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PGE2 regulates ferroptosis and
osteogenesis of MC3T3-E1 cells via
NOS2

Mengling Sun?, Yingying Yang'?, Liying Pang?, Jiaying Yang?, You Li3, Chen Lin*>"! &
Linkun Zhang*>**

Prostaglandin E2 (PGE2) is a key inflammatory mediator in orthodontic tooth movement, yet its
precise role in regulating osteogenesis remains unclear. This study investigated the mechanism

by which PGE2 influences ferroptosis and osteogenesis in MC3T3-E1 cells, focusing on nitric oxide
synthase 2 (NOS2). Bioinformatic analysis identified NOS2 as a core ferroptosis-related gene after
orthodontic force loading. 100 ng/mL PGE2 induced sterile inflammation and ferroptosis as evidenced
by upregulated expressions of IL-6, NOS2, and ACSL4 while downregulated expressions of GPX4,
FTH1 detected by RT-qPCR and western blot, alongside promoted reactive oxygen species and
malondialdehyde production detected by flow cytometry. Meanwhile, PGE2 inhibited osteogenesis
characterized by downregulated expressions of osteogenic markers RUNX2, Osterix, OPN, OCN and
diminished ALP activity and mineralization level detected by RT-qPCR, western blot, ALP staining,
ARS staining, ALP activity detection and Ca?* level assessment. Effects following PGE2 treatment
were rescued by the ferroptosis inhibitor Ferrostatin-1. Crucially, NOS2 knockdown mitigated PGE2-
induced ferroptosis and osteogenic suppression, whereas NOS2 overexpression exacerbated them.
Furthermore, NOS2 overexpression alone sufficed to promote ferroptosis and inhibit osteogenesis
absent inflammation. In conclusion, PGE2 induces sterile inflammation, it also triggers ferroptosis
and inhibits osteogenesis via NOS2, revealing a novel molecular axis in bone remodeling during
orthodontic treatment.
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Orthodontic treatment is crucial for improving facial aesthetics and stomatognathic function. However, the
prolonged treatment duration not only increases the risk of oral diseases such as dental caries' but also poses
challenges in maintaining stable treatment outcomes. Therefore, developing clinically safe and efficient strategies
to accelerate orthodontic tooth movement (OTM) is imperative, which necessitates a deeper understanding of
its underlying biological mechanisms. The foundation of OTM lies in the remodeling of alveolar bone, a process
involving a series of complex cellular biological events within the periodontal microenvironment?. Among
these, sterile inflammation® and ferroptosis?, a newly recognized form of regulated cell death, have emerged
as significant factors influencing the bone remodeling process. Nevertheless, the specific molecular pathways
through which inflammatory signals lead to cellular dysfunction and ultimately affect osteogenic differentiation
remain incompletely understood.

In the context of OTM, prostaglandin E2 (PGE2) is a key inflammatory mediator that can be locally induced
in periodontal tissues by mechanical orthodontic force. Elevated levels of PGE2 in the periodontal ligament,
alveolar bone, and gingival crevicular fluid following force application have been observed, and its functional
importance is underscored by the fact that OTM can be slowed by inhibitors of prostaglandin synthesis®”.
Although the role of PGE2 in promoting osteoclastogenesis and bone resorption on the pressure side is well-
established, its specific signaling mechanisms in osteoblasts—the cells responsible for bone formation on the
tension side—remain unclear, representing a critical knowledge gap. Our previous study indicated that PGE2
could indirectly inhibit osteogenic differentiation via exosomes®, hinting at its complex regulatory role.
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Notably, PGE2 has also been implicated in regulating ferroptosis, an iron-dependent form of cell death
driven by the lethal accumulation of lipid peroxides®. Ferroptosis has been demonstrated to directly inhibit
the osteogenic differentiation and mineralization capacity of osteoblasts, thereby negatively impacting bone
remodeling under mechanical stress!®!!. This positions ferroptosis as a potential downstream executor of
inflammatory signals that may lead to osteoblast dysfunction. However, PGE2 and has different effects on the
occurrence and progression of ferroptosis under various conditions!>"!4. The precise mechanism by which
PGE2, as an upstream inflammatory signal, triggers ferroptosis in osteoblasts remains to be elucidated.

We hypothesized that nitric oxide synthase 2 (NOS2) could serve as a potential central mediator bridging
this gap. NOS2 is a key inflammatory factor induced under various stresses!>!°. In osteoblastic cell lines, a
close and complex interaction exists between the PGE2 and NOS2 signaling pathways!”. Also, it’s observed
that the secretion of PGE2 and the expression of NOS2 of mouse osteocytes were increased under mechanical
strain’®. In the context of OTM, studies have observed the upregulation of NOS2 in alveolar bone under
orthodontic force and linked it to inflammation-induced bone resorption!®?. Furthermore, preliminary gene
expression data from our previous rat OTM model also indicated upregulated NOS2 expression in alveolar
bone following force application. More importantly, evidence suggests that NOS2 and its downstream product,
nitric oxide (NO), can participate in the ferroptosis process under certain conditions by influencing cellular iron
metabolism and amplifying oxidative stress®!, and that inhibiting NOS2 can significantly alleviate ferroptosis in
an inflammatory environment?. Although PGE2, ferroptosis, and NOS2 have all been confirmed to participate
in bone remodeling, how these three components form a direct regulatory network in osteoblasts has not been
investigated.

