3-E1 cells. (K) RT-qPCR measured that DEX up-regulated TFRC and ACSL4 

and down-regulated FSP1, whereas Syr treatment reduced the effects of DEX. n=3, ***P<0.001 vs Control, #P<0.05, ##P<0.01, 

###P<0.001 vs DEX. 
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Therefore, we hypothesized that Syr could synergistically 

regulate bone formation by the cascade pathway of 

“transcriptional regulation (Runx2/Bmp2)-matrix 

synthesis (OPN)-mineralization and maturation (OCN)”. 

In addition, cell staining results also showed that Syr 

increased ALP activity and promoted cell mineralization 

nodule formation. The study of Imtiyaz et al. also 

confirmed that Syr isolated from Euonymus spraguei 

Hayata increased ALP activity and mineral deposition in 

osteoblasts, which could promote osteogenic 

differentiation and have potential anti-OP effects (Imtiyaz 

et al., 2020). 

 

In recent years, the link between abnormal iron metabolism 

and a variety of metabolic bone diseases has received 

increasing attention and there is growing evidence that iron 

accumulation has adverse effects on bone health (Che et al., 

2020; Zhen et al., 2025). Ferroptosis has been identified as 

a key factor in iron-overload-mediated bone homeostasis 

imbalance through activation of oxidative stress pathways 

(Gao et al., 2022). Previous studies have pointed out that 

iron accumulation may disrupt bone homeostasis through 

two main mechanisms: by inhibiting osteoblast activity and 

promoting osteoclast differentiation, which leads to 

accelerated bone loss and consequently OP and ultimately 

an increased risk of fracture (Li et al., 2023b). Recent 

studies have shown that blocking ferroptosis triggered by 

glucocorticoids in human bone marrow mesenchymal stem 

cells enhances cell proliferation and osteogenic 

differentiation (Zhao et al., 2025). This suggests that 

targeted inhibition of ferroptosis might be an effective 

strategy for OP treatment. In this study, DEX treatment 

resulted in oxidative stress and raised Fe2+ levels and 

ferroptosis-related protein levels and declined ferroptosis-

inhibiting protein levels. Syr treatment, on the other hand, 

effectively reversed the effect of DEX, which not only 

reduced ROS, MDA and Fe2+ levels, restored the 

antioxidant capacity of SOD and GSH, but also regulated 

ferroptosis-related protein expression.  

  

 
 

Fig. 4: Syr modulates Nrf2/SLC7A11/GPX4 signaling pathway (A-E) Western blot measured nuclear Nrf2, SLC7A11, GPX4, 

and Total Nrf2 in MC3T3-E1 cells. (F-G) Western blot indicated that transfection of si-Nrf2 resulted in declined Nrf2 level. (H-L) 

Western blot indicated that transfection of si-Nrf2 resulted in declined Nrf2, SLC7A11, Total Nrf2, nuclear Nrf2 and GPX4 protein 

levels. n=3, ns P≥0.05, **P<0.01, ***P<0.001 vs Control; ns P≥0.05, #P<0.05, ##P<0.01, ###P<0.001 vs DEX, &P<0.05, &&P<0.01 

vs DEX+Syr+si-NC. 
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This suggests that Syr is protective against DEX-triggered 

ferroptosis in osteoblasts through a multi-targeted 

regulation of iron metabolism and oxidative stress network. 

Iron chelating inhibitor desferrioxamine (DFO) inhibits 

ferroptosis by directly chelating intracellular free iron 

(Fe2+), reduces iron-dependent lipid peroxidation and 

attenuates osteoclast ferroptosis and ameliorates bone loss 

in the OP model (Che et al., 2020; Ma et al., 2020; Jiang et 

al., 2022). Compared with DFO, Syr does not rely on the 

direct chelation of iron ions, but activates the 

Nrf2/SLC7A11/GPX4 signaling pathway to up-regulate 

the expression of FSP1, down-regulate the expression of 

TFRC and ACSL4, reduce the level of cytoplasmic free 

iron and at the same time, reduce the level of ROS, MDA 

and both the “iron metabolism regulation” and “anti-

oxidative stress” dual role. Nrf2 serves as a core regulator 

of the cellular oxidative stress response, is important in 

regulating lipid peroxidation reduction and hindering free 

iron accumulation (Han et al., 2024). Nrf2 is regarded as a 

core inhibitor of ferroptosis and abnormal Nrf2 signaling 

(e.g., Nrf2 inactivation or impaired nuclear translocation) 

can lead to down-regulation of proteins like SLC7A11 and 

GPX4, which disrupts redox homeostasis and ultimately 

induces ferroptosis (Ding et al., 2023; Li et al., 2024). 

Zhang et al. showed that activation of Nrf2 signaling 

elevated SLC7A11 and GPX4 levels, which could inhibit 

ferroptosis in osteoblasts (Zhang et al., 2022b). Deng et al. 

found that Mangiferin activated Nrf2/SLC7A11/GPX4 

pathway and promoted bone formation in OP model mice, 

but did not alleviate OP symptoms in Nrf2 knockout mice 

(Deng et al., 2024). These investigations reveal that the 

Nrf2/SLC7A11/GPX4 pathway is crucial in ferroptosis and 

OP progression. Based on this, the present study further 

investigated whether Syr inhibits DEX-mediated 

ferroptosis through regulating the Nrf2/SLC7A11/GPX4 

pathway in MC3T3-E1 cells, which in turn inhibits OP 

progression.  

