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Purpose: Although the anti-inflammatory properties of the hypoxia-mimetic drug deferoxamine (DFO) have been reported, its 
potential as a treatment for periodontitis remains unknown. This study investigated the therapeutic benefits of DFO on osteoclastogen
esis and inflammation in periodontitis progression.
Methods: RAW264.7 cells were pretreated with DFO before stimulation with lipopolysaccharides from Porphyromonas gingivalis (P. 
g-LPS). Hypoxia-inducible factor-1α (HIF-1α) and inflammatory factors were measured, followed by analysis of relevant inflamma
tory pathways. Immunofluorescence and molecular biology methods were employed to assess osteoclast differentiation in RAW264.7 
cells after nuclear factor-κB ligand (RANKL) induction. A rat model of periodontitis was es\lished using ligature wires, and alveolar 
bone loss was assessed via micro-computed tomography. Osteoclastogenesis and periodontal inflammation were assessed through 
immunohistochemistry as well as hematoxylin and eosin staining.
Results: DFO reduced the P.g-LPS-induced inflammatory factor expression (P < 0.0001) and upregulated HIF-1α (P = 0.0278) in 
RAW264.7 cells. DFO suppressed NF-κB signaling by inhibiting NF-κB p65 nuclear translocation and phosphorylation. DFO 
pretreatment inhibited osteoclast development by decreasing F-actin rings synthesis, reducing the number of mature osteoclasts 
(P < 0.0001) and downregulating osteoclast-specific markers (P < 0.05). In rat periodontitis models, DFO treatment reduced tissue 
inflammation, osteoclastogenesis, and alveolar bone loss (P  < 0.05).
Conclusion: DFO effectively prevented osteoclast development, alveolar bone loss, and inflammation associated with periodontitis.
Keywords: deferoxamine, periodontitis, inflammation, osteoclast differentiation

Introduction
Bacterial plaque, a collection of bacteria, is the primary factor in periodontitis, an inflammatory disease caused by bacterial 
infection that leads to bone loss in periodontal supporting tissues. Porphyromonas gingivalis (P.g) is one of the primary pathogens 
involved in the initiation and progression of periodontitis.1 The lipopolysaccharide derived from P.g (P.g-LPS) either directly 
damages tissue or indirectly induces inflammation by activating other mediators.2 P.g-LPS binds to Toll-like receptors on 
macrophages activating them and stimulating the nuclear factor-kappa B (NF-κB) pathway, a key mediator in periodontitis.3 This 
activation leads to the overproduction of proinflammatory cytokines, including interleukin-6 (IL-6), tumor necrosis factor-α 
(TNF-α), and interleukin-1β (IL-1β),4 which contribute to alveolar bone resorption and connective tissue damage.5

Chronic inflammation often leads to regional hypoxia because activated immune cells and inflamed tissues consume 
local oxygen supplies more rapidly.2 Under hypoxic conditions, hypoxia-inducible factors (HIFs) play a crucial role in 
maintaining cellular homeostasis. The HIF-1 transcription factor, composed of an oxygen-regulated alpha subunit and 
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a beta subunit, is especially important in this process. Under hypoxic conditions, HIF-1α is stabilised and pairs with HIF- 
1β in the nucleus to form the active HIF-1 complex, which binds to hypoxia-responsive elements to initiate the 
expression of downstream genes that respond to the hypoxic environment.6

HIF-1α directly regulates the survival and function of macrophages within inflammatory environments. Under 
hypoxic environments, HIF-1α suppresses oxidative phosphorylation, shifting ATP production to glycolysis.7 It also 
regulates glycolytic enzymes, thus facilitating the conversion of energy metabolism sources for macrophages.8 At 
normoxic oxygen levels, the HIF prolyl hydroxylase (PHD) domain protein uses oxygen and α-ketoglutarate as substrates 
to modify HIF-1α by hydroxylating two proline residues. Hydroxylated HIF-1α undergoes rapid degradation by the Von 
Hippel-Lindau protein, suppressing HIF-1α-mediated gene transcription.9