This study aims to validate this “PGE2-NOS2-ferroptosis” axis using the MC3T3-E1 osteoblastic cell line.
Our findings provided a novel molecular perspective on bone remodeling during OTM and identify potential
therapeutic targets for enhancing orthodontic treatment efficiency.

Materials and methods

Screening of core genes associated with OTM and ferroptosis

Gene expression profiles before and after orthodontic force application in a periodontally healthy rat OTM
model were obtained by whole transcript expression arrays in our prior research, intersected with the ferroptosis-
related genes obtained from the FerrDb database (http://www.zhounan.org/ferrdb) to identify overlapping
genes. These differential genes were imported into the STRING database (https://cn.string-db.org/) for PPI
network construction, and the results of core genes were visualized using Cytoscape (https://cytoscape.org/).

Cell culture

The MC3T3-El cell line was obtained from Tianjin Key Laboratory of Oral and Maxillofacial Function
Reconstruction (Tianjin, China) and was cultured in complete medium consisting of a-MEM supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin in an environment of FiO, (21%), 37 C, and 5%
CO,. PGE2-containing medium was prepared with different concentrations of PGE2, and the cells were cultured
for 24 h. Fer-1 containing medium was prepared with ferrostatin-1, and the cells were pretreated for 2 h before
the medium was replaced with PGE2-containing medium. Osteogenic differentiation induction medium was
prepared with 50 mg/mL ascorbic acid, 10 mM pB-glycerol phosphate disodium salt, 10 mM dexamethasone, and
complete medium. The cells were cultured for 14 days to induce osteogenic differentiation. The medium was
replaced every 3 days. Cells were collected after relative culture for further detection.

Cell proliferation assay: CCK-8

The cells were inoculated into 96-well plates at a density of 1000 cells per well and cultured in PGE2-containing
medium at concentrations of 0, 10 ng/mL, 100 ng/mL, 1 ug/mL, or 10 ug/mL for 24 h. On days 1, 3, 5, and 7
posttreatment, the prepared CCK-8 assay reagent was added to each well. The optical density (OD) was detected
at 450 nm. The cell viability rate was calculated via the following formula: cell viability rate (%) = [(OD value
of experimental well — OD value of blank well)/(OD value of control well - OD value of blank well)] x 100%.

Real time quantitative PCR (RT-qPCR)

The cells were inoculated into 6-well plates and cultured with different media according to the experimental
groups for the required duration. After the cells were collected, total RNA was extracted via the Steady Pure
RNA Extraction Kit (AGbio, China). The RNA concentration was measured with a spectrophotometer (Bio-
Rad Laboratories, USA). Complementary DNA (cDNA) was synthesized via an RNA reverse transcription kit
(AGbio, China). The resulting cDNA was analysed via RT-qPCR using the SYBR Green Pro Taq HS Premix
qPCR Kit (AGbio, China). The reactions were performed in a total volume of 20 pL, consisting of 10 uL of
2x SYBR Green Pro Taq HS Premix™, 0.4 puL of PCR forward primer (10 uM), 0.4 pL of PCR reverse primer
(10 uM), 7.2 pL of RNase-free dH,0, and 2 pL of cDNA (50 ng/uL). PCR was conducted with a real-time
fluorescent quantitative PCR instrument (Bio-Rad Laboratories, USA). The reaction conditions were as follows:
initial denaturation at 95 “C for 30 s, followed by 40 cycles of denaturation at 95 C for 5 s and extension at 60
‘C for 30 s. The mRNA levels of the target genes were determined via the cycle threshold method (2724, with
GAPDH serving as the internal control. The primers sequences were listed in Table 1.

