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A B S T R A C T   

Periodontitis is a prevalent inflammatory immune disease that involves tissue inflammation and excessive bone 
loss. In murine periodontitis models and periodontitis patients, upregulated interleukin-17A (IL-17A) expression 
was observed, and its level seemed to correlate with the disease severity. In this study, we intended to investigate 
the specific role of ferritin, a critical iron storage protein, in IL-17A enhanced osteogenic differentiation as well as 
the underlying mechanism. Under osteogenic induction, IL-17A stimulation promoted differentiation and 
mineralization of murine calvarial osteoblasts. In addition, increased iron accumulation and ferritin expression 
were detected in osteoblasts treated with IL-17A, indicating an alteration in iron metabolism during osteogenesis. 
Administration of iron chelator deferoxamine (DFO) and transfection with small interfering RNA (siRNA) tar-
geting ferritin heavy chain (FTH) further revealed that ferritin suppression consequently inhibited osteoblast 
differentiation. Autophagy activation was also found upon IL-17A stimulation, which played a positive role in 
osteogenic differentiation and was subsequently suppressed by DFO or siRNA targeting FTH. In conclusion, IL- 
17A induced ferritin expression in osteoblasts, which further enhanced osteogenic differentiation via auto-
phagy activation. These findings may provide further insight into the role of IL-17A in osteoblast differentiation 
and demonstrate ferritin as a potential target in modulating alveolar bone homeostasis.   

1. Introduction 

Periodontitis is a chronic inflammatory disease caused by dysbiosis 
of the oral microbial community and the subsequently exaggerated host 
immune response [1]. Under persistent bacterial challenge, immune 
cells produce various pro-inflammatory mediators, leading to the 
imbalance between osteoblast-mediated bone regeneration and 
osteoclast-mediated bone resorption, and ultimately cause alveolar bone 
destruction [2]. Myeloid cell-derived cytokines such as interleukin (IL)- 
1β, IL-6 and tumor necrosis factor (TNF)-α are considered as classical 
pro-inflammatory mediators, which show significant pro-osteoclastic 
effects [3,4]. In addition, T cells and the cytokines they secrete have 
also been implicated in inflammatory diseases [5]. IL-17A, a crucial 
cytokine secreted by T helper 17 (Th17) cells, has been described as an 
orchestrator in host immune response, and is potentially involved in the 
progress of periodontitis [6]. 

Many studies have focused on the interaction of IL-17A and 

osteoclasts, demonstrating enhanced osteoclast differentiation upon IL- 
17A stimulation [7,8] and reduced osteoclast formation with IL-17A 
receptor deletion in osteoclast precursors [9]. Meanwhile, the relation-
ship between IL-17A and osteoblasts is also worth investigating. Oste-
oblasts are the only bone-forming cells in the skeletal system and possess 
bone remodeling capabilities by secreting receptor activator of nuclear 
factor-kappa B (NF-κB) ligand (RANKL) and its decoy receptor osteo-
protegerin (OPG) [10,11]. RANKL is an essential factor that activates the 
signaling cascades of osteoclast differentiation by binding to its cognate 
receptor RANK on the surface of osteoclast precursor cells, contributing 
to osteoclastic bone erosion in periodontitis [12,13]. When stimulated 
with IL-17A, osteoblasts showed a significant increase in RANKL 
expression [14]. In the co-culture system of calvarial osteoblasts and 
osteoclast precursor cells (RAW264.7), IL-17A remarkably increased the 
number of tartrate-resistant acid phosphatase (TRAP) positive multi-
nucleated cells, indicating that IL-17A may facilitate osteoblast- 
dependent osteoclastogenesis [7]. In addition, IL-17A showed strong 
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pro-osteogenic effects on both murine osteoblasts and human mesen-
chymal stem cells in vitro and promoted bone formation in a murine 
calvarial defect model in vivo [15,16]. Given the multifaceted effects of 
IL-17A on osteoblasts, more information is needed on its regulation and 
the underlying mechanism. 

During the rapid breakdown of periodontal tissue, a significant in-
crease in iron level from the crevicular fluid of active sites has been 
reported [17]. As an indispensable element for almost all living organ-
isms, iron is essential for the differentiation of osteoblasts [18]. How-
ever, researchers also observed that iron overload impaired osteogenesis 
in vitro and caused bone loss in vivo [19–22], which may be attributed 
to the generation of harmful reactive oxygen species (ROS) via Fenton 
reaction by iron [23]. The intracellular iron level is mainly modulated 
by ferritin, a major iron storage protein that comprises 24 subunits of 
two types (ferritin heavy chain, FTH and ferritin light chain, FTL) 
[24,25]. Notably, mRNA expressions of FTH and FTL were widely 
detected in cells of osteoblastic lineage (e.g. ROS 17/2.8, ROS 25/1, 
UMR-106 of rat osteosarcoma cell lines and rat calvarial osteoblast-like 
cells) [26]. Hou et al. [27] further demonstrated a significant increase in 
ferritin expression in periodontal ligament cells during osteogenic 
cytodifferentiation. However, the underlying mechanism of its modu-
lation in osteoblasts remains unknown. 

Autophagy is a conserved lysosome-mediated process that involves 
the degradation of damaged organelles or potentially dangerous cyto-
solic component. It can be regulated by signaling mediators and 
participated in cell renovation and differentiation [28]. Recent studies 
have reported the induction of essential autophagy marker microtubule 
associated protein 1 light chain 3 (LC3) during osteoblast differentiation 
[29,30]. Studies also identified autophagy-related 7 (Atg7) and Beclin1 
as critical molecules that involved in the mineralization of UMR-106 and 
MC3T3-E1 cell lines [29,30], while osteoblast-specific conditional 
knockout of Atg5 or Atg7 in mice led to reduced bone volume in vivo 
[30,31]. These studies suggest a positive role of autophagy during 
osteogenesis. Furthermore, Dowdle et al. [32] observed a co-localization 
of FTH and LC3 in DLD1 cells (colorectal adenocarcinoma cell line), 
which strongly inspired us that ferritin may have a crosstalk with the 
autophagy pathway. 

