
Wang and Zhu ﻿
Journal of Orthopaedic Surgery and Research          (2024) 19:814  
https://doi.org/10.1186/s13018-024-05286-7

RESEARCH ARTICLE Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Journal of Orthopaedic
Surgery and Research

FOXA1 knockdown alleviates inflammation 
and enhances osteogenic differentiation 
of periodontal ligament stem cells via STAT3 
pathway
Jin Wang1 and Yanru Zhu1* 

Abstract 

Background  Evidence has confirmed that forkhead box protein A1 (FOXA1) inhibits the osteogenic differentia-
tion of bone marrow mesenchymal stem cells. However, whether FOXA1 regulates the osteogenic differentiation 
of human periodontal ligament stem cells (hPDLSCs) to participate in periodontitis process is unclear.

Methods  Lipopolysaccharide (LPS) was used to treat hPDLSCs to mimic inflammation environments. FOXA1 
expression was examined by quantitative real-time PCR and western blot. The levels of IL-6 and TNF-α were evalu-
ated by quantitative real-time PCR, ELISA and immunohistochemistry staining. hPDLSCs osteogenic differentiation 
was assessed by measuring alkaline phosphatase activity, alizarin red S intensity and the levels of osteogenic differen-
tiation-related markers. Besides, the expression of signal transducer and activator of transcription 3 (STAT3) pathway-
related markers were examined by western blot and immunofluorescence staining.

Results  FOXA1 was upregulated in the periodontal ligament tissues of periodontitis patients, and its knockdown 
enhanced osteogenic differentiation of hPDLSCs. Besides, downregulation of FOXA1 suppressed inflammation levels 
in LPS-induced hPDLSCs. Also, FOXA1 silencing promoted the osteogenic differentiation of LPS-induced hPDLSCs 
by the inactivation of STAT3 pathway.

Conclusion  Our data confirmed that knockdown of FOXA1 attenuated inflammation and enhanced osteogenic dif-
ferentiation of LPS-induced hPDLSCs by regulating STAT3 pathway, indicating that FOXA1 might be a target for peri-
odontitis treatment.
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Introduction
Periodontitis is mainly a chronic inflammation of the per-
iodontal supporting tissues caused by local factors, which 
is also a highly prevalent chronic non-communicable 

disease globally [1, 2]. A large number of studies have 
confirmed the independent association between peri-
odontitis and diabetes, cardiovascular disease or chronic 
kidney disease, which may be a risk factor [3, 4]. Cur-
rently, periodontal diagnosis is based on clinical rather 
than etiologic criteria and therefore provides limited 
treatment guidance for periodontal [5]. The treatment 
of periodontitis requires periodontal bone regeneration 
[6]. Human periodontal ligament stem cells (hPDLSCs), a 
newly discovered population of mesenchymal stem cells, 
have great potential for periodontal tissue regeneration 
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[7–9]. Besides, many researches indicate that the osteo-
genic differentiation of hPDLSCs plays a vital function in 
periodontitis process [10, 11]. Therefore, it is necessary 
to understand the mechanism of hPDLSCs osteogenic 
differentiation for developing the therapeutic options of 
periodontitis.

In the past decades, forkhead box protein A1 (FOXA1) 
has been found to be associated with many cancers 
through acting as an anti-cancer and tumor suppres-
sor [12–14]. Previous studies have revealed that FOXA1 
plays an active role for intervertebral disc regenera-
tion [15, 16]. Importantly, Li et al. revealed that FOXA1 
downregulation facilitated the osteogenic differentiation 
of bone marrow mesenchymal stem cells (BMSCs) by 
ERK1/2 pathway, and its downregulation effectively pro-
moted bone healing in vivo [17]. Therefore, FOXA1 may 
be a vital regulator for osteogenic differentiation. How-
ever, whether FOXA1 regulates hPDLSCs osteogenic dif-
ferentiation has not been reported.