Western blot

The solution was prepared for protein extraction from cells by mixing phenylmethylsulfonyl fluoride (PMSF) with
Cell Complete Lysis Buffer for Western blotting and IP (Beyotime, China) at a ratio of 1:100 and was quantified
via a BCA protein assay kit (Beyotime, China). The proteins were separated in Gly-Tris, 4-20% BeyoGel™ Plus
PAGE Precast Gels (Beyotime, China), transferred to polyvinylidene fluoride (PVDF) membranes, blocked
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Gene Sequence
AcsLa | Forward: 5-TGAACGTATCCCTGGACTAGG-3
Reverse: 5-TCAGACAGTGTAAGGGGTGAA-3
pray | Forward: 5-CCGAGATGATGTGGCTCTGAA-3
Reverse: 5-GTAGCCAGTTTGTGCAGTTCC-3
GApDH | Forward: 5-CAGCAACTCCCACTCTTC-3
Reverse: 5-TGTAGCCGTATTCATTGTC-3
Gpxa | Forward: 5-GCCTGGATAAGTACAGGGGTT-3
Reverse: 5-CATGCAGATCGACTAGCTGAG-3
L6 Forward: 5-CTATACCACTTCACAAGTCGGA-3
- Reverse: 5-GAATTGCCATTGCACAACTCTTT-3
NOsz | Forward: 5-GGAGTGACGGCAAACATGACT-3
Reverse: 5-TCGATGCACAACTGGGTGAAC-3
ocN | Forward: 5-GGTGCAGACCTAGCAGACACCA-3
Reverse: 5-AGGTAGCGCCGGAGTCTATTCA-3
OPN Forward: 5-AGCAAGAAACTCTTCCAAGCAA-3
Reverse: 5-GTGAGATTCGTCAGATTCATCCG-3
Osterix | Forward: 5-TGAACGTATCCCTGGACTAGG-3
SEIX | Reverse: 5-TCAGACAGTGTAAGGGGTGAA-3
RUNx, | Forward: 5-CGTCCTCTCTGCTTGAGGAA-3
Reverse: 5-TTTCCCAGGGCTGTTGAGTC-3

Table 1. Primer sequence.

with QuickBlock™ Blocking Buffer (Beyotime, China) for 1.5 h at room temperature, and then probed with the
corresponding primary antibodies against GPX4 (ABclonal, USA), FTH1 (ABclonal, USA), ACSL4 (ABclonal,
USA), OPN (Abcam, USA), OCN (ABclonal, USA), RUNX2 (Cell Signaling Technology, USA), Osterix
(Abcam, USA), and GAPDH (ABclonal, USA) overnight at 4 ‘C. An ultrasensitive ECL Chemiluminescence
Kit (Beyotime, China) was used for protein visualization after incubation with an HRP-conjugated anti-rabbit
secondary antibody (Proteintech, China). Due to the similar identical molecular weights of OPN and GAPDH,
the PVDF membrane was first incubated with the primary antibody against OPN and then corresponding
secondary antibody. The antibodies were stripped off by stripping buffer after visualization. Subsequently, the
same PVDF membrane was re-probed with the primary antibody against GAPDH and then corresponding
secondary antibody. Images were captured with an Amersham Imager 680 (GE Healthcare Life Sciences, USA).
The gray value was quantified with ImageLab 6.0 software.

Detection of the malondialdehyde (MDA) level

Total cellular protein was extracted and the concentration was determined. The samples were prepared according
to the instructions of the MDA assay kit (Beyotime, China). The absorbance at a wavelength of 532 nm was
detected. The MDA concentration was calculated according to the standard curve, and the intracellular MDA
level per unit weight of protein was calculated on the basis of the previously determined protein concentration.

ROS level detection

The cells were digested and collected in 1.5 mL sterile centrifuge tubes, resuspended in DCFH-DA solution
diluted with a-MEM at a ratio of 1:1000, incubated at 37 °C for 30 min and gently inverted every 5 min during
the process. The extra DCFH-DA was removed, and a cell suspension was prepared with phosphate buffered
saline (PBS). All the experiments were carried out in the dark. Given that the fluorescence spectra of fluorescein
isothiocyanate (FITC) and 2',7'-Dichlorofluorescein (DCF) are very similar, the detection parameters can be set
to those of FITC to measure DCF by flow cytometry according to the instrument’s instructions. The results were
imported into Flow]Jo 10.8.1 software for analysis.

ALP staining and ALP activity detection

ALP Staining: On day 14 of osteogenic induction, ALP staining was performed. The cells were rinsed with PBS
and fixed with 4% paraformaldehyde (PFA) for 15 min. ALP staining solution (Beyotime, China) was prepared
according to the protocol and added to 6-well plates. The cells were incubated in the dark for 30 min, rinsed with
ultrapure water and imaged under a microscope (Ti-S, Nikon, Japan).

Alkaline Phosphatase Activity Assay (p)NPP method): After 14 days of osteogenic induction, cellular proteins
were collected and centrifuged at 12,000 rpm and 4 °C for 10 min. The supernatant was collected for detection. A
standard working solution with a final concentration of 0.5 mM was prepared by mixing p-nitrophenol (10 mM)
with detection buffer at a volume ratio of 1:190 (Beyotime, China). The reaction system was set up according
to the instructions and incubated at 37 °C for 20 min. After the reaction was terminated, the absorbance at a
wavelength of 405 nm was detected.