The United States Food and Drug Administration has approved deferoxamine (DFO), a hypoxia-mimetic agent, as an 
iron-chelating drug.10,11 By chelating Fe2+ at the catalytic site of PHD proteins, DFO activates of the hypoxic HIF-1α 
pathway enhancing both the immune response and glycolytic activity in macrophages.12,13 Numerous studies indicate that 
PHD inhibitors have potential anti-inflammatory effects2,14,15 including modulating T-cell differentiation, cytotoxic activity, 
and the microbicidal capacity of phagocytes through HIF activation.16 Furthermore, PHD inhibition generally downregulates 
the NF-κB pathway17 highlighting the HIF/PHD pathway as a promising target for inflammatory disease treatment.

DFO downregulate the activation of mitogen-activated protein kinases while also suppressing the electron transport chain, 
thereby preventing osteoclast differentiation.18 By stabilizing HIF-1α, DFO prevents its degradation, promoting neovasculariza
tion, and further inhibits osteoclastogenesis while synergizing with osteoinductive scaffolds to facilitate bone regeneration.19

While DFO’s anti-inflammatory properties are well established, its use in the oral cavity remains largely unexplored. 
Despite the similarities in immune responses to inflammation, the unique environment of the mouth, with its distinct 
microbiome and constant exposure to external stimuli, raises questions about DFO’s efficacy and safety in this specific 
context. Therefore, research exploring the potential benefits and challenges of DFO application in the oral cavity is crucial. 
The objective of our study was to assess DFO’s efficacy and safety in a rat model of periodontitis. The first experimental 
hypothesis was that DFO treatment failed to reduce the damaging effects of periodontitis. The second experimental hypothesis 
was that DFO had no connection with inhibitory effects on the proinflammatory signaling pathways.

Materials and Methods
Cells and Treatments
Mouse leukemia cells of monocyte macrophage (RAW264.7 cells) from Procell Life Science & Technology (Wuhan, China) 
were cultured in high-glucose dulbecco’s modified Eagle medium (HG-DMEM) (Gibco, NY, USA) to which 10% fetal bovine 
serum (FBS) (Gibco, NY, USA) had been added in a 37 °C incubator with 5% CO2. Cells were treated with DFO (Sigma- 
Aldrich, St. Louis, MO, USA) at concentrations of 0, 12.5, 20, 50, or 100 µM for 2 hours, after which P.g-LPS (1 µg/mL, 
InvivoGen, Toulouse, France) was added. Cells were incubated for another 22 hours at 37 °C before further experiments.

Cell Viability Assay
RAW264.7 cells were treated with varying concentrations of DFO (Sigma-Aldrich, St Louis, MO, USA) for 24 hours. 
Post-treatment, the medium was replaced with 100 µL of 10% CCK-8 solution (Beyotime, Shanghai, China), and cells 
were incubated at 37 °C, shielded from direct light. Absorbance at 450 nm was measured using a microplate reader (Bole 
Life Medical Products, Shanghai, China) to assess cell viability.

Real Time-Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA was isolated and purified using the MolPure TRIeasy Plus Total RNA Kit (YEASEN, Shanghai, China) following the 
manufacturer’s protocol. Reverse transcription was performed using the Hifair III 1st Strand cDNA Synthesis SuperMix for 
qPCR (gDNA digester plus) (YEASEN, Shanghai, China). RT-qPCR was carried out with the Hieff qPCR SYBR Green Master 
Mix (YEASEN, Shanghai, China) on a CFX96 RT-qPCR Detection System (Bio-Rad, CA, USA). Amplification conditions 
included an initial denaturation at 95 °C for 10 minutes, followed by 40 cycles of 95 °C for 10 seconds and 60 °C for 30 seconds. 
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Relative mRNA expression levels were calculated using the 2−ΔΔCt method. Primer sequences used for RT-qPCR are listed in 
Table 1.