Signal transducer and activator of transcription 3 
(STAT3) is a member of the cytoplasmic transcription 
factor family and is involved in regulating multiple cell 
biological functions [18, 19]. Past studies have identified 
that the STAT3 pathway is activated in most cancers and 
is considered a molecular target for cancer treatment [20, 
21]. Also, STAT3 plays a key role in the control of inflam-
mation in vertebrates [22]. Meanwhile, STAT3 pathway 
has been confirmed to participate in the osteogenic dif-
ferentiation of multiple stem cells [23, 24]. Zhang et  al. 
suggested that PRMT5 knockdown facilitated osteogenic 
differentiation of hPDLSCs through STAT3/NF-κB path-
way [25]. However, whether FOXA1 affects hPDLSCs 
osteogenic differentiation through STAT3 pathway is 
unknown.

Here, we found that FOXA1 silencing alleviated 
lipopolysaccharide (LPS)-induced inflammation and pro-
moted hPDLSCs osteogenic differentiation through the 
STAT3 pathway. The discovery of FOXA1/STAT3 axis 
provides new directions for the clinical management of 
periodontitis.

Methods
Samples collection
Periodontal ligament tissues around the tooth’s root 
were collected from 10 periodontitis patients and 10 
normal humans (undergoing orthodontics) at the Affili-
ated Changzhou No.2 People’s Hospital of Nanjing Medi-
cal University. The specific procedures for periodontal 
ligament tissue collection were the same as described by 
Yuan et al. [26], as follows: the extracted teeth was rinsed 
with physiological saline, and then the periodontal liga-
ment tissues were scraped with a periodontal scaler. A 

portion of the periodontal ligament tissue was used for 
hPDLSCs extraction, and the other part was used to 
make paraffin sections. This study had been approved 
by the Ethics Committee of the Affiliated Changzhou 
No.2 People’s Hospital of Nanjing Medical University. All 
operation procedures complied with relevant regulations, 
and all participants signed written informed consent.

Isolation and culture of hPDLSCs
According to the previously described [27], isolated peri-
odontal ligament tissues (1  mm3) from normal humans 
were washed by PBS, digested with collagenase type I 
and dispase II in α-MEM (Gibco, Grand Island, NY, USA) 
containing 10% FBS and 1% penicillin–streptomycin. 
Then, cell suspensions were collected and transferred to 
culture dishes with completed α-MEM at 37  °C and 5% 
CO2. After selecting, hPDLSCs were obtained for later 
use.

Cell transfection, osteogenic induction and treatment
When reached large fusions (80–90%), hPDLSCs were 
cultured in osteogenic medium (Sigma-Aldrich, St. 
Louis, MO, USA) for 14 d to induce osteogenic differ-
entiation. To mimic the inflammation environments, 
hPDLSCs were treated with different concentrations of 
LPS (0, 1, 5, 10, and 20 μg/mL; MedChemExpress, Mon-
mouth Junction, NI, USA). For transfection, hPDLSCs 
were transfected with FOXA1 shRNA and its control 
(RiboBio, Guangzhou, China) by Lipofectamine 3000 
(Invitrogen, Carlsbad, CA, USA), followed by treated 
with 10 μg/mL LPS in osteogenic medium. To explore the 
role of STAT3 on osteogenic differentiation of hPDLSCs, 
hPDLSCs were pre-treated with STAT3 inhibitor stat-
tic (10  μM, Selleck Chem, Shanghai, China) before LPS 
stimulation.

Quantitative real‑time PCR (qRT‑PCR)
Total RNAs were extracted from periodontal ligament 
tissues and hPDLSCs by TRIzol reagent (Invitrogen). 
Extracted RNAs were reverse-transcribed by PrimeScript 
RT Reagent Kit (Takara, Tokyo, Japan), and PCR amplifi-
cation was performed using SYBR Green (Takara), cDNA 
and specific primers (Table 1). Relative mRNA expression 
of associated genes was calculated by 2−ΔΔCt method with 
GAPDH as internal control.