ARS staining and Ca?* level detection
Alizarin Red S (ARS) Staining: On day 14 of osteogenic induction, ARS staining was performed. The cell
treatment procedure was the same as that for ALP staining. Alizarin Red S staining solution was incubated with
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the cells in the dark for 10 min, gently rinsed with ultrapure water, and replaced with an appropriate amount of
PFA. The cells were imaged under a microscope (Ti-S, Nikon, Japan).

Ca*" level detection: After alizarin red S staining and image acquisition, 10% cetylpyridinium chloride
solution was prepared, added to 6-well plates, and incubated at room temperature in the dark for 30 min. Then,
100 L of the solution was added to each well of a 96-well plate, and the absorbance at 562 nm was detected.

Knockdown (KD) and overexpression (OE) of NOS2

Cell culture was carried out following the aforementioned procedures. When the cells reached 70-80%
confluence, the transfection mixture was prepared according to the manufacturer’s protocol for the Lipo8000™
Transfection Reagent (Beyotime, China). Transfection of Mus-Nos2-shRNA (Keyanyun Biotechnology, China),
mouse Nos2 pCDH-CMV-MCS-3*FLAG-EF1a-CopGFP-T2A-Puro-WPRE (Keyanyun Biotechnology, China),
and corresponding vectors was then performed to achieve NOS2 knockdown and overexpression.

Statistical analysis

All experimental results are presented as mean + standard deviation (SD). Consistency tests were conducted on
the data from each group. Data that met the criteria were analysed via one-way analysis of variance (ANOVA)
and Fisher’s least significant difference (LSD) test. Statistical analysis and chart generation were performed with
GraphPad Prism 9.3 software. Differences were considered statistically significant when P <0.05.

Results

NOS2 was a core, ferroptosis-related, differentially expressed gene following orthodontic
force application

In the alveolar bone tissue of periodontally healthy rats, 34 intersecting genes were identified from the
differentially expressed genes between the orthodontic force-loading group and the control group that were
related to ferroptosis (Fig. 1A). These 34 differential genes were imported into the STRING database to construct
a visual PPI network (Fig. 1B). Further analysis using Cytoscape identified eight core genes: IL-6, IL-1/3, NOS2,
Cxcl2, Ptgs2, Hifla, and Hmox1 (Fig. 1C).
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Fig. 1. Differentially expressed gene associated with ferroptosis in periodontally healthy rat after orthodontic
force loading. (A) Intersection of differentially expressed genes in rat alveolar bone between orthodontic force-
loaded and non-loaded groups with ferroptosis-related genes; (B) PPI network of proteins encoded by the
differentially expressed genes; (C) Core genes associated with ferroptosis.
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PGE2 promoted the expression of NOS2 and induced sterile inflammation and ferroptosis

To induce a state of sterile inflammation in vitro, we firstly confirmed the inflammation inducing effects of PGE2
on MC3T3-E1 cells and sought to determine the optimal effective concentration of PGE2. The proliferation
of MC3T3-El cells treated with different concentrations of PGE2 was not significantly different (Fig. 2A).
Compared to control group, the relative mRNA expression levels of the inflammatory factors II-6 and Nos2
increased in a PGE2 concentration-dependent manner, with statistically significant differences observed at
concentrations of 100 ng/mL and above (Fig. 2B,C), indicating successful induction of sterile inflammation in
MC3T3-E1 cells. As for ferroptosis inducing effect, the mRNA expression levels of ferroptosis-related markers
ferritin heavy polypeptide 1 (Fthl) and glutathione peroxidase 4 (Gpx4) decreased (Fig. 2E,F), whereas ROS
production increased compared to control group, with statistically significant differences observed at PGE2
concentrations of 100 ng/mL and above (Fig. 2G and H). The increases in Acyl-CoA synthetase long-chain
family member 4 (Acsl4) mRNA expression (Fig. 2D) and MDA production (Fig. 2I) were statistically significant
only at a PGE2 concentration of 100 ng/mL. Based on results above, we chose 100 ng/mL as the concentration
of PGE2 for subsequent experiments.

Fer-1 mitigated the sterile inflammation, ferroptosis and osteogenesis inhibition induced by
PGE2