In this study, changes in IL-17A expression were investigated in 
inflamed tissues from periodontitis patients and murine periodontitis 
models with different severity. In cellular experiments, alterations of 
ferritin and autophagy activity in osteoblasts were analyzed, and their 
potential crosstalk during IL-17A enhanced osteoblast differentiation 
was further elucidated. 

2. Materials and methods 

2.1. Study population and collection of samples 

The study population was divided into control and periodontitis 
groups. The control group included subjects with healthy periodontium 
(no attachment loss and absence of bleeding on probing) and the peri-
odontitis group included patients with untreated periodontitis (accord-
ing to the new classification of periodontal disease by the American 
Academy of Periodontology [33]). Subjects with the following situations 
were excluded: (1) presence of systemic diseases (cardiovascular, res-
piratory, renal, endocrine, etc.); (2) receiving any treatment that may 
affect the status of periodontium; (3) history of smoking; (4) pregnant or 
lactating females. Gingival and alveolar bone samples from healthy in-
dividuals (n = 3) were obtained as excisions around the alveolar crest 
during wisdom/orthodontic tooth extraction or crown lengthening. 
Samples of periodontitis patients (n = 3) were taken from sites with 
predominant bone resorption during extraction of hopeless tooth with 
severe bone loss and mobility. The study was carried out following the 
ethical guidelines of the Declaration of Helsinki. Protocols for collecting 
human samples were reviewed and approved by the Medical Committee 
of the Second Affiliated Hospital of Zhejiang University (Approval No. 

2021–1078). All participants were informed of the purpose of experi-
ments and provided informed consent. Information of the participants 
was shown in Table S1. 

2.2. Establishment of murine experimental periodontitis model 

Twenty-four male C57BL/6 mice (China Experimental Animal Cen-
ter, Hangzhou, China) at the age of 6–8 weeks were randomly divided 
into four groups with six mice each. One group was left untreated 
(control group), three groups (periodontitis group) had their bilateral 
maxillary second molar ligated with a 5–0 silk ligature for different 
durations (3, 7 and 14 days) to establish a series of experimental peri-
odontitis models. Ligations were checked daily to ensure that they 
remained in place throughout the experimental period. After sacrifice, 
murine maxillae were carefully harvested and fixed in 4% para-
formaldehyde for 24 h at room temperature before microcomputed to-
mography (micro-CT) scanning. The murine gingival tissue was isolated 
from the maxillary second molar and put in RNA Stabilization Reagent 
(Beyotime, China) at 4 ◦C overnight and then stored at − 80 ◦C before 
RNA extraction. The study protocol was approved by the Animal Ethics 
Committee of the Second Affiliated Hospital of Zhejiang University 
(Approval No. 2021–130). 

2.3. Cell culture and treatments 

Osteoblasts were isolated from calvarial bones of one-day-old 
C57BL/6 mice (China Experimental Animal Center, Hangzhou, China) 
under approval of the Animal Ethics Committee of the Second Affiliated 
Hospital of Zhejiang University (Approval No. 2021–130). After eutha-
nasia of the mice, the calvarial bone was obtained, washed with sterile 
PBS (Servicebio, China) and cut into small sections. Calvarial bone 
blocks were cultured in 10 cm dishes with control medium to collect 
osteoblasts. Cells from passage 3–5 were used for further experiments. 
The control medium consisted of Dulbecco’s modified Eagle’s medium 
(DEME; Gibco, USA), 10% fetal bovine serum (FBS; Gibco, USA), and 1% 
penicillin–streptomycin (TBD, China). Osteogenic induction medium 
consisted of control medium supplemented with L-ascorbic acid (50 μg/ 
mL; Sigma, USA), β-glycerophosphate (10 mM; Sigma, USA), and 
dexamethasone (10 nM; Sigma, USA). Cells were cultured in a humidi-
fied atmosphere at 37 ◦C, with 5% CO2 and normal oxygen condition. 

To investigate the effects of IL-17A on cell proliferation, osteoblasts 
were treated with either a control medium or an osteogenic induction 
medium containing IL-17A with different concentrations (0, 1, 10, 100 
and 500 ng/mL; PeproTech, USA). Influences of IL-17A on osteoblast 
differentiation and mineralization were evaluated with osteogenic in-
duction medium containing IL-17A with different concentrations (0, 10, 
100 ng/mL). IL-17A with optimal osteogenic enhancing effects were 
selected for subsequent studies. Deferoxamine (DFO) was used as an 
inhibitor to suppress ferritin expression. Autophagy inhibitor bafilo-
mycin (BafA1) and inducer rapamycin (RAPA) were applied to modulate 
autophagy activity in osteoblasts. 

Osteoblasts treated with control medium were considered as control 
group (C). Osteoblasts treated with osteogenic induction medium were 
considered as induction group (Ind). Osteoblasts treated with osteogenic 
induction medium and IL-17A were considered as IL-17A group (IL- 
17A). Osteoblasts treated with additional 2 µM DFO, 20 nM BafA1 or 
200 nM RAPA to the condition of IL-17A group were considered as DFO 
group (DFO), BafA1 group (BafA1) or RAPA group (RAPA). 

2.4. Microcomputed tomography scanning 

The murine maxillae were scanned with the U-CT system (Extra- 
Ultra-High Resolution U-CTXUHR; Milabs, Netherlands) and recon-
structed into 3D images. Measurement of bone loss was determined by 
the distance between cementoenamel junction (CEJ) to the alveolar 
bone crest (ABC) at six sites of the second molar, corresponding to the 
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mesio-palatal or buccal cusp, palatal or buccal groove, and disto-palatal 
or buccal cusp [34]. 

2.5. Histology and immunohistochemistry staining 

Human gingival tissue and alveolar bone samples from healthy in-
dividuals and periodontitis patients were fixed in 4% paraformaldehyde 
for 24 h at room temperature. The alveolar bone samples were further 
decalcified in 0.5 M EDTA (pH 8.0; Servicebio, China) at 37 ◦C for 1 
month (the EDTA solution was changed every three days). Both the 
gingival and bone samples were embedded in paraffin and cut into 
sections of 3 µm thickness. After deparaffinization, rehydration, and 
antigen retrieval, sections were incubated with anti-IL-17A (ER1902-37, 
HUABIO, China) overnight at 4 ◦C. Then, the slides were washed with 
phosphate-buffered saline (PBS; Servicebio, China) and incubated with 
secondary antibodies (PV-6001 PV-6002; ZSGB-BIO, China) at room 
temperature for 30 min. DAB solution (ZSGB-BIO, China) was used to 
detect antibody binding. 