  

 
 

 

Fig. 5: Syr mediates the Nrf2/SLC7A11/GPX4 pathway to improve osteogenesis (A-C) ALP staining revealed measured Syr 

treatment elevated the differentiation activity, and transfection with si-Nrf2 attenuated the effect of Syr (20×, 100 μm). (D-E) ARS 

staining demonstrated that Syr increased the mineralization capacity, and transfection with si-Nrf2 decreased the mineralization 

capacity (20×, 100 μm). (F-I) ELISA kit measured Runx2, OPN and OCN levels in the cell supernatant. (J-N) Western blot measured 

Runx2, OPN, and OCN proteins levels in MC3T3-E1 cells. n=3, **P<0.01, ***P<0.001 vs Control; #P<0.05, ##P<0.01, ###P<0.001 

vs DEX, &P<0.05, &&P<0.01 vs DEX+Syr+si-NC. 
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We found that SLC7A11, GPX4 and nuclear Nrf2 levels 

were reduced in MC3T3-E1 cells after DEX treatment, 

whereas the Total Nrf2 protein level did not change 

significantly, suggesting that DEX may inhibit pathway 

activation by blocking Nrf2 translocation to the nucleus. In 

contrast, Syr treatment increased SLC7A11, GPX4, 

nuclear Nrf2 and total Nrf2 levels, suggesting that Syr 

promotes Nrf2 nuclear translocation and activates the 

Nrf2/SLC7A11/GPX4 pathway. After transfection of si-

Nrf2, the ameliorative impacts of Syr on osteogenic 

function and ferroptosis were significantly attenuated, with 

a marked decrease in cellular osteogenic differentiation-

related indexes and a rebound in the levels of ferroptosis 

markers. This suggests that the ameliorative effect of Syr 

on DEX-induced osteoblast injury and ferroptosis is highly 

dependent on the activation of the Nrf2/SLC7A11/GPX4 

pathway. 

The role of Syr in the regulation of ferroptosis and its 

impact on osteogenic differentiation has been the main 

focus of our study. However, other osteogenic signaling 

pathways may also play important roles in this process and 

the roles of other pathways can be further explored in the 

future. In addition, Syr may also affect cell function 

through other non-ferroptosis-related pathways. Specific 

inhibitors or knockdown techniques could be used in 

subsequent studies to verify whether the effects of Syr are 

realized through the ferroptosis pathway. Cells may 

activate compensatory pathways to maintain cellular 

function under stress conditions and changes in other 

cellular stress markers may be examined in subsequent 

studies to determine whether there is activation of 

compensatory pathways. In subsequent research, the effect 

of Syr in other osteocyte lines can be tested to further 

evaluate whether the role of Syr is cell type-specific or 

 

 
 

Fig. 6: Syr mediates the Nrf2/SLC7A11/GPX4 signaling pathway to ameliorate oxidative stress and ferroptosis caused 

by DEX (A-B) Flow cytometry assessed ROS levels in MC3T3-E1 cells transfection with si-Nrf2 (40×, 50 μm). (C-E) Different kits 

assessed MDA, SOD, and GSH levels in MC3T3-E1 cells transfection with si-Nrf2. (F) The kit assay indicated that Syr caused a 

decline in Fe2+ level and silencing Nrf2 increased Fe2+ levels. (G-H) FerroOrange fluorescent staining showed that Syr treatment 

decreased Fe2+ content in MC3T3-E1 cells, whereas silencing Nrf2 increased Fe2+ content (40×, 50 μm). (I-J) Western blot measured 

TFRC, ACSL4, and FSP1 levels. (K) RT-qPCR measured that Syr down-regulated TFRC and ACSL4 and up-regulated FSP1, whereas 

silencing Nrf2 reduced the effects of Syr. n=3, ***P<0.001 vs Control; ##P<0.01, ###P<0.001 vs DEX, &&P<0.01vs DEX+Syr+si-

NC. 
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whether it can be extended to other osteocytes. 

Furthermore, long-term safety assessment and 

bioavailability studies of Syr are needed in the future. All 

experiments were conducted in vitro; therefore, the 

efficacy of Syr in-vivo remains to be validated. 
 

CONCLUSION 
 

Syr can alleviate DEX-induced MC3T3-E1 cell injury and 

ferroptosis by stimulating the Nrf2/SLC7A11/GPX4 

pathway, improve osteogenic function and have potential 

for the treatment of OP. This research reveals the function 

of Syr in bone metabolism, clarifies it as a potential OP 

therapeutic agent and provides a basis for the development 

of OP therapeutics based on Nrf2 pathway activation. 

However, this study still has some limitations, focusing 

only on a single pathway and OP pathogenesis involves 

multifactorial factors; future studies should focus on 

examining the relationship between this pathway and other 

bone metabolism pathways, as well as determining the 

treatment efficacy via in-vivo experiments. While these 

findings are promising, in-vivo studies are required to 

confirm Syr’s efficacy and safety for clinical use in OP. 
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