To further verify that whether PGE2 promotes ferroptosis, we selected the well-recognized ferroptosis inhibitor
Fer-1 asa reference. Compared to control group, the OD values obtained from the CCK-8 assay tended to decrease
with increasing Fer-1 concentration, with statistically significant differences observed at concentrations of 10 uM
and 20 uM (Fig. 3A). On the basis of these findings, we chose 10 uM as the concentration of Fer-1 for subsequent
experiments. Moreover, there was no statistically significant difference among the PGE2, Fer-1+PGE2 and
control groups (Fig. 3B), indicating that the intervention concentrations applied to the experimental groups had
no significant effect on the survival rate of MC3T3-E1 cells. After Fer-1 treatment, the changes in the expression
levels of inflammation-related indicators II-6, Nos2 (Fig. 3C,D) and ferroptosis-related indicators Acsl4, Fthl,
Gpx4 (Fig. 3E-G) induced by PGE2 were significantly reversed. Fer-1 also reduced the promoted production of
ROS (Fig. 3H,I) and MDA (Fig. 3]). At the same time, we investigated the impact of PGE2 on the osteogenesis of
MC3T3-E1 cells. After PGE2 treatment, the mRNA expressions of runt-related transcription factor 2 (Runx2),
osteopontin (Opn), osteocalcin (Ocn), and Osterix were significantly downregulated (Fig. 3K-N). Results above
indicated that 100 ng/mL PGE2 could simultaneously induce sterile inflammation and ferroptosis as well as
inhibited osteogenesis of MC3T3-E1 cells and these effects could be mitigated by Fer-1 at a concentration of 10
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Fig. 2. Optimization of PGE2 concentrations and effects on sterile inflammation and ferroptosis. (A)

Cell viability of MC3T3-E1 cells after treatment with varying concentrations of PGE2. (B-F): The mRNA
expressions of IL-6, Nos2, Acsl4, Fth1 and Gpx4 after treatment with varying concentrations of PGE2. (G,H):
Relative ROS levels after treatment with varying concentrations of PGE2 assessed by flow cytometry. (I)
Relative MDA levels after treatment with varying concentrations of PGE2. *P <0.05, **P<0.01, **P <0.001,
PP <0.0001.
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Fig. 3. Optimization of Fer-1 concentrations and its antagonistic effects on PGE2-induced sterile
inflammation, ferroptosis and osteogenesis inhibition. (A) Cell viability of MC3T3-E1 cells after treatment
with varying concentrations of Fer-1. (B) Time course of cell viability following 100 ng/mL PGE2 and 10 uM
Fer-1+100 ng/mL PGE2 treatment. (C-G): The mRNA expressions of IL-6, Nos2, Acsl4, Fth1 and Gpx4. (H,I):
Relative ROS levels assessed by flow cytometry. (J) Relative MDA levels. (K-N) The mRNA expressions of
Runx2, Opn, Ocn and Osterix. *P<0.05, **P <0.01, ***P <0.001, ***P <0.0001.

NOS2 knockdown diluted the promoting effect on ferroptosis and the inhibitory effect on
osteogenesis of PGE2

NOS2 was knocked down to explore whether NOS2 mediates the regulatory effects of PGE2 on ferroptosis
and osteogenesis. NOS2 was confirmed effectively knocked down and its expression level in the inflammatory
environment was significantly lower than that in nonknockdown conditions (Fig. 4A-F). The results revealed that
at both the genetic and protein levels, NOS2 knockdown attenuated the PGE2-induced significant upregulation
of ACSL4 expression and downregulation of FTH1 and GPX4, along with the decreased production of ROS
(Fig. 4L,M) and MDA (Fig. 4N). Also NOS2 knockdown upregulated RUNX2 and OPN expression (Fig. 5A-
D) impaired by PGE2. Both ALP and ARS staining demonstrated that, after NOS2 knockdown, ALP activity
increased (Fig. 5E-G) and Ca?" levels rose (Fig. 5SH-]) compared with those treated with PGE2 alone. These
effects following NOS2 knockdown showed similar trends to those observed in the Fer-1 treatment group, which
showed no statistically significant differences between these groups and the control group.

NOS2 overexpression promoted ferroptosis and inhibited the osteogenesis induced by PGE2
To further validate the mediating role of NOS2, we overexpressed it (Fig. 6A-F) and detected the same indicators.
The overexpression of NOS2 further amplified the changes in the expression of ACSL4, FTH1 and GPX4 (Fig. 6G-
K), and the relative production levels of ROS (Fig. 6L,M) and MDA (Fig. 6N). The downregulated expression
of RUNX2 and OPN induced by PGE2 were significantly further inhibited following NOS2 overexpression
(Fig. 7A-D). However, the differences were not statistically significant compared with those in the group treated
with PGE2 alone. Similarly, ALP activity (Fig. 7E-G) and mineralized level (Fig. 7H-J), as demonstrated by ALP
and ARS staining, showed comparable increases. These differences were statistically significant compared with
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Fig. 4. Effect of NOS2 knockdown on PGE2-induced ferroptosis. (A) The mRNA expressions of Nos2 after
sh-RNA and vector transfection. (B,C) The Western blot results of NOS2 expressions after knockdown. (D)
The mRNA expressions of Nos2 following NOS2 knockdown under sterile inflammatory condition. (E,F) The
Western blot results of NOS2 expressions following NOS2 knockdown under sterile inflammatory condition.
(G-TI) The mRNA expressions of Acsl4, Fthl and Gpx4. (J,K) The Western blot results of ACSL4, FTH1 and
GPX4 expressions. (L,M) Relative ROS levels assessed by flow cytometry. (Original blots are presented in
Supplementary Fig. 1) (N) Relative MDA levels. *P <0.05, **P<0.01, **P<0.001, ***P <0.0001.