After micro-CT scanning, the murine maxillae were decalcified in 
0.5 M EDTA (pH 8.0; Servicebio, China) at room temperature for 1 week 
(the EDTA solution was changed every three days) and then embedded 
in paraffin. Serial paraffin sections of 3 µm thickness were cut at the 
mesial-distal direction. Murine sample sections in the middle of the 
second molar crowns were stained with hematoxylin-eosin (HE) or 
treated with immunohistochemistry staining (IHC) of IL-17A as previ-
ously described in human sample preparation. 

Image J was used for quantitative evaluation of IHC. Representative 
fields were randomly chosen, which were nonadjacent, nonoverlapping. 
The percentage of area with IL-17A positive staining was measured. 

2.6. RNA extraction and quantitative real-time reverse transcription 
polymerase chain reaction (qRT-PCR) 

The murine gingival tissue was prepared with FastPrep-24™ Classic 
bead beating grinder and lysis system (MP Biomedicals, USA), and total 
RNA from murine gingival tissue was extracted using tissue RNA Quick 
Purification kit (Yeasen, China). 

Osteoblasts were seeded in 6-well plates at the same cell density and 
incubated for 2 days. Total RNA from cultured osteoblasts was obtained 
using RNA Quick Purification kit (ES science, China) according to the 
manufacturer’s protocol. 

CDNA was synthesized using cDNA Reverse Transcription Kit (Yea-
son, China). The qRT-PCR was performed using an ABI 7500 fast real- 
time PCR system (Applied Biosystem, USA). Relative gene expression 
was calculated using the 2− ΔΔCt method and normalized according to 
the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
The primer sequences were as follows: 

IL-1β: Forward, 5ʹ-CACTACAGGCTCCGAGATGAACAAC-3ʹ, Reverse, 
5ʹ-TGTCGTTGCTTGGTTCTCCTTGTAC-3ʹ; 

IL-6: Forward, 5ʹ-CTCCCAACAGACCTGTCTATAC-3ʹ, Reverse, 5ʹ- 
CCATTGCACAACTCTTTTCTCA-3ʹ; 

TNF-α: Forward, 5ʹ-ATGTCTCAGCCTCTTCTCATTC-3ʹ, Reverse, 5ʹ- 
GCTTGTCACTCGAATTTTGAGA-3ʹ; 

IL-17A: Forward, 5ʹ-GGCCCTCAGACTACCTCAAC-3ʹ, Reverse, 5ʹ- 
TCTCGACCCTGAAAGTGAAGG-3ʹ; 

Runx2: Forward, 5ʹ-TTCTCCAACCCACGAATGCAC-3ʹ, Reverse, 5ʹ- 
CAGGTACGTGTGGTAGTGAGT-3ʹ; 

ALP: Forward, 5ʹ-TGACCTTCTCTCCTCCATCC-3ʹ, Reverse, 5ʹ- 
CTTCCTGGGAGTCTCATCCT-3ʹ; 

OPG: Forward, 5ʹ-CCTTGCCCTGACCACTCTTAT-3ʹ, Reverse, 5ʹ- 
CACACACTCGGTTGTGGGT-3ʹ; 

RANKL: Forward, 5ʹ-CGCTCTGTTCCTGTACTTTCG-3ʹ, Reverse, 5ʹ- 
GAGTCCTGCAAATCTGCGTT-3ʹ; 

Tfr1: Forward, 5ʹ-TCACACTCTCTCAGCTTTAGTG-3ʹ, Reverse, 5ʹ- 
TGGTTTCTGAAGAGGGTTTCAT-3ʹ; 

FTH: Forward, 5ʹ-TAAAGAAACCAGACCGTGATGA-3ʹ, Reverse, 5ʹ- 

ATTCACACTCTTTTCCAAGTGC-3ʹ; 
Atg7: Forward, 5ʹ-CCAGTCCGTTGAAGTCCTCT-3ʹ, Reverse, 5ʹ- 

AGATGACTCAGCCAGCCTTT-3ʹ; 
Atg5: Forward, 5ʹ-TGTGCTTCGAGATGTGTGGTT-3ʹ, Reverse, 5ʹ- 

GTCAAATAGCTGACTCTTGGCAA-3ʹ; 
LC3: Forward, 5ʹ-CCACCAAGATCCCAGTGATTAT-3ʹ, Reverse, 5ʹ- 

TGATTATCTTGATGAGCTCGCT-3ʹ; 
GAPDH: Forward, 5ʹ-GACTTCAACAGCAACTCCCAC-3ʹ, Reverse, 5ʹ- 

TCCACCACCCTGTTGCTGTA-3ʹ. 

2.7. Cell viability assay 

Osteoblasts were seeded in 96-well plates at the same cell density 
and incubated for 1 and 3 days. Cell counting kit-8 (CCK-8; Boster, 
China) was used to assess proliferation of murine calvarial osteoblasts. 
After cell culture to the predetermined time, 10 µL of CCK-8 solution was 
added into the culture medium and incubated in darkness under stan-
dard conditions (37 ◦C, 95% air: 5% CO2 v/v) for 60 min. The optical 
density at 450 nm was measured with a spectrophotometer (Bio-Rad, 
USA). At least six replicated wells were prepared for each group. 

2.8. Alkaline phosphatase (ALP) staining and alkaline phosphatase 
(ALPase) activity 

Osteoblasts were seeded in 24-well plates at the same cell density 
and incubated for 5 days. Cultured cells were then fixed with 70% 
ethanol for 30 min, rinsed with double distilled H2O (ddH2O), and then 
treated with a BCIP/NBT solution (Beyotime, China) for 2 h. The 
staining images were recorded under visual observation and with a light 
microscope (Leica, Germany). 