Western Blotting
Cell lysis was performed using a radioimmunoprecipitation assay buffer (Beyotime, Shanghai, China) with a phosphatase 
inhibitor and 1 mm of phenylmethanesulfonyl fluoride (Beyotime, Shanghai, China). Lysates were then centrifuged at 12,000 
× g for 15 minutes at 4 °C. Loading buffer (Beyotime, Shanghai, China) was mixed with the resulting supernatant and 
incubated for 5 minutes at 100 °C before storing the protein samples at −20 °C until required. Protein concentrations were 
determined using the bicinchoninic acid method, followed by separation using SDS-polyacrylamide gel electrophoresis (Bio- 
Rad, CA, USA). Proteins were transferred to nitrocellulose membranes using the wet transfer method, and membranes were 
blocked for 15 minutes with QuickBlock Blocking Buffer (Beyotime, Shanghai, China). Membranes were then incubated 
overnight at 4 °C with primary antibodies including: rabbit anti-IL-1β (1:1000, ab254360), rabbit anti-IL-6 (1:1000, 
ab290735), rabbit anti-HIF-1α (1:1000, ab179483), rabbit anti-IKBα (1:1000, ab32518), rabbit anti-TNF-α (1:1000, 
ab205587) from Abcam (Cambridge, England). Phospho-NF-kB p65 (Ser536) peptide (1:1000, AF2006-BP) from Affinity 
Biosciences (Cincinnati, OH, USA), rabbit anti-NF-κB p65 (1:1000, #8242, Cell Signaling Technology, Danvers, MA, USA) 
and mouse anti-β-actin (1:1000, 66,009-1-Ig, Proteintech, Chicago, USA). Membranes were washed and incubated for 1 hour 
with Horseradish Peroxidase (HRP)-conjugated secondary antibodies: HRP-labeled Goat Anti-Mouse IgG (H+L) antibody 
(1:1000, A0216, Beyotime, Shanghai, China) and HRP-labeled Goat Anti-Rabbit IgG (H+L) antibody (1:1000, A0208, 
Beyotime, Shanghai, China). Finally, the protein bands were visualized using enhanced chemiluminescence (1:1000, NCM 
Biotech, Suzhou, China) and quantified with Image J software (version 1.53e, USA).

Immunofluorescence Detection of p65 Nucleation in Cells
Cell slides were fixed in 4% paraformaldehyde for 15 minutes. Slides were washed thrice with phosphate-buffered saline for 
5 minutes each to remove residual fixative. Cells were permeabilized with 0.1% Triton X-100 (Beyotime, Shanghai, China), 
followed by overnight incubation at 4 °C with the primary antibody against p65 (Cell Signaling Technology, Boston, USA). 
The following day, cells were washed and incubated for 1 hour at room temperature in the dark with Cy3-labeled secondary 
antibody IgG (Invitrogen, Carlsbad, CA, USA). Nuclei were stained with 4,6-diamino-2-phenylindole (DAPI) (Beyotime, 
Shanghai, China). Images were captured using a 200 × fluorescence microscope (Olympus, Tokyo, Japan).

Tartrate-Resistant Acid Phosphatase (TRAP) Staining
RAW264.7 cells, cultured in HG-DMEM, were treated for 2 hours with 12.5, 25, or 50 µm of DFO. The HG-DMEM was 
replaced with Minimum Essential Medium Alpha (Gibco, NY, USA) containing 50 ng/mL of RANKL (PeproTech, MA, 
USA) and 10% FBS. Osteoclast development was evaluated using a TRAP/alkaline phosphatase (ALP) staining kit 
(WAKO, Osaka, Japan).

Table 1 The Primer Sequences for RT-qPCR

Gene (murine) Forward Primer (5’-3’) Reverse Primer (5’-3’)

