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FXR activation suppresses NF-κB signaling, proliferation and 
migration in cervical cancer cells
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Background: The Farnesoid X receptor (FXR) is a nuclear receptor known for its role in inflammation 
regulation and tumor suppression in various cancers. However, its functional significance and underlying 
mechanisms in cervical cancer (CC) remain unclear. The persistent activation of the nuclear factor kappa B 
(NF-κB) signaling pathway due to inflammation is a key driver of cancer progression. This study investigates 
the effects of FXR activation in CC and its interaction with the NF-κB pathway.
Methods: CC cells were treated with GW4064, an FXR agonist (3 μM), and xenograft tumor models were 
assigned to receive 30 mg/kg GW4064. NF-κB-mediated transcriptional activity was assessed using a dual-
luciferase reporter assay. Gene expression in CC cells and mouse tissues was analyzed via quantitative real-
time polymerase chain reaction (qRT-PCR), while key proteins in the NF-κB and STAT3 signaling pathways 
were examined using Western blotting. Cell proliferation, migration, and invasion were evaluated through 
methylthiazolyldiphenyl-tetrazolium bromide (MTT), wound healing, and real-time cellular analysis (RTCA), 
respectively. Apoptosis was measured using a fluorescein isothiocyanate (FITC) Annexin V Apoptosis 
Detection Kit I.
Results: FXR deletion in 6- to 8-week-old C57B/6 female mice led to abnormal upregulation of 
inflammatory genes in the cervix and aberrant NF-κB activation. Treatment with GW4064 suppressed 
NF-κB-regulated gene expression in Hela and Siha CC cells and inhibited NF-κB activity at the 
transcriptional level. Mechanistically, FXR activation suppressed tumor necrosis factor alpha (TNFα)-induced 
phosphorylation of NF-κB inhibitor alpha (IκBα) by directly binding to the promoter of inhibitor of nuclear 
factor kappa B kinase regulatory subunit gamma (IKBKG), thereby inhibiting its transcription. Additionally, 
FXR activation reduced CC cell proliferation and migration. In vivo, xenograft experiments in Hela cell-
bearing Bagg’s albino (BALB/c) nude female mice confirmed that FXR activation significantly suppressed 
tumor growth.
Conclusions: These findings highlight FXR activation as a potential therapeutic strategy for CC by 
targeting the NF-κB pathway as shown in both in vitro and in vivo.
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Introduction

Cervical cancer (CC) is the fourth most common cancer and 
the fourth leading cause of cancer-related mortality among 
women worldwide (1). Annually, approximately 600,000 
new cases of CC are diagnosed, with over 300,000 CC-
related deaths (2). The high incidence and mortality rates in 
underdeveloped countries are largely attributed to limited 
screening programs and low human papillomavirus (HPV) 
vaccination coverage (3). High-risk HPV is associated with 
virtually 100% of cases of squamous cell carcinoma of the 
cervix, and viral persistence is the main risk factor for CC, 
with additional contributing factors including sexually 
transmitted infections, smoking, and prolonged use of oral 
contraceptives (4). In recent decades, CC incidence and 
mortality rates have declined significantly in most regions 
due to the widespread implementation of HPV vaccination, 
CC screening programs, and improvements in genital 
hygiene (5). However, despite these preventive advances, 
the recurrence rate of advanced CC remains high (6). 

Thus, understanding the molecular mechanisms underlying 
CC progression and identifying novel therapeutic targets 
remain crucial.

The Farnesoid X receptor (FXR) is a member of the 
nuclear receptor family and functions as a transcription 
factor by binding to specific ligands to regulate downstream 
gene expression (7). Initially, FXR was primarily associated 
with bile acid, lipid, and energy metabolism (8). Subsequent 
research has highlighted its crucial role in liver diseases, 
demonstrating its ability to counteract the development 
of hepatitis, non-alcoholic fatty liver disease (NAFLD), 
liver fibrosis, and even hepatocellular carcinoma (9-13). 
The role of FXR in cancer has been widely studied. In 
colorectal cancer, cholangiocarcinoma, osteosarcoma, 
and prostate cancer, FXR exhibits tumor-suppressive 
effects (14-17). Conversely, in breast cancer, non-small 
cell lung carcinoma, pancreatic cancer, renal cancer, and 
thyroid cancer, FXR has been found to be associated with 
tumor-promoting properties (18-22). However, research 
on FXR in CC remains limited. Previous studies by our 
group demonstrated that FXR inhibits hepatitis through 
suppression of the nuclear factor kappa B (NF-κB) signaling 
pathway and hinders esophageal cancer progression via 
the mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathway (23,24). Given 
these findings, we sought to investigate the role of FXR in 
cervical inflammatory response and CC.