Osteoblasts were seeded in 6-well plates at the same cell density and 
incubated for 5 days. Cells were then collected and lysed with M− PER™ 
mammalian protein extraction reagent (Thermo Fisher Scientific, USA) 
and quantified with a bicinchoninic acid (BCA) protein assay kit 
(Thermo Fisher Scientific, USA). The optical density (OD) was detected 
at 405 nm with a spectrophotometer (Bio-Rad, USA). ALPase activity 
was calculated according to the manufacturer’s instructions (Alkaline 
Phosphatase Assay Kit; Beyotime, China). 

2.9. Alizarin red staining and quantitative evaluation of the calcium 
nodules 

Osteoblasts were seeded in 24-well plates at the same cell density. 
After incubation for 14 days, osteoblasts were fixed with 70% ethanol 
for 30 min, rinsed with ddH2O, and then stained with Alizarin Red 
Staining Kit for Osteogenesis (Beyotime, China) at 37 ◦C for 30 min. 
After visual observation and photographed with a light microscope 
(Leica, Germany), the calcium nodules were quantified by dissolving the 
alizarin red with 100 mM cetylpyridinium chloride solution. The OD 
was detected at 562 nm. 

2.10. Western blot analysis 

Osteoblasts were cultured for 3 days and then collected. The total 
protein was extracted with M− PER™ mammalian protein extraction 
reagent (Thermo Fisher Scientific, USA) supplemented with protease 
inhibitor cocktails (Fdbio Science, China). Protein concentrations were 
measured and quantified with a BCA protein assay kit (Thermo Fisher 
Scientific, USA). 30 µg proteins were separated by 10% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and transferred 
onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad, USA). The 
membranes were blocked in Tris Buffered Saline with Tween-20 (TBST) 
containing 5% skim milk at room temperature for 1 h and then washed 
with TBST. Then membranes were incubated with primary antibodies 
against Runx2 (ET1612-47; HUABIO, China), OPG (EM1701-98; HUA-
BIO, China), RANKL (PB10015; Boster, China), GAPDH (60004–1-Ig; 
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Proteintech, China), Tfr1 (ab214039; Abcam, USA), Ferritin (ET1610- 
78; HUABIO, China), Atg7 (D12B11; Cell Signaling Technology, China), 
Atg5 (ET1611-38; HUABIO, China), and LC3 (ab192890; Abcam, USA) 
at 4 ◦C overnight. After washing with TBST, membranes were further 
incubated with secondary antibodies (HA1001 and HA1006; HUABIO, 
China) at room temperature for 1 h. Protein bands were visualized with 
an enhanced chemiluminescence kit (Fdbio Science, China) using a 
chemiluminescent imaging system (Tanon, China). 

2.11. Cell iron content assay 

Osteoblasts were cultured for 1 day and then collected. 0.1 mL 
extraction solution was added into 104 cells for ultrasonication (200 W, 
ultrasound for 3 s, 7 s interval, repeated for 30 times) at 4 ̊C, and the 
supernatant was obtained for testing. 20 µL of 0.5 µM Fe3+ standard 
solution, 20 µL of test solution or 20 µL of ddH2O was considered as 
standard group, testing group or blank group, respectively. After adding 
180 µL of freshly prepared testing solution, the OD at 510 nm was 
measured with a spectrophotometer (Bio-Rad, USA). Protein concen-
trations were measured with a BCA protein assay kit. Cell iron content 
was calculated according to the manufacturer instructions (Cell iron 
content assay kit, Servicebio, China) and normalized with protein 
concentrations. 

2.12. Ferrous iron staining 

Osteoblasts were cultured for 1 day and then washed with DMEM for 
three times. Subsequently, cells were incubated with 1 µM FerroOrange 
(Dojido, Japan) at 37 ◦C for 30 min, and immediately imaged with a 
confocal fluorescence microscopy (Zeiss, Germany). The imaging con-
dition was set according to the protocol (Ex 561 nm, Em 570–620 nm). 
Image J was used for quantitative evaluation of the fluorescence inte-
grated density. 

2.13. Immunofluorescent staining 

Osteoblasts were cultured for 3 days and then fixed in 4% formal-
dehyde for 15 min and permeabilized with 0.3% Triton X-100 for 5 min 
at room temperature. After blocking with 5% BSA (Sangon Biotech, 
China) at room temperature for 1 h, cells were incubated with rabbit 
anti-Ferritin antibody (ab75973; Abcam, USA) at 4 ◦C overnight and 
followed with iFluor™ 488 conjugated goat anti-rabbit secondary 
antibody (HA1121; HUABIO, China) incubation at room temperature for 
1 h in darkness. Then cells were stained with DAPI (Biosharp, China) for 
10 min and subsequently imaged with a confocal fluorescence micro-
scopy (Zeiss, Germany). Image J was used for quantitative evaluation of 
the fluorescence integrated density. 

2.14. Reactive oxygen species assay 

Osteoblasts were cultured for 1 day and then harvested. Detection of 
intracellular ROS generation was performed with ROS assay kit (Beyo-
time, China). Cells were incubated with 10 µM DCFH-DA, an oxidation- 
sensitive fluorescent probe, at 37 ◦C for 30 min according to the man-
ufacturer’s instructions, then cells were washed with DEME for three 
times and then observed under a fluorescence microscopy (Zeiss, Ger-
many). Image J was used for quantitative evaluation of the fluorescence 
integrated density. 

2.15. Small interfering RNA transfection 

Osteoblasts were cultured until cell density achieved 60–80%. Small 
interfering RNA (siRNA) targeting ferritin heavy chain (siFTH) and a 
negative control (siC) were purchased from GenePharma (China). Cells 
were transfected with the siC or siFTH, using GP-transfect-Mate (Gen-
ePharma, China) according to manufacturer protocol. After 4–6 h, cul-
ture mediums were changed with the osteogenic induction medium 
containing 100 ng/mL IL-17A for 3 days. The efficacy of knockdown was 
analyzed by western blot (WB). The primer sequences were as follows: 

Fig. 1. Increased IL-17A expressions were observed in both inflamed gingiva and alveolar bone from periodontitis patients. IL-17A expressions in gingiva (A, B) and 
alveolar bone (D, E) from healthy controls and periodontitis patients were detected with immunohistochemistry staining and representative images were shown. Red 
arrows refer to positive staining of IL-17A; Scale bars, 100 µm. Quantitative analyses of the percentage of IL-17A positive staining area in gingiva (C) and alveolar 
bone (F) samples from the control and periodontitis group (n = 3) were performed. Data are presented as the mean ± SD. (*p < 0.05 vs control group). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Negative control: sense, 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ, anti-
sense, 5ʹ-ACGUGACACGUUCGGAGAATT-3ʹ. 