Western blot (WB)
hPDLSCs were lysed with RIPA buffer (Beyotime, 
Shanghai, China), and isolated protein was separated 
by SDS-PAGE and transferred to PVDF membranes. 
After closed with 5% skim milk, membrane was incu-
bated with anti-FOXA1 (ab170933, 1:1000, Abcam, 
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Cambridge, MA, USA), anti-STAT3 (ab68153, 1:1000, 
Abcam), anti-p-STAT3 (ab267373, 1:1000, Abcam), anti-
GAPDH (ab9485, 1:2500, Abcam) and secondary anti-
body (ab205718, 1:1000, Abcam). After that, membrane 
was incubated with BeyoECL Plus solution (Beyotime) to 
detect protein signals. Gray value was analyzed by Image 
5.0 software with GAPDH as loading control.

Immunohistochemistry (IHC) staining
Periodontal ligament tissues were fixed in 4% formal-
dehyde solution, embedded in paraffin, and prepared at 
4 μm-thickness sections. Basing on the SP Kit (Solarbio, 
Beijing, China) instructions, sections were deparaffinized 
in xylene, rehydrated by ethanol, treated with 3% H2O2 
to inactivate endogenous enzymes. Before closed by goat 
serum, the section was pre-treated using pressure cooker 
heat mediated antigen retrieval with 0.01 M sodium cit-
rate buffer (pH = 6.0) for 20  min. Then, sections were 
incubated with anti-periodontal ligament associated pro-
tein 1 (PLAP-1, ab201208, Abcam), anti-IL-6 (ab6672, 
Abcam), anti-TNF-α (ab307164, Abcam), and anti-
FOXA1 (ab170933, Abcam) overnight at 4  °C, followed 
by treated with goat anti-rabbit IgG (ab205718, Abcam) 
for 30  min. After stained with DBA solution and coun-
terstained with hematoxylin, the slides were cleared in 
xylene and coverslipped in neutral balsam. The positive 
cells of PLAP-1, IL-6, TNF-α and FOXA1 were observed 
under a microscope.

ELISA
Supernatant of hPDLSCs was incubated with the cor-
responding ELISA Kits (ab9324, ab285312; Abcam) 
to measure the IL-6 and TNF-α levels according to kit 
instructions.

Alkaline phosphatase (ALP) activity assay
ALP Assay Kit (Beyotime) was used to measure ALP 
activity. Briefly, hPDLSCs were lysed using RIPA buffer, 
and supernatant was extracted from cell lysates. Super-
natant was seeded in 96-well plate, incubated with chro-
mogenic substrate (Beyotime) for 10 min, and terminated 

with termination solution. After that, absorbance was 
assessed at 405 nm to calculate ALP activity.

Alizarin red S (ARS) staining
The mineralization nodules of hPDLSCs were deter-
mined by ARS staining kit (Beyotime). Briefly, hPDLSCs 
were washed with PBS, fixed by paraformaldehyde and 
stained with ARS solution for 30 min. Then, the miner-
alization nodules were observed under microscope, and 
ARS intensity was detected using microplate reader.

 Immunofluorescence (IF) staining
hPDLSCs were treated with 4% paraformaldehyde, 0.2% 
Triton X-100 and goat serum. After that, cells were 
incubated with anti-FOXA1 (ab170933, Abcam), anti-p-
STAT3 (ab267373, Abcam), secondary antibodies, and 
stained with DAPI solution (Beyotime). The signals of 
FOXA1 and p-STAT3 were observed under a microscope.

Statistical analysis
The original photos of all staining and protein figures 
are shown in Supplementary file 1. Data are presented as 
mean ± SD. All analyses were performed using GraphPad 
Prism 7.0 software. Student’s t-test was used for com-
parison between the 2 groups, and one-way ANOVA 
followed by Tukey’s post-hoc tests were used for com-
parison among multiple groups. P < 0.05 was considered 
as significant.