those in the group treated with PGE2 alone. As a result, at the biochemical level, the enhancing effect of NOS2
overexpression on PGE2 is more pronounced than that at the genetic and protein levels. On the basis of these
results, we cautiously concluded that the promoting effect of PGE2 on ferroptosis and the inhibitory effect on
osteogenesis in MC3T3-E1 cells could be further enhanced by NOS2 overexpression.

NOS2 overexpression induced ferroptosis and inhibit osteogenesis independent of
inflammatory signaling

Results above suggested that PGE2 regulated ferroptosis and osteogenesis in MC3T3-E1 cells by modulating
NOS2 expression. To further investigate whether the regulatory capacity of NOS2 depended on inflammatory
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Fig. 5. Effect of NOS2 knockdown on PGE2-inhibited osteogenic activity. (A,B): The mRNA expressions of
Runx2 and Opn. (C,D) The Western blot results of RUNX2 and OPN expressions. (E,F) Results of ALP staining
(40x, bar =500 um, representative images are shown). (G) Results of relative ALP activity assay (mean + SD,
n=3 independent experiments) (H,I) Results of ARS staining (40x, bar =500 pm, representative images are
shown). (J) Results of relative Ca?* level determination (mean + SD, =3 independent experiments). (Original
blots are presented in Supplementary Fig. 2) **P<0.01, ***P<0.001, ****P<0.0001.

signals, we overexpressed NOS2 under noninflammatory conditions. The results indicated that after NOS2
overexpression, there was a marked promotion of ferroptosis as demonstrated by expression changes of ACSL4,
FTHI1 and GPX4 at genetic (Fig. 8A-C) and protein levels (Fig. 8D,E), as well as promoted ROS (Fig. 8EG)
and MDA (Fig. 8H) production at biochemical levels. Simultaneously, inhibition of osteogenesis was observed,
as evidenced by expression down-regulated of RUNX2 and OPN at mRNA (Fig. 8L]) and protein levels
(Fig. 8K,L), suppressed ALP activity (Fig. 8M-0O) and decreased mineralization level (Fig. 8P-R). Interestingly,
we unexpectedly discovered an inconsistency in the expression trends of GPX4 at the mRNA and protein levels
following NOS2 overexpression, suggesting that under noninflammatory conditions, NOS2 might exert certain
complex regulatory effects on GPX4 expression in MC3T3-E1 cells.

Discussion

Orthodontic force application triggers a cascade of molecular events in the periodontal ligament, leading to
adaptive remodeling of the alveolar bone. PGE2 is a widely acknowledged pivotal inflammatory mediator involved
within this process>?*23, The MC3T3-El1 cell line, a well-established model for osteogenic differentiation studies,
was used in this study. It was demonstrated that 100 ng/mL PGE2 significantly upregulated the expression of
the inflammatory cytokines IL-6 and NOS2. Concurrently, ferroptosis-related markers and oxidative products
indicated that ferroptosis was induced. These results collectively confirmed a successful establishment of an
in vitro model of MC3T3-El cells that induced both sterile inflammation and ferroptosis. To assess PGE2-
induced inflammation, we initially measured the mRNA levels of IL-1p and TNF-a. However, the Ct values
consistently exceeded 32 cycles, indicating negligible basal and induced expression level in MC3T3-E1 cells.
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after overexpression plasmid and vector transfection. (B,C) The Western blot results of NOS2 expressions
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inflammatory condition. (E,F) The Western blot results of NOS2 expressions following NOS2 overexpression
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Western blot results of ACSL4, FTH1 and GPX4 expressions. (L,M) Relative ROS levels assessed by flow
cytometry. (Original blots are presented in Supplementary Fig. 3) (N): Relative MDA levels. *P<0.05,
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Fig. 7. Effect of NOS2 overexpression on PGE2-inhibited osteogenic activity. (A,B) The mRNA expressions of
Runx2 and Opn. (C,D) The Western blot results of RUNX2 and OPN expressions. (E,F) Results of ALP staining
(40x, bar =500 pm, representative images are shown). (G) Results of relative ALP activity assay (mean+ SD,
n=3 independent experiments). (H,I) Results of ARS staining (40x, bar =500 um, representative images are
shown). (J) Results of relative Ca** level determination (mean +SD, n =3 independent experiments). (Original
blots are presented in Supplementary Fig. 4). *P<0.05, **P<0.01, ***P <0.001, ****P <0.0001.