FTH: sense, 5ʹ-CUGAAGAACUUUGCCAAAUTT-3ʹ, antisense, 5ʹ- 
AUUUGGCAAAGUUCUUCAGTT-3ʹ. 

2.16. Statistical analysis 

Prism 8.4.0 (GraphPad, San Diego, CA, USA) was used to perform 

statistical analysis and draw graphs. Results were presented as mean ±
standard deviation (SD). Comparisons were performed using the Stu-
dent’s t-test between two groups and one-way analysis of variance 
(ANOVA) among multiple groups. All data were repeated at least three 
independent repeats. P < 0.05 was considered statistically significant. 

Fig. 2. Upregulated IL-17A levels were in consistent with disease severity in murine periodontitis models. (A) Representative 3D reconstruction images showed 
buccal bone levels of the control and periodontitis groups, distances of CEJ-ABC were shown with the red lines. (B) Representative HE images of the control and 
periodontitis groups at the furcation area of the maxillary second molar. (C-E) Representative images of IL-17A immunohistochemistry staining at the mesial (C), 
furcation (D) and distal (E) areas of the maxillary second molar in control and periodontitis groups (10 × ). Boxes at the bottom-right corner show higher 
magnification images of the corresponding boxed areas (20 × ), respectively. Red arrows show positive staining of IL-17A; Scale bars, 100 μm; D, dentin; PDL, 
periodontal ligament; AB, alveolar bone. (F) Loss of bone height was determined by measuring the CEJ-ABC distance at 6 sites of the second molar corresponding to 
mesio-palatal or mesio-buccal cusp, palatal or buccal groove, disto-palatal or disto-buccal cusp. (G) The mRNA expressions of IL-1β, IL-6 and TNF-α in murine gingiva. 
(H) The mRNA expression of IL-17A in murine gingiva. Gene expressions were normalized by GAPDH. (I) Quantitative evaluation of the percentage of IL-17A positive 
staining area in control and periodontitis groups (n = 6). Data are presented as mean ± SD. (*p < 0.05 vs control group). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. IL-17A promoted osteogenic differ-
entiation and mineralization of murine cal-
varial osteoblasts. Osteoblasts were treated 
with different concentrations of IL-17A under 
osteogenic induction. (A) Cell viability was 
assessed by CCK-8. (B, C) Osteogenic differ-
entiation was evaluated with ALP staining 
and ALPase activity. (D, E) Calcium nodules 
were stained with Alizarin Red and quanti-
fied. Scale bars, 100 μm. (F) The mRNA ex-
pressions of Runx2, ALP, OPG and RANKL 
were assessed by qRT-PCR. (G, H) The pro-
tein levels of Runx2, OPG and RANKL were 
shown by western blot, and blots were 
quantified with at least three parallel results. 
Gene expressions and protein levels were 
normalized by GAPDH. Data are presented as 
mean ± SD for at least three replicates. (*p 
< 0.05 vs control group; #p < 0.05 vs Ind 
group, &p < 0.05 vs 10 ng/mL IL-17A 
group). (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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3. Results 

3.1. Expressions of IL-17A were significantly increased in inflamed tissues 
of periodontitis patients 

Firstly, we utilized immunohistochemistry staining to detect IL-17A 
expression in gingival tissue harvested from healthy individuals and 
periodontitis patients. Positive staining of IL-17A can hardly be found in 
gingival tissue of healthy controls (Fig. 1A, red arrows), while expres-
sion of IL-17A was widespread in both the gingival epithelium and 
connective tissue of periodontitis patients (Fig. 1B, red arrows). We 

further investigated IL-17A expression in alveolar bone from two 
groups. Compared with healthy controls, IL-17A expression remarkably 
increased in the alveolar bone of periodontitis patients (Fig. 1D, E). 
Quantitative evaluation of the percentage of positive staining area 
further confirmed the elevation of IL-17A levels in the tissues of peri-
odontitis patients (Fig. 1C, F). Interestingly, strong IL-17A staining was 
found at the surfaces of alveolar bone from periodontitis patients 
(Fig. 1E, red arrows), which had not been reported before and drew our 
attention. 

Fig. 4. IL-17A altered iron metabolism and induced ferritin expression in osteoblasts. Osteoblasts were cultured under osteogenic induction with or without IL-17A. 
(A) Iron content level in osteoblasts was measured. (B, C) Ferrous iron level was detected by FerroOrange, and relative mean fluorescence intensity was measured. (D) 
The mRNA expressions of Tfr1 and FTH were assessed by qRT-PCR. (E, F) The protein levels of Tfr1 and Ferritin were shown by western blot, and blots were 
quantified with at least three parallel results. Gene expressions and protein levels were normalized by GAPDH. (G, H) Ferritin (green) expression in osteoblasts was 
assessed by immunofluorescence staining, and relative mean fluorescence intensity was measured. (I, J) The level of ROS was detected by DCFH-DA, and relative 
mean fluorescence intensity was measured. Scale bars, 50 µm. Data are presented as mean ± SD for at least three replicates. (*p < 0.05 vs control group; #p < 0.05 vs 
Ind group). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Ferritin inhibition led to suppressed osteoblast differentiation. Osteoblasts were treated with IL-17A with or without DFO under osteogenic induction. (A, B) 
Osteogenic differentiation was evaluated with ALP staining and measured with ALPase activity. (C, D) Calcium nodules were stained with Alizarin Red and 
quantified. Scale bars, 100 μm. (E) The mRNA expressions of Tfr1, Runx2, ALP and FTH were assessed by qRT-PCR. (F, G) The protein levels of Runx2 and Ferritin 
were shown by western blot, and blots were quantified with at least three parallel results. Osteoblast were transfected with siRNA (siC, siFTH) for 4–6 h, and then 
treated with IL-17A under osteogenic induction. (H) The mRNA expressions of Tfr1, Runx2 and ALP were assessed by qRT-PCR. (I, J) The protein levels of Runx2 and 
Ferritin were shown by western blot, and blots were quantified with at least three parallel results. Gene expressions and protein levels were normalized by GAPDH. 
Data are presented as mean ± SD for at least three replicates. (*p < 0.05 vs siC group; #p < 0.05 vs Ind group; &p < 0.05 vs IL-17A group). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. IL-17A levels correlated with disease severity in murine experimental 
periodontitis models 