IL-1β TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA
IL-6 CCGGAGAGGAGACTTCACAG CAGAATTGCCATTGCACAAC

TNF-α TATGGCCCAGACCCTCACA GGAGTAGACAAGGTACAACCCATC

HIF-1α AGCTTGCTCATCAGTTGCCA CCAGAAGTTTCCTCACACGC
NFATc1 CCCGTCACATTCTGGTCCAT CAAGTAACCGTGTAGCTGCACA

TRAP CAAGAACTTGCGACCATTGTTA ATCCATAGTGAAACCGCAAGTA

CTSK CACCCAGTGGGAGCTATGGAA GCCTCCAGGTTATGGGCAGA
Beta Actin GGAGATTACTGCCCTGGCTCCTA GGAGTAGACAAGGTACAACCCATC

Abbreviations: IL 6, interleukin 6; CTSK, cathepsin K; HIF-1α, hypoxia-inducible factor 1 alpha; TRAP, gene encoding 
tartrate-resistant acid phosphatase; TNF-α, tumor necrosis factor-α; NFATc1, nuclear factor of activated T-cells 
cytoplasmic 1; IL 1β, interleukin 1 beta.
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Fibrous Actin (F-Actin) Staining
RAW264.7 cells treated with RANKL were fixed using 4% paraformaldehyde (Beyotime, Shanghai, China) and 
permeabilized with 0.1% Triton X-100 (Beyotime, Shanghai, China). After washing, the cells were stained with TRITC- 
conjugated phalloidin (1:100 dilution; Solarbio, Beijing, China) to visualize actin ring formation. Nuclei were counter
stained with DAPI (Beyotime, Shanghai, China) before imaging. F-actin rings were observed under fluorescence 
microscopy (OLYMPUS FLOUVIEW FV3000, Tokyo, Japan), and images were analyzed to quantify the number and 
size of actin rings in RANKL-induced cells.

Establishment of the Rat Periodontitis Model
Thirty-six male Sprague-Dawley rats (6-weeks old; 200–250 g) were maintained in a controlled environment, with specific 
pathogen-free conditions, regulated temperature (25 ± 2 °C), and a consistent light/dark cycle (12 hours). They had access to 
a standard rodent diet and water at all times. The rats were randomly assigned to three groups (n = 12 per group): (i) 
periodontitis group (PG), (ii) DFO treatment group (DG), (iii) blank control (BC). Rats were anesthetized with an intraper
itoneal injection of 4 mL/kg pentobarbital sodium (1%) (Beyotime, Shanghai, China). A 0.2 mm-diameter orthodontic wire 
was then placed between the left maxillary first and second molars of each experimental rat. In the PG and DG groups, the 
wires were secured around the first molar. No ligature wires were used in the BC group. The PG group received was injected 
with saline at the affected site every other day, while the DG group received 100 μL of DFO solution (200 μM in saline). The 
reagent was injected into the gingival papilla, specifically at the buccal and palatal alveolar ridge crest between the first 
and second molars on the right side of the maxillary jaw. After three weeks, all rats were euthanized for analysis.

Micro-Computed Tomography (Micro-CT) Evaluation
Maxillae from each rat were collected and preserved in 4% paraformaldehyde. Alveolar bone loss was assessed using 
micro-CT imaging (SkyScan1172, 400 ms, 100 μA, 83 kV) (Bruker, German). Scanned data were reconstructed with 
NRecon software (version 1.6.10.1, Bruker, German) and analyzed using CTan and CTvox software (Bruker, German). 
The extent of alveolar bone loss was measured by calculating the distance between the cementoenamel junction (CEJ) 
and the alveolar bone crest (ABC) at six locations on the first molar: proximal, middle, and distal on both the buccal and 
palatal surfaces. Additionally, the bone mineral density (BMD) and bone volume/tissue volume (BV/TV) ratios were 
calculated to assess alveolar bone mass between the first and second molars.

Histological Analysis
Samples were dehydrated, embedded, and sectioned for histological evaluation. Hematoxylin and eosin (H&E) staining 
was performed to detect tissue inflammation, and immunohistochemistry (IHC) was used to assess levels of cathepsin 
K (CTSK), TRAP, IL-6, TNF-α, and IL-1β in periodontitis-affected regions. Key organs (kidneys, spleen, lungs, heart, 
and liver) were also dissected, fixed in formalin, sectioned, and stained with H&E for toxicity assessment of DFO 
in vivo. All the experimental procedures were performed by the same operator in order to reduce random errors.

Statistical Analyses
Data processing was undertaken with GraphPad Prism 8 software (La Jolla, CA, USA). All data are presented as mean ± 
standard deviation (SD). For independent samples, a two-tailed Student’s t-test was used for two-group comparisons, 
while multiple groups were compared with one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test for 
pairwise comparisons. Statistical significance was defined as P value of < 0.05.