The NF-κB family consists of five members in mammals, 
with the classical NF-κB signaling pathway involving the 
p65 (RelA) and p50 (NF-κB1) heterodimer, which interacts 
with inhibitors of NF-κB (IκB) proteins, such as NF-
κB inhibitor alpha (IκBα), in its inactive state (25). Upon 
stimulation, IκB proteins are phosphorylated by the IκB 
kinase (IKK) complex, leading to the release of p65/p50 
heterodimers, which subsequently regulate downstream 
gene expression (26). NF-κB is constitutively activated in 
CC and is significantly associated with the progression of 
cervical epithelial lesions toward malignancy (27-30). Given 
its pivotal role in CC progression, NF-κB represents an 
attractive target for therapeutic intervention.

Highlight box

Key findings
•	 Farnesoid X receptor (FXR) inhibits the proliferation, migration, 

and invasion of cervical cancer (CC) cells in vitro and promotes 
apoptosis by suppressing inflammation-induced activation of the 
nuclear factor kappa B (NF-κB) signaling pathway. Additionally, 
FXR activation hinders CC progression in vivo.

What is known and what is new?
•	 FXR inhibits hepatic inflammation and hepatocellular carcinoma 

progression by suppressing NF-κB signaling.
•	 This study expands the understanding of FXR by investigating on 

its role in cervicitis and CC.

What is the implication, and what should change now?
•	 Our findings suggest that FXR activation holds therapeutic 

potential in CC by modulating the NF-κB pathway as shown in 
both in vitro and in vivo.

•	 FXR activation may represent a novel strategy for preventing and 
treating cervicitis and CC.
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In this study, we aimed to investigate the role of FXR in 
cervical inflammation and CC, with a particular focus on 
its potential interaction with the NF-κB signaling pathway. 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-2025-522/rc).

Methods

Reagents and plasmids

GW4064 was purchased from Sigma-Aldrich (St. 
Louis, MO, USA), and unless otherwise specified, the 
concentration used was 3 μM. Human tumor necrosis factor 
alpha (TNFα) and interleukin 6 (IL-6) were purchased from 
PeproTech (Rocky Hill, NJ, USA). Anti-phosphorylated 
IκBα (p-IκBα) and anti-IκBα (T-IκBα) antibodies were 
obtained from Cell Signaling Technologies (Danvers, MA, 
USA). The FXR expression vector and the inhibitor of 
nuclear factor kappa B kinase regulatory subunit gamma 
(IKBKG) luciferase vector [wild-type (WT) and mutant 
(MUT)] were constructed in Zhejiang Key Laboratory of 
Integrated Chinese and Western Medicine Tumor Research; 
the primers used are shown in Table S1.

Animals

According to the “resource equation” method, a total of 10 
mice were used in each experiment, with five mice in the 
control group and five in the experimental group. These mice 
were housed in the Animal Experiment Center of Hangzhou 
Institute of Medicine (HIM), Chinese Academy of Sciences, 
in a specific pathogen-free animal room. Q.L. serves as the 
Deputy Director of the Science and Technology Division at 
the Hangzhou Institute of Medicine, Chinese Academy of 
Sciences.

To compare the differences in the inflammatory gene 
in the cervix of the WT and FXR-knockout (KO) mice, 
6- to 8-week-old female WT and FXR-KO C57B/6 mice 
were euthanized. Their cervixes were removed, snap-frozen 
in liquid nitrogen, and stored at −80 ℃. Euthanasia was 
performed using a method that would minimize animal 
suffering. According to the inclusion criteria based on 
weight, mice weighing less than 18 g or more than 25 g 
were excluded, resulting in the exclusion of one mouse from 
each of the control and experimental groups.

To investigate the effect of FXR on the tumor growth of 
the xenograft tumor mice, 4- to 6-week-old BALB/c nude 

female mice were subcutaneously injected with 5×106 Hela 
cells per mouse. This procedure was carried out by the 
first investigator, who was blinded to the group allocation. 
Once the tumors reached a size of 100 mm3, the mice were 
randomly assigned to the control and treatment groups 
by a second investigator using the number table method. 
The control group was intraperitoneally injected with 
corn oil every other day, while the treatment group was 
intraperitoneally injected with GW4064 (30 mg/kg) every 
other day. The second investigator was the only one aware 
of the group allocation. Body weight and tumor size were 
monitored every other day by a third investigator. After  
2 weeks, all mice were euthanized by a fourth investigator, 
and the tumors were excised, photographed, and further 
analyzed.

To prevent infection or accidental death during the 
experimental procedures, strict measures were taken to 
maintain a clean culture environment, ensure a proper 
diet for the mice, and guarantee the professionalism of 
the experimental personnel. When tumor size exceeded  
1,500 mm3 or when mice exhibited signs of significant 
discomfort, timely care was provided