To further elucidate changes in IL-17A expression during periodon-
titis, we established a series of murine periodontitis models by ligating 
the maxillary second molar for 3, 7 or 14 days. As 3D reconstructed 
images (Fig. 2A) revealed, slight bone loss was observed at the maxillary 
second molar on day 3. Later, remarkable bone loss occurred from day 3 
to day 7, and it persisted until day 14. The above results were further 
confirmed by the CEJ-ABC distance changes at 6 predetermined sites 
(Fig. 2F). Furthermore, HE staining in the furcation area of the maxillary 
second molar showed significant infiltration of inflammatory cells in all 
experimental groups after ligation, whereas few inflammatory cells were 
found in control group (Fig. 2B). Meanwhile, qRT-PCR analyses of the 
murine gingival tissue showed that gene expressions of pro- 
inflammatory cytokines including IL-1β, IL-6 and TNF-α increased 
after ligation, with the highest expressions at day 3 (Fig. 2G). These 

findings indicated that bone resorption occurred in mice ligated for 3 
days and the severity of periodontitis was mild. However, mice ligated 
for 7 days and 14 days showed severe periodontitis with obvious alve-
olar bone destruction. 

We then performed qRT-PCR to detect IL-17A mRNA expression in 
murine gingiva and used IHC to determine IL-17A expression in murine 
maxilla specimens. As results of qRT-PCR (Fig. 2H) and quantitative 
evaluation of IHC (Fig. 2I) showed, expression of IL-17A remarkably 
increased after ligation, reaching its highest at day 7 and sustained until 
day 14, which was in consistent with the severity of periodontitis. 
Notably, strong IL-17A staining was observed at the pre-existing bone 
surfaces in murine specimens of periodontitis groups ligated for 7 and 
14 days (Fig. 2C-E, red arrows). In addition, single-layered, cuboidal 
cells resembling osteoblasts in the active state were also found on the 
bone surfaces, prompting us to further investigate the specific effects of 
IL-17A on osteoblasts. 

Fig. 6. Ferritin positively regulated 
osteogenic differentiation via auto-
phagy activation. (A-C) Osteoblasts 
were treated with or without IL-17A 
under osteogenic induction. (D-F) Os-
teoblasts were treated with IL-17A 
with or without DFO under osteo-
genic induction. (G-I) Osteoblast were 
transfected with siRNA (siC, siFTH) for 
4–6 h, and then treated with IL-17A 
under osteogenic induction. The 
mRNA expressions of Atg7, Atg5 and 
LC3 were shown in A, D and G, 
respectively. The protein levels of 
Atg7, Atg5 and LC3II and quantified 
analysis were shown in B, C. The pro-
tein levels of Atg7, Atg5, Ferritin and 
LC3II and quantified analysis were 
shown in E, F and H, I, respectively. 
Gene expressions and protein levels 
were normalized by GAPDH. (J, K) 
Osteoblasts were treated with IL-17A 
under osteogenic induction, and 
BafA1 or RAPA were further added to 
the medium. Evaluation of osteoblast 
differentiation was shown with ALP 
staining in J and ALPase activity in K. 
Data are presented as mean ± SD for 
at least three replicates. Scale bar, 
100 µm. (*p < 0.05 vs control group; 
#p < 0.05 vs Ind group; &p < 0.05 vs 
IL-17A group).   
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3.3. IL-17A promoted osteogenic differentiation and mineralization of 
murine calvarial osteoblasts 

First, a CCK-8 assay was used to evaluate the possible cytotoxic ef-
fects of IL-17A (1, 10, 100 and 500 ng/mL) on murine calvarial osteo-
blasts under osteogenic induction (Fig. 3A). No difference was observed 
among groups treated for 1 day. Compared with control group (C), cell 
proliferation was prompted in osteogenic induction group (Ind) and IL- 
17A groups after treatment for 3 days, while no statistical difference was 
found between IL-17A and Ind groups. The role of IL-17A in osteogenic 
differentiation and mineralization was then explored by treating oste-
oblasts with 10 or 100 ng/mL IL-17A under osteogenic induction. ALP 
staining (Fig. 3B) as well as ALPase activity analyses (Fig. 3C) showed 
that IL-17A promoted osteoblasts differentiation, and group treated with 
100 ng/mL IL-17A showed better pro-osteogenic effects. Subsequent 
alizarin red staining and quantitative analyses further verified that IL- 
17A at the concentration of 10 ng/mL and 100 ng/mL both enhanced 
osteoblast mineralization, with massive mineralized nodule formation 
(Fig. 3D, E). Consistent with results of ALP and alizarin red staining, 
qRT-PCR and western blot confirmed the upregulation of osteogenic 
related genes expressions (Runx2, ALP) (Fig. 3F) and protein levels 
(Runx2) (Fig. 3G, H). As these findings revealed, IL-17A at the concen-
tration of 100 ng/mL displayed optimal effects on promoting osteo-
genesis, and was selected for following experiments. In addition, a 
significant increase in RANKL expression and a slight reduction in OPG 
expression were observed (Fig. 3F-H), suggesting an increase of RANKL/ 
OPG ratio in osteoblasts under IL-17A stimulation. Collectively, IL-17A 
enhanced osteoblast differentiation and mineralization in vitro, and may 
facilitate osteoblast-related osteoclastogenesis through the RANKL/OPG 
system. 