Results
Effects of DFO on RAW264.7 Cell Viability
Cell viability decreased by 13.76% at 100 μM and showed a more significant reduction at 200 μM (P  = 0.0166), 
suggesting increased cytotoxicity at higher DFO concentrations (Figure 1A). Based on these results, doses of 12.5, 25, 
and 50 μM were selected for further 24-hour experiments.
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DFO Reduced Inflammation and Increases HIF-1α Expression in RAW264.7 Cells
The anti-inflammatory effects of DFO in RAW264.7 cells were examined using RT-qPCR and Western blotting. 
Following P.g-LPS stimulation, TNF-α (Figure 1B, P < 0.0001), IL-1β (Figure 1C, P < 0.0001),and IL-6 (Figure 1D, 
P < 0.0001) levels were significantly elevated. DFO treatment significantly reduced these inflammatory markers, with the 
50 μM dose showing the strongest inhibition (P < 0.0001). Moreover, DFO increased HIF-1α expression under normoxic 
conditions, with the 50 μM dose yielding significantly higher HIF-1α levels compared to the P.g-LPS group (Figure 1E, 
P = 0.0278).

Similarly, Western blot analysis of RAW264.7 cells (Figure 1F) revealed increased levels of IL-1β (Figure 1G, P = 0.0001), 
IL-6 (Figure 1H, P = 0.0039), and TNF-α (Figure 1I, P < 0.0001) proteins in the P.g-LPS group compared to the control group. 
The 50 μM DFO treatment significantly attenuated these elevations (IL-1β: Figure 1G, P = 0.0002) (IL-6: Figure 1H, P = 0.0036) 
(TNF-α: Figure 1I, P < 0.0001) and improved HIF-1α protein level (Figure 1J, P = 0.0022). The consistency between Western 

Figure 1 DFO reduces inflammation and upregulates HIF-1α expression in RAW264.7 cells. (A) RAW264.7 cells were treated with varying DFO concentrations for 
24 hours, and cell viability was assessed using the CCK-8 assay. (B-E) mRNA levels of TNF-α, IL-1β, IL-6, and HIF-1α after 24-hour treatment with P.g-LPS and DFO in 
RAW264.7 cells. (F) Protein expression levels of TNF-α, IL-1β, IL-6, and HIF-1α after 24-hour P.g-LPS and DFO treatment. Band intensities for (G) IL-1β, (H) IL-6, (I) TNF-α, 
and (J) HIF-1α were quantified and expressed as fold change relative to the control * P  < 0.05, ** P  < 0.01, *** P  < 0.001, and **** P <0.0001.
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blot and RT-qPCR data demonstrated that DFO not only mitigated the P.g-LPS-induced inflammatory but also upregulated HIF- 
1α expression.

DFO Inhibits NF-κB Activation in P.g-LPS-Induced RAW264.7 Cells
Western blotting was used to quantify total IκBα, phosphorylated IκBα (p-IκBα), total p65 and phosphorylated p65 
(p-p65) (Figure 2A), key markers within the NF-κB signaling cascade. Overall, the P.g-LPS group had lower IκBα 
protein level (Figure 2B, P = 0.0014), higher p-p65 (Figure 2C, P < 0.0001) and p-IκBα levels (Figure 2D, P < 0.0001) in 
comparison with the control, whereas DFO treatment dose-dependently increased IκBα level (Figure 2B, P < 0.01), 
lowered the p-p65 (Figure 2C, P < 0.0001) and p-IκBα levels (Figure 2D, P < 0.0001) in P.g-LPS-stimulated RAW264.7 
cells. However, total p65 levels remained unchanged (Figure 2E). These findings indicate that DFO effectively inhibits P. 
g-LPS-mediated activation of NF-κB signaling, resulting in reduced inflammatory responses in macrophages.