Due to high variability and low reliability near the quantification limit, these data were excluded. This might
suggest cell-type specificity in inflammatory responses. Consistently, prior studies show PGE2 upregulates
IL-6 but not TNF-a in MC3T3-E1 cells*, while inhibiting TNF-a but not IL-1 in macrophages®. Furthermore,
NOS2 mediates inflammation-induced bone resorption under orthodontic force loading on the compression
side?. In the skeletal system, NOS2 serves as a pivotal pro-inflammatory mediator?. Its overexpression has
been demonstrated to impair osteogenic function?®, induce cellular dysfunction, and disrupt bone metabolic
balance?”. Meanwhile, IL-6 is a well-established PGE2-responsive inflammatory mediator in osteoblasts®*-32,
Thus, focusing on IL-6 and NOS2, which showed clear and stable responses in MC3T3-E1 cells, as core
inflammatory markers is rational and targeted. The inflammatory characterization focused on IL-6 and NOS2,
precluding a comprehensive cytokine profile analysis, is a limitation. Future studies will expand and validate a
broader cytokine expression profile.

PGE2 exerts concentration-dependent and context-dependent effects on bone, promoting either formation
or resorption®~*. However, the precise mechanisms underlying PGE2-mediated osteogenesis remain
incompletely understood. In this study, we observed that PGE2 at a concentration of 100 ng/mL suppressed
osteogenesis in MC3T3-E1 cells. This aligns with previous reports of inhibited mineralization by PGE23¢37,
Notably, pretreatment with the ferroptosis inhibitor Fer-1 not only attenuated PGE2-induced ferroptosis but also
reversed the inhibited osteogenic differentiation. In MC3T3-E1 cells, enhanced ferroptosis is always correlated
with diminished osteogenic capacity and vice versa®*-%°. Our study clarified that PGE2 regulated a synergistic
pathological process involving ferroptosis and osteogenic inhibition via NOS2.
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Fig. 8. Effect of NOS2 overexpression in non-inflammation context on ferroptosis and osteogenic function.
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and GPX4 expressions. (F,G) Relative ROS levels assessed by flow cytometry. (H) Relative MDA levels. (L,]J)
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NOS2 suppression has been reported to alleviate induced ferroptosis*!, whereas its upregulation exacerbated
lipid peroxidation and triggered ferroptosis*>*>. However, the regulatory effects of NOS2 on ferroptosis vary
across different cell types and conditions, potentially due to cell- and tissue-specific gene expression patterns**4°.
As for osteoblast lineage cells, inhibition of NOS2 has been reported to rescue osteogenic differentiation?®%. Qur
study confirmed that in in MC3T3-E1 cells, NOS2 knockdown rescued, while its overexpression potentiated, the
PGE2-induced ferroptosis and suppression of osteogenesis. Moreover, NOS2 overexpression alone was sufficient
to induce ferroptosis and inhibit osteogenesis. This might be associated with alterations in NO production,
which exerts a biphasic effect on osteogenic differentiation, stimulating it at low concentrations and inhibiting
it at high concentrations*”*$. NO can subsequently activate the cyclooxygenase (COX) pathway, promoting the
synthesis of cell-derived PGE2'”. This could partially explain the enhanced PGE2 effects observed following
NOS?2 overexpression in our study.

An intriguing finding in this study is that following co-treatment with the ferroptosis inhibitor Fer-1 and
PGE2, NOS2 expression was upregulated. Combined with the result that NOS2 knockdown alleviates ferroptosis,
this suggests a potential bidirectional regulatory loop between them. Existing research evidence provides
some clues. On one hand, the ferroptosis inducer RSL3 can drive ferroptosis by promoting NOS dimerization,
upregulating NOS2 expression, then increasing NO accumulation?’. On the other hand, NO, a downstream
product of NOS2, has been reported to feedback-regulate its activity and stability through post-translational
modifications such as S-nitrosylation®’. One of the mechanisms of Fer-1 is scavenging lipid peroxides and free
radicals®">?, effectively removing ROS/RNS®, and it has been shown to significantly inhibit COX-2 and NOS2
protein expression*!. Since COX-2 catalyzes PGE2 generation®, this suggests that inhibiting the “COX-2-PGE2”
axis might be one pathway through which Fer-1 reduces NOS2 expression. However, in non-PGE2-induced
inflammatory and ferroptosis models in different cell types, Fer-1 has also been observed to downregulate NOS2
expression while inhibiting ferroptosis®>°. Therefore, we speculate that after Fer-1 inhibits ferroptosis, it may
feedback-regulate NOS2 expression by altering the intracellular redox homeostasis or specific lipid peroxide
signaling. Unfortunately, the specific mechanisms underlying this potential bidirectional loop havent been
reported. It may play a key role in the homeostasis of the bone remodeling microenvironment, providing a new
direction for our future research.