3.4. IL-17A altered iron metabolism and induced ferritin expression in 
osteoblasts 

To clarify the involvement of iron in during osteogenic differentia-
tion, changes in total iron content and ferrous iron (Fe2+) levels in os-
teoblasts were detected with cell iron content assay kit and ferrous ion 
fluorescence probe (FerroOrange), respectively. The total iron content 
(Fig. 4A) and ferrous iron level (Fig. 4B, C) in cells both increased 
significantly under osteogenic induction, while IL-17A stimulation 
further promoted iron accumulation in cells (Fig. 4A-C). 

To explore the alteration in iron metabolism upon IL-17A stimula-
tion, we examined changes of iron metabolism-related molecules, 
transferrin receptor protein 1 (Tfr1) and ferritin. A significant increase 
in Tfr1 and ferritin expressions was observed (Fig. 4D-F), and immu-
noflurescence staining also revealed enhanced fluorescence intensity of 
ferritin after treatment with IL-17A (Fig. 4G, H), indicating an alteration 
in iron metabolism under IL-17A stimulation. Additionally, compared 
with Ind group, a significant induction of intracellular ROS was 
observed after treatment with IL-17A (Fig. 4I, J). 

3.5. Ferritin inhibition led to suppressed osteoblast differentiation 

As an iron chelator, DFO has been shown to decrease intracelluar 
iron levels and inhibit Fenton reaction [35]. To verify the role of iron 
metabolism in IL-17A enhanced osteoblast differentiation, cells were 
treated with DFO. DFO treatment significantly reduced ferritin expres-
sion at both mRNA and protein levels, accompanied by decreases in 
Runx2, ALP, Tfr1 mRNA expressions (Fig. 5E) and Runx2 protein level 
(Fig. 5F, G). In addition, the inhibitory effects of DFO on osteoblasts 
differentiation were also confirmed by impaired ALPase activity 
(Fig. 5A, B) and decreased calcium nodule formation in osteoblasts 
(Fig. 5C, D). 

It has been reported that FTH may regulate osteoblast differentiation 
through its ferroxidase activity [36]. To clarify the direct effects of FTH 
knockdown on osteoblast differentiation, We designed an siRNA 

targeting FTH gene. After transfection with negtive control siRNA (siC) 
or siRNA targeting FTH (siFTH) for 4–6 h, cells were then cultured in 
osteogenic medium supplemented with 100 ng/mL IL-17A. Western blot 
confirmed the efficiency of FTH knockdown (Fig. 5I, J). As qRT-PCR 
analysis manifested, FTH knockdown significantly reduced mRNA ex-
pressions of Runx2, ALP and Tfr1 (Fig. 5H). Results of western blot 
further confirmed the downregulation of Runx2 in osteoblasts (Fig. 5I, 
J). Taken together, these results demonstrated that IL-17A induced 
ferritin expression in osteoblasts, which consequently enhanced osteo-
genic differentiation. 

3.6. Ferritin positively regulated osteogenic differentiation via autophagy 
activation 

Considering autophagy as an positive contributor to osteogenesis 
and bone homeostasis [37], we investigated whether IL-17A stimulation 
altered autophagic activity in osteoblasts. As qRT-PCR analysis 
demonstrated, mRNA expressions of key molecules that involved in 
autophagosome formation (Atg7, Atg5 and LC3) were significantly 
increased under IL-17A treatment (Fig. 6A). Similar upregulation of 
Atg7, Atg5 and LC3II protein levels was also shown by western blot 
(Fig. 6B, C), indicating that autophagy was activated by IL-17A. 
Furthermore, by altering ferritin expression with DFO treatment or 
siRNA transfection targeting FTH, decreased Atg7, Atg5, LC3 mRNA 
(Fig. 6D, G) and Atg7, Atg5, LC3II protein levels (Fig. 6E, F, H, I) were 
observed with ferritin downregulation, suggesting a regulatory role of 
ferritin in autophagy. 

Autophagy inhibitor BafA1 and autophagy inducer RAPA were used 
to confirm the positive role of autophagy in osteoblast differentiation. 
Results showed that after BafA1 treatment, number of purple stained 
crystals in the cells significantly decreased (Fig. 6J), and the ALPase 
activity was also reduced (Fig. 6K). On the contrary, RAPA significantly 
enhanced osteogenic differentiation through autophagy activation 
(Fig. 6J, K). These data collectively suggested that ferritin positively 
regulated osteogenic differentiation via autophagy activation. 

4. Discussion 

As one of the critical subsets of CD4+ T cells, Th17 cells are essential 
for immune homeostasis by generating a variety of cytokines including 
IL-17A, IL-17F, IL-21, IL-22 and GM-CSF [38]. Researchers suggest that 
Th17 cells and their primary cytokine IL-17A may be closely related to 
the onset and development of periodontitis [39]. Few Th17 cells can be 
detected in the healthy gingiva tissue from both mice and humans [40]. 
However, the infiltration of activated Th17 cells can be found in the 
inflamed gingiva from periodontitis patients [41]. In addition, an 
upregulation of IL-17A in the gingiva, saliva, gingival crevicular fluid 
and serum has also been described in periodontitis patients [42–44]. 
Similarly, we revealed a predominant increase of IL-17A in the gingiva 
and alveolar bone of periodontitis patients. Further details on alterations 
of IL-17A expression during the development of periodontitis were 
provided by the serial murine periodontitis models. In serial murine 
periodontitis models, the initiation of periodontitis was observed around 
day 3, while a destructive stage of periodontitis with remarkable bone 
resorption was established by day 7. Correspondingly, IL-17A increased 
significantly in periodontitis groups and reached its highest level at day 
7, indicating the possibility of utilizing IL-17A to verify an active, 
destructive stage of periodontitis. 