DFO Reduces p65 Nuclear Translocation to Suppress NF-κB Activation
The nuclear translocation of p65, a key component of NF-κB signaling, indicates its activation. Immunofluorescence 
staining was used to visualize p65 nuclear translocation, an important step in NF-κB pathway activation. Treatment with 
50 μM DFO significantly decreased the nuclear fluorescence intensity of p65 (Figure 3), suggesting that DFO inhibits 
p65 nuclear translocation, thereby blocking NF-κB activation and reducing downstream inflammatory responses.

DFO Inhibits Osteoclast Development in RANKL-Stimulated RAW264.7 Cells
In the TRAP staining assay, TRAP enzyme activity resulted in red or brown deposits, indicating osteoclasts (Figure 4A). 
The 50 μM DFO significantly inhibited RANKL-induced osteoclast differentiation, as indicated by fewer TRAP-positive 

Figure 2 DFO suppresses NF-κB activation in P.g-LPS-induced inflammation in RAW264.7 cells. (A) Protein expression levels of p-p65, p65, p-IκBα, and IκBα after 24-hour 
treatment with P.g-LPS and DFO. Band intensities for (B) IκBα, (C) p-p65, (D) p-IκBα, and (E) p65 were quantified and expressed as fold change relative to the control. **P  
< 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant.
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cells (nuclei/cell ≥ 3) and the smaller osteoclasts (Figure 4B, P < 0.0001). Furthermore, RT-qPCR analysis of RANKL- 
stimulated cells showed significant downregulation in TRAP (P = 0.0014), cathepsin K (CTSK) (P = 0.0129) and nuclear 
factor of activated T-cells cytoplasmic 1 (NFATc1) (P = 0.0020) expression following pretreatment with 50 µM DFO 
(Figure 4C), confirming its role in inhibiting osteoclast differentiation. Immunofluorescence staining of F-actin revealed 
a reduction in F-actin ring formation, which reflects osteoclast morphology, size, and structure. This decrease in F-actin 
rings corroborated the TRAP staining results, indicating fewer and smaller osteoclasts (Figure 4D). These findings 
suggest that DFO effectively modulates osteoclast number and morphology.

DFO Treatment Reduces Periodontal Inflammation and Alveolar Bone Loss
After euthanizing the rats, histological analysis of the maxillae and major organs was conducted. No histological 
abnormalities were observed in any group upon H&E staining of major organs, including the kidneys, lungs, spleen, 
heart, and liver (supplementary materials), highlighting the biosafety of localized DFO injections.

Micro-CT analysis showed that rats in the PG experienced significant alveolar bone resorption, which was attenuated 
in the DG (Figure 5A). The DG group displayed higher BV/TV (Figure 5B, P = 0.005) and BMD (Figure 5C, P = 0.034) 
compared to the PG group. Moreover, the CEJ to ABC distance was greater in the PG group than in the BC (Figure 5D, 
P < 0.0001) and DG groups (Figure 5D, P = 0.016).

Histological examination of the periodontal tissues from the PG revealed significant inflammatory cell infiltration, 
which was notably reduced following DFO treatment (Figure 5E). IHC staining (Figures 6 and 7) showed elevated that 
TNF-α (Figure 6B, P = 0.002), IL-1β (Figure 6D, P = 0.029) and IL-6 (Figure 6F, P = 0.003) were significantly reduced 
by DFO (Figure 6A-F). TRAP (Figure 7B, P = 0.002) and CTSK (Figure 7D, P = 0.01) staining further demonstrated that 
local DFO administration reduced osteoclastogenesis in the maxillary regions (Figure 7A-D).

Figure 3 P65 nuclear translocation assessed by immunofluorescence staining; scale bar = 200 μm.
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Discussion
The study’s primary focus is on investigating the efficacy of DFO as a treatment for periodontitis. The results in the rat 
periodontitis model demonstrate that DFO treatment significantly reduced inflammation, osteoclastogenesis and bone 
loss. Therefore, the first experimental hypothesis was rejected. The secondary outcome is DFO prevents the activation 

Figure 4 DFO inhibits RANKL-induced osteoclast differentiation in vitro. RAW264.7 cells were pretreated with DFO for 2 hours, followed by incubation with 50 ng/mL 
RANKL for 5 days. (A) TRAP staining of osteoclasts; (D) immunofluorescent staining for F-actin. Scale bar = 200 μm. TRAP-positive osteoclasts (A) were quantified, and 
mature osteoclast size was determined by nuclei count per osteoclast (B). (C) mRNA expression levels of TRAP, NFATc1, and CTSK were analyzed by RT-qPCR. n = 3 per 
group. Data are mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and nuclear translocation of NF-κB, a key transcription factor involved in inflammation. As a result, the second 
experimental hypothesis was not accepted.