Results
FOXA1 was overexpressed in periodontitis patients 
and LPS‑induced hPDLSCs
To determine whether the collected periodontal liga-
ment tissue was successful, we evaluated the expres-
sion of the periodontal ligament marker PLAP-1 using 
IHC staining. The results showed that PLAP-1 was sig-
nificantly expressed in the periodontal ligament tissues 
(Supplementary Fig. 1). Through qRT-PCR and WB, we 
found that FOXA1 was higher in the periodontal liga-
ment tissues of periodontitis patients than that in normal 
humans (Fig. 1A-B). Meanwhile, IHC staining suggested 
that the levels of IL-6 and TNF-α were elevated in the 
periodontal ligament tissues of periodontitis patients 
(Fig.  1C). Furthermore, we detected FOXA1 expression 
in hPDLSCs treated with different concentrations of LPS. 
The results revealed that FOXA1 mRNA and protein lev-
els were markedly increased in LPS-induced hPDLSCs in 
a concentration-dependent manner (Fig. 1D-E). Besides, 
qRT-PCR showed the enhanced IL-6 and TNF-α mRNA 
levels in LPS-induced hPDLSCs, which was confirmed 
by ELISA (Fig. 1F-G). Above results indicated that high 
FOXA1 expression might be related to periodontitis 
process.

Table 1  Primer sequences used for qRT-PCR

Gene Forward (5’-3’) Reverse (5’-3’)

FOXA1 GCA​ATA​CTC​GCC​TTA​CGG​CT TAC​ACA​CCT​TGG​TAG​TAC​GCC​

TNF-α GAC​AAG​CCT​GTA​GCC​CAT​GT GGA​GGT​TGA​CCT​TGG​TCT​GG

IL-6 ACT​CAC​CTC​TTC​AGA​ACG​
AATTG​

CCA​TCT​TTG​GAA​GGT​TCA​
GGTTG​

GAPDH TCG​GAG​TCA​ACG​GAT​TTG​GT TTC​CCG​TTC​TCA​GCC​TTG​AC
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Silencing of FOXA1 promoted osteogenic differentiation 
of hPDLSCs
To study the role of FOXA1 in the osteogenic differen-
tiation of hPDLSCs, hPDLSCs were transfected with 
sh-FOXA1. FOXA1 mRNA and protein levels were sig-
nificantly decreased in hPDLSCs transfected with sh-
FOXA1 (Fig.  2A-B). Functional experiments revealed 
that silencing of FOXA1 facilitated ALP activity and 
ARS intensity (Fig.  2C-D). Besides, FOXA1 knockdown 
enhanced the protein levels of osteogenic differentiation-
associated markers (Runx2, COL1A1 and SP7) (Fig. 2E). 
The above data indicated that FOXA1 might inhibit oste-
ogenic differentiation of hPDLSCs.

FOXA1 knockdown restrained inflammation 
in LPS‑induced hPDLSCs.
To further explore the effect of FOXA1 on inflamma-
tion process in periodontitis, hPDLSCs were trans-
fected with sh-FOXA1 and treated with LPS. FOXA1 
mRNA and protein levels were increased in LPS-
induced hPDLSCs, while this effect could be reversed 
by sh-FOXA1 (Fig.  3A-B). Through qRT-PCR and 
ELISA, we found that FOXA1 silencing abolished LPS-
mediated the promotion effects on IL-6 and TNF-α 
levels in hPDLSCs (Fig. 3C-D). These data showed that 
FOXA1 might promote inflammation in LPS-induced 
hPDLSCs.

FOXA1 silencing promoted osteogenic differentiation 
of LPS‑induced hPDLSCs via STAT3 pathway
To further explore FOXA1 roles and mechanisms in 
periodontitis process, we examined the effect of sh-
FOXA1 on the osteogenic differentiation of LPS-induced 
hPDLSCs. As shown in Fig. 4A-B, ALP activity and ARS 
intensity were suppressed in LPS-induced hPDLSCs, 
while FOXA1 silencing eliminated these effects. In addi-
tion, the inhibitory effect of LPS treatment on the Runx2, 
COL1A1 and SP7 levels in hPDLSCs could be abolished 
by FOXA1 silencing (Fig.  4C). Given the role of STAT3 
pathway in the osteogenic differentiation of hPDLSCs 
[25], we also detected the expression of STAT3-related 
markers. The results of WB and IF staining showed that 
FOXA1 silencing reverted LPS-mediated the enhancing 
effect on p-STAT3/STAT3 levels in hPDLSCs (Fig. 4C-D). 