In samples from periodontitis patients and murine periodontitis 
models, we firstly noticed the strong staining of IL-17A on the pre- 
existing bone surfaces. Therefore, effects of IL-17A on osteoblasts were 
further investigated. In line with other studies [15,16,45], our in vitro 
study revealed that IL-17A promoted murine calvarial osteoblast dif-
ferentiation and mineralization. However, it seems partially contra-
dicting with the increased IL-17A expression during periodontitis bone 
destruction in vivo. 
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The inconsistent results between bone destruction in vivo and 
enhanced osteogenic differentiation in vitro may be explained by the 
broad cellular targets of IL-17A and their interplay during periodontitis. 
Osteoblasts and osteoclasts are the two major bone cells that modulate 
bone remodelling [46]. Many studies have addressed that IL-17A could 
directly enhance osteoclast formation, or indirectly promote osteoclast 
differentiation by increasing RANKL expression from osteoblasts and 
periodontal ligament cells [7,8,47]. In our present study, although IL- 
17A exhibited positive effects on osteoblast differentiation and miner-
alization, we also confirmed the increased RANKL synthesis in osteo-
blasts. RANKL expression in osteoblasts is reported to rely on the IL- 
17RA SEFIR/TILL domain, an essential part for IL-17A signalling [48]. 
Our previous research also identified JAK2/STAT3 pathway as a positive 
regulator of IL-17A induced RANKL expression in osteoblasts [14]. Apart 
from that, IL-17A are reported to promote neutrophil recruitment, 
enhance macrophage polarization towards M1 phenotype (the proin-
flammatory phenotype) and induce release of cytokines such as TNF-α, 
IL-1β, IL-6 from these immune cells, which may contribute to the in-
flammatory osteoclastogenesis in vivo [49–51]. Collectively, various 
effects of IL-17A on targeted cells are thought to cause excessive bone 
resorption over bone formation, thus leading to alveolar bone destruc-
tion in vivo. 

The process of cell proliferation and cytodifferentiation is known to 
be accompanied by an increase of endogenous ROS production [52], 
which participates in activating multiple signal pathways and ensures 
the demand for energy metabolism of the cells [53]. As the key mental 
participated in the metal-dependent oxidative reactions, bioavailable 
iron is closely related to rapid ROS production and can oxidize phos-
phatidylethanolamine (PE) and generate ROS in the form of lipid per-
oxidation [54,55]. Our current findings revealed that cellular iron flux 
increased during IL-17A enhanced osteogenesis. Tfr1 is a critical trans-
membrane receptor that facilitates the delivery of transferrin-bound iron 
into cells [56]. Since significant induction of Tfr1 expression was 
observed under osteogenic induction and further upregulated by IL-17A, 
we assumed that Tfr1 may facilitate the accumulation of iron in 

osteoblasts through iron uptake. 
In the meantime, induction of ferritin was also found upon IL-17A 

stimulation. Ferritin functions as a critical iron storage protein and its 
expression is tightly regulated by iron concentration [57]. As an acute- 
phase protein, its synthesis can be induced by uncontrolled cell prolif-
eration, infection and inflammatory cytokines [58]. Therefore, we 
speculated that ferritin may be one of the key molecules invovled in 
osteogenic differentiation under IL-17A stimulation. DFO, an iron 
chelator that inhibits cellular iron level, significantly suppressed ferritin 
expression and reversed the pro-osteogenic effects of IL-17A. The inhi-
bition of ferritin by DFO treatment further confirmed that IL-17A may 
regulate ferritin expression by upregulating intracellular iron level. FTH 
is an important subset of ferritin, with the function of ferroxidase ac-
tivity and serves as a rapid regulator of free iron [36,58]. Reduced 
Runx2 and ALP expression was observed following FTH knockdwon, 
suggesting that ferritin, or rather its subunit FTH, served as a positive 
regulator in differentiation of murine primary osteoblasts. Similarly, 
ferritin was reported to enhance cytodifferentiation and mineralization 
of MPDL22 from the murine periodontal ligament cell line [27]. In 
contrast, induction of ferritin seems to inhibit osteoblastic trans-
formation and calcification of smooth muscle cells, mainly via its fer-
roxidase activity [59,60]. The opposite effects of ferritin may arise from 
different cell types and their osteogenic inducing conditions, and more 
evidence is required to clarify the underlying mechanism. 

As our results showed, ROS production was initiated by IL-17A 
during osteogenic differentiation of murine osteoblasts. Excessive ROS 
can bring about damage to multiple cellular molecules [61]. Autophagy 
is one of the main cellular mechanisms for degrading damaged proteins 
and organelles [62], and has been implicated as an important regulator 
of oxidative stress in the maintenance of bone homeostasis [37]. Since 
no impaired function of osteoblast was found in our study, we assumed 
that autophagy may be activated and eliminated toxic effects of ROS. 
Multiple proteins are involved in regulating autophagy at different 
stages. Atg5 is reported to participate in phagophore membrane elon-
gation, while Atg7 plays a critical role in promoting autophagosome 

Fig. 7. The schematic diagram of our study.  
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formation. Under the coaction of Atg7, Atg3 and Atg5-Atg12-Atg16L 
complexes, LC3 I is conjugated to PE to form membrane-bound LC3 II, 
which indicates the activation of autophagy [63]. Atg7, Atg5, and LC3II 
expressions in osteoblasts were elevated upon IL-17A stimulation, sug-
gesting an increase of the autophagic flux. Many studies have identified 
Atg5, Atg7 and LC3II as critical proteins for osteogenesis, and the 
autophagic vacuoles could further function as cargo to transport apatite 
crystals into the extracellular matrix and facilitate mineralization 
[29–31]. Similarly, our result confirmed the positive role of autophagy 
in IL-17A enhanced osteoblast differentiation with autophagy inhibitor 
BafA1 and inducer RAPA. Further downregulation the of ferritin by DFO 
and FTH siRNA transfection subsequently inhibited the expressions of 
autophagy-related proteins, indicating that ferritin could facilitate 
osteoblast differentiation, at least partially through autophagy 
activation. 

5. Conclusions 

In summary, our results revealed that IL-17A triggered iron accu-
mulation and ferritin induction in osteoblasts, and ferritin could posi-
tively regulate osteogenic differentiation via autophagy activation. 
Meanwhile, increased RANKL level in osteoblasts by IL-17A stimulation 
may facilitate the osteoclastic activity (Fig. 7). These findings imply that 
iron metabolism is involved in osteogenic differentiation under IL-17A 
treatment, and demonstrate ferritin as a promising candidate for the 
regulation of alveolar bone homeostasis. 
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