A well-established in vivo method was used to induce periodontitis in rat models. These models consistently 
displayed lower BMD and BV/TV ratios, indicating alveolar bone loss following P.g-LPS infection.20 Furthermore, 
the rat models had increased IL-6, TNF-α, and IL-1β concentrations, indicating inflamed periodontal tissues. 
Experimental results showed that administering a local injection of DFO effectively mitigated pathological development 
in rat models, demonstrating DFO’s therapeutic potential. Previous studies align with the anti-inflammatory effects 
observed with DFO.21 In a tooth replantation model, DFO was reported to reduce reactive oxygen species generation as 

Figure 5 DFO reduces alveolar bone loss and periodontal inflammation in a rat periodontitis model. (A) The maxillary first molar was selected for modeling, wrapped with 
0.2-mm orthodontic ligature wire (red arrow). (B) Representative micro-CT images of the maxillae; the red arrow indicates the distance between the cementoenamel 
junction and alveolar bone crest. (C-E) Analysis of bone volume/tissue volume (BV/TV), bone mineral density (BMD), and distance from the enamel–cement junction to the 
alveolar bone crest (CEJ-ABC). (F) H&E-stained periodontal tissue sections; scale bar = 100 μm. The blue arrow indicates the tooth; * represents the periodontal ligament 
area. n = 3 per group. Data presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6 DFO reduces periodontal inflammation in rat periodontitis. (A), (C), and (E) Immunohistochemical staining for IL-6, IL-1β, and TNF-α in periodontal tissues of 
Control, Periodontitis, and Periodontitis+DFO groups. The blue arrow indicates the tooth; * represents the periodontal ligament area; scale bar = 50 μm. (B), (D), and (F) 
Quantification of immunohistochemical staining for TNF-α, IL-1β, and IL-6 in periodontal tissue. Data presented as mean ± SD; n = 3 per group; *P < 0.05.
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well as IL-1β and IL-6 expression.22 Furthermore, culturing macrophages on hydrogels containing DFO reduced IL-6 
and TNF-α production, thereby significantly altering the inflammatory response in these cells.23,24

During periodontitis progression, pro-inflammatory factors and LPS may activate the classical NF-κB axis in 
macrophages, triggering inflammation.25 The p65 subunit of NF-κB, an essential component of the NF-κB transcription 
factor complex, facilitates the transcription of genes mediating inflammatory responses.26 The inhibitor protein κB (IκB) 
interacts with NF-κB in the cytoplasm upon stimuli like LPS binding of LPS to cell surface receptors, IκB undergoes 
phosphorylation and subsequent degradation.27 This process activates IκB Kinase, which further phosphorylates and 
degrades IκBα, releasing and activating NF-κB. Once activated, NF-κB promotes the secretion of inflammatory 
mediators from macrophages, intensifying the inflammatory response.28 Phosphorylation of the p65 subunit is essential 
within this pathway. As part of the NF-κB family, p65 binds to IκB proteins, preventing their nuclear entry in inactive 
form. In response to bacterial infection or inflammatory signals, IκB undergoes phosphorylation and degradation, 
facilitating NF-κB activation. This process releases NF-κB p65, facilitating its nuclear translocation, where it activates 
the transcription of key inflammation-related genes.29 Our results demonstrate the regulatory effects of DFO on the NF- 
κB signaling pathway. Following Pg-LPS-induced inflammation, DFO exerted anti-inflammatory effects by reducing 

Figure 7 DFO inhibits osteoclast differentiation in the alveolar bone of rat periodontitis model. (A) and (C) Immunohistochemical staining for TRAP and CTSK in 
periodontal tissues of Control, Periodontitis, and Periodontitis+DFO groups. The blue arrow indicates the tooth; * represents the periodontal ligament area; scale bar = 
50 μm. (B) and (D) Quantification of TRAP and CTSK staining in periodontal tissue. Data presented as mean ± SD; n = 3 per group. *P< 0.05, **P< 0.01.
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phosphorylation of both p65 and IκBα in RAW264.7 cells. Furthermore, DFO reduced p65’s nuclear translocation, 
thereby preventing activation of the NF-κB axis.