Additionally, an intriguing observation was the discordance between molecular expression and functional
outcomes following NOS2 overexpression in sterile inflammation environment. While the expression changes
in ferroptosis-related genes (GPX4, FTHI1, ACSL4) and osteogenic markers (RUNX2, OPN) did not reach
statistical significance at the mRNA or protein level, NOS2 overexpression significantly elevated ROS and MDA
production and potently suppressed ALP activity and mineralization. Unfortunately, the mechanistic basis for
this discrepancy is yet to be defined. In light of current research, it may be related to the following theories: (1)
saturation effect of gene overexpression®”%; (2) negative feedback regulatory mechanisms of gene expression
products®*% (3) inherent constraints on the rate of gene expression due to limited cellular resources and
energy®!. The pronounced oxidative stress and lipid peroxidation might arise from intracellular metabolic states
and oxidative stress levels being regulated by pathways beyond our experimental scope, such as the GPX4-
independent NADPH-FSP1-CoQ10 pathway®2. Concurrently, NOS2 overexpression leads to a higher level of
NO production, the obvious inhibition of osteogenic function is consistent with the documented detrimental
effects of sustained high NO levels on osteoblast differentiation”:3.

Research has demonstrated that PGE2 can induce a moderate and controllable acceleration of OTM in animal
models while minimizing relapse, compared to corticosteroids and vitamin D, which suggests its potential
as a clinical adjunctive therapy®!. Mechanistically, the NOS/NO system is a central regulator of OTM, with
NOS2 primarily mediating inflammation-induced bone resorption on the pressure side’>®*. Our study further
reveals that PGE2 triggers ferroptosis and impairs osteogenic function via NOS2 activation. Notably, inhibiting
ferroptosis has been shown to protect the osteogenic capacity of periodontal ligament stem cells®®. These suggests
that targeting NOS2 could offer a dual benefit: moderately promoting its expression may accelerate OTM, while
inhibiting its overactivation can mitigate ferroptosis and preserve bone formation, the latter being the cellular
basis for long-term stability. A recent study has confirmed that targeting NOS2/NO effectively promotes OTM?’,
providing a methodological basis. Therefore, elucidating the mechanism of “PGE2-NOS2-Ferroptosis” axis is of
significant clinical translational value for developing novel strategies that accelerate OTM while ensuring the
quality of bone formation and long-term stability.

Nevertheless, it is prudent to recognize several inherent limitations of this study. First, by knockdown
and overexpression, we identified NOS2 as a key mediator, however its downstream signaling events remain
incompletely elucidated. Second, it must be noted that this study cannot yet establish whether the observed
alteration in osteogenesis is dependent on PGE2-driven ferroptosis. Although we observed that NOS2
knockdown and the established ferroptosis inhibitor Fer-1 produced similar phenotypic rescues, we cannot
conclusively attribute the osteogenic effect to ferroptosis mediation. This limitation arises from the potential
pleiotropic effects of Fer-1 itself, a study has shown Fer-1 can promote osteogenesis in MC3T3-E1 cells, and
our inability to provide definitive evidence through a reverse rescue experiment combining “NOS2 knockdown
+ ferroptosis inducer”. Therefore, while we can clearly state that PGE2 influences osteogenesis and ferroptosis via
NOS2, which suggests a close correlation between NOS2 expression levels and both the ferroptosis process and
osteogenic function in MC3T3-E1 cells. But whether the impact of NOS2 on osteogenesis can be attributed to the
mediation of ferroptosis requires validation through more precise mechanistic studies in the future. Additionally,
The observed discordance between GPX4 mRNA and protein levels following NOS2 overexpression in non-
inflammatory context might attribute to buffering mechanisms at the protein level and temporal delays between
transcription and translation®!, as well as potentially complex post-transcriptional regulation, which requires
further exploration. Finally, this study focused on in vitro mechanistic discovery, the mechanistic findings
primarily relied on the MC3T3-E1 cells model, which cannot fully recapitulate the complex cellular crosstalk in
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the native periodontal tissue, thereby limiting direct extrapolation to the intact OTM microenvironment. The
integrated effects of this pathway in a complex system of relevant animal models await future validation and
exploration.

In summary, our findings confirmed the essential impact of NOS2 expression changes in sterile inflammatory
and noninflammatory environments in MC3T3-E1 cells, which established NOS2 as a crucial mediator through
which PGE2 simultaneously promoted ferroptosis and suppressed osteogenesis, positioning NOS2 as a potential
target for modulating bone remodeling.

Conclusion

In this study, we elucidated the critical role of NOS2 mediating the impact of PGE2 on sterile inflammation,
ferroptosis and osteogenesis. These findings may pave the way for the theoretical basis of bone remodeling in
OTM environment and provide an innovative potential target for accelerating the orthodontic treatment process
and maintaining efficacy in future clinical applications (Fig. 9).

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