To further confirm the role of STAT3 on osteogenic dif-
ferentiation of hPDLSCs, hPDLSCs were treated with 
STAT3 inhibitor stattic and LPS. The results showed that 
stattic treatment indeed reduced p-STAT3/STAT3 pro-
tein level and promoted the protein levels of osteogenic 
markers (RUNX2, COL1A1 and SP7) in LPS-induced 
inflammatory models of hPDLSCs (Supplementary 
Fig. 2A-B), indicating that STAT3 suppressed osteogenic 
differentiation in hPDLSCs. Taken together, FOXA1 
inhibited osteogenic differentiation in LPS-induced 
hPDLSCs through the activation of the STAT3 pathway.

Discussion
Early symptoms of periodontitis are not obvious, but the 
teeth begin to loosen or even fall off when the periodonti-
tis develops to the middle and late stages, which seriously 
affect people’s quality of life [2]. Importantly, periodon-
tal disease may play a role in the initiation or progression 
of systemic disease [28]. For patients with periodontitis, 
surgery, dental implants or laser treatment have their 
limitations [29, 30]. Therefore, the development of new 
treatment options for periodontitis is urgent. In this 
study, we found that FOXA1 knockdown could promote 
the osteogenic differentiation of LPS-induced hPDLSCs 
by inactivating STAT3 pathway, suggesting that FOXA1 
might be a molecular target for treating periodontitis.

In the past, research on FOXA1 has focused on can-
cer. FOXA had been reported to be upregulated in gas-
tric cancer tissues, and its downregulation inhibited 
cell proliferation and invasion [31]. Qiu et  al. found 
that FOXA1 was overexpressed in endometrial cancer, 
and its silencing inhibited cell proliferation and tumor 
growth [32]. Currently, FOXA1 has been less studied 
in regulating stem cell osteogenic differentiation and 
cellular inflammation. Previous study confirmed that 
FOXA1 downregulation promoted BMSCs osteogenic 
differentiation [17], and inhibited the inflammation 
of alveolar macrophages under LPS conditions [33]. 
These data verify that FOXA1 may have a role in inhib-
iting osteogenic differentiation and promoting inflam-
mation. In this, our results revealed that FOXA1 was 
highly expressed in periodontitis patients and LPS-
induced hPDLSCs. Consistent with previous studies 
[17, 33], we further suggested that FOXA1 silencing 

(See figure on next page.)
Fig. 1  FOXA1 expression in periodontitis patients and LPS-induced hPDLSCs. A-B qRT-PCR and WB analysis were used to test the mRNA 
and protein levels of FOXA1 in the periodontal ligament tissues of periodontitis patients (n = 10) and normal humans (n = 10). C The levels of IL-6, 
TNF-α and FOXA1 in the periodontal ligament tissues of periodontitis patients and normal humans were evaluated by IHC staining. D-E The 
mRNA and protein levels of FOXA1 were measured by qRT-PCR and WB analysis in hPDLSCs treated with different concentrations of LPS (1, 5, 10, 
and 20 μg/mL) (n = 3). F-G IL-6 and TNF-α levels in hPDLSCs treated with or without LPS were detected by qRT-PCR and ELISA (n = 3). **P < 0.01, 
***P < 0.001
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Fig. 1  (See legend on previous page.)
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promoted hPDLSCs osteogenic differentiation and sup-
pressed LPS-induced inflammation. This indicates that 
the FOXA1 may inhibit the osteogenic differentiation 

and promote inflammation to speed up the process of 
periodontitis.

Fig. 2  Effect of sh-FOXA1 on osteogenic differentiation of hPDLSCs. hPDLSCs were transfected with sh-NC/sh-FOXA1 and induced osteogenic 
differentiation with osteogenic medium (n = 3). A-B The mRNA and protein levels of FOXA1 were assessed by qRT-PCR and WB analysis. C ALP Assay 
Kit was performed to evaluate ALP activity. D ARS staining was used to measure mineralized areas. E The protein levels of Runx2, COL1A1, and SP7 
were tested by WB analysis. **P < 0.01, ***P < 0.001

Fig. 3  Effect of sh-FOXA1 on inflammation in LPS-induced hPDLSCs. hPDLSCs were transfected with sh-NC/sh-FOXA1 and treated with LPS 
in osteogenic medium (n = 3). Non-treated cells were used as control (n = 3). A-B qRT-PCR and WB analysis were used to detect the mRNA 
and protein levels of FOXA1. C-D IL-6 and TNF-α levels were measured by qRT-PCR and ELISA. **P < 0.01, ***P < 0.001
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Activation of the STAT3 pathway appears in a variety 
of diseases, including breast cancer [34], liver fibrosis 
[35] and osteosarcoma [36]. Knockdown of hnRNPA2/
B1 inhibited STAT3 phosphorylation to regulate breast 
cancer cell apoptosis and autophagy [37]. Sun et  al. 
demonstrated that METTL3 enhanced malignant pro-
gression of colorectal cancer through activation of the 
JAK1/STAT3 pathway [38]. Also, the research of STAT3 

pathway in osteogenic differentiation of stem cells has 
attracted a lot of attention. It had been reported that 
PRMT5 downregulation alleviated inflammation and 
promoted osteogenic differentiation in LPS-induced 
hPDLSCs through inactivating STAT3/NF-κB pathway 
[25], indicating that STAT3 pathway was activated by 
LPS conditions in hPDLSCs. Consistent with this study, 
we found that LPS treatment activated STAT3 pathway 

Fig. 4  Effect of sh-FOXA1 on osteogenic differentiation and STAT3 pathway of LPS-induced hPDLSCs. hPDLSCs were transfected with sh-NC/
sh-FOXA1 and treated with LPS in osteogenic medium (n = 3). Non-treated cells were used as control (n = 3). A ALP Assay Kit was used to detect ALP 
activity. B Mineralization area was evaluated with ARS staining. C WB analysis was used to test the protein levels of Runx2, COL1A1, SP7, p-STAT3 
and STAT3. D IF staining was performed for detecting FOXA1 and p-STAT3 signals. **P < 0.01, ***P < 0.001



Page 8 of 9Wang and Zhu ﻿Journal of Orthopaedic Surgery and Research          (2024) 19:814 

in hPDLSCs through the detection of p-STAT3/STAT3 
levels, and FOXA1 silencing suppressed the activity of 
STAT3 pathway in LPS-induced hPDLSCs. The evi-
dence suggests that FOXA1 may facilitate periodontitis 
process by promoting the activity of STAT3 pathway.

Periodontal ligament (PDL) cells have certain stem cell 
characteristics and can differentiate into the PDL, alveo-
lar bone, and cementum, which are considered to be the 
main cells for the regeneration and repair of natural peri-
odontal tissue [26]. In this study, we demonstrated that 
FOXA1/STAT3 axis can inhibit the osteogenic differen-
tiation of PDL stem cells. Therefore, targeted inhibition 
of FOXA1/STAT3 axis may accelerate periodontal tissue 
regeneration by promoting osteogenic differentiation, 
thereby alleviating the progression of periodontitis.

Conclusions
Taken together, we confirmed that FOXA1 knockdown 
alleviated inflammation and enhanced osteogenic dif-
ferentiation in LPS-induced hPDLSCs through inhibit-
ing the STAT3 pathway. Of course, there are limitations 
to our study. In the future, rescue experiments are 
needed to determine the function of STAT3 pathway 
in FOXA1-mediated osteogenic differentiation, and 
in  vivo experiments are required to detect the impor-
tance of FOXA1/STAT3 axis in periodontitis progres-
sion. Collectively, these findings provide new ideas for 
the clinical treatment of periodontitis.
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