Alveolar bone resorption is a primary manifestation of periodontitis, closely linked to inflammation driven by host 
factors.30 In this condition, overactive osteoclasts lead to significant alveolar bone loss.31 TRAP is a crucial indicator of 
active osteoclast differentiation.32 The RANK/RANKL signaling pathway initiates osteoclasts, heavily regulated by 
NFATc1 expression, which promotes TRAP and CTSK production to release acid and degrade bone matrix, leading to 
bone loss.33 RT-qPCR was performed to quantify CTSK, TRAP, and NFATc1 expression in RANKL-induced cells. DFO 
pretreatment significantly downregulated the expression of those osteoclast-related genes. Moreover, osteoclast activity 
depends on F-actin rings, which are important for cell morphology and function. The binding of osteoclasts to bone 
surfaces is facilitated by the F-actin ring structure.4 TRAP and F-actin staining revealed that DFO treatment reduces 
osteoclast numbers and alters cell morphology by affecting F-actin ring formation, suggesting that DFO modulates 
cytoskeletal reorganization, which impacts osteoclast differentiation and function.

In vivo, local DFO injections into periodontal sites significantly reduced inflammation, osteoclast differentiation, and 
alveolar bone loss. The role of PHD inhibitors in regulating the HIF pathway has highlighted their potential as targets for 
pharmacologic intervention in inflammatory diseases.34 In a mouse colitis model, stabilizing HIF-1α through hydroxylase 
inhibition and hypoxia mimicry significantly reduced inflammatory markers and disease severity.35 Furthermore, PHD 
inhibitors partially downregulated the levels of inflammatory cytokines in human gingival fibroblasts that had been 
infected with Fusobacterium nucleatum.36 In mouse periodontitis models, PHD inhibitor treatment reduced pro- 
inflammatory cytokines, altered anti-inflammatory IL-10 and IL-4 levels, and increased HIF-1α-positive cells in period
ontal tissue.2 HIF is regulated by immunological stimuli and metabolic indicators, serving as a key mediator of both.3 

The metabolic reprogramming of macrophages is dependent on HIF-1α which inhibits oxidative phosphorylation and 
regulates the synthesis of transcriptional enzymes involved in glycolysis.8,13 Given its critical role, further investigation 
into inflammatory cytokines as potential HIF pathway modulators could support new therapeutic approaches for 
inflammatory diseases.37 Overall, these findings highlight the potential of targeting the HIF signaling pathway as 
a treatment intervention for inflammatory diseases.

DFO has been investigated for other conditions, however its potential for periodontal treatment has been largely 
unexplored until now. This study showed DFO’s regulatory effects on osteoclastogenesis and inflammation during 
periodontitis progression from vivo and vitro experiments. Our findings open up promising avenues for research and 
clinical application of DFO in the fight against periodontitis. While the study demonstrates DFO’s efficacy in reducing 
bone loss, it did not fully elucidate the precise mechanisms by which DFO inhibits osteoclast differentiation. A deeper 
understanding of how DFO interacts with specific inflammatory pathways and influences bone remodeling processes 
could lead to more targeted and effective treatment strategies. Further investigation into the specific signaling pathways 
targeted by DFO is crucial to understand its full therapeutic potential and optimize its application in future.

Conclusion
This study provides novel evidence about the role of DFO in the treatment of periodontitis. Unlike existing therapies, 
DFO has the potential to not only control inflammation but also protect bones, offering a more targeted and complete 
approach to treating periodontitis. These preclinical findings deserve further investigation in clinical trials to assess the 
efficacy and safety of DFO in treating human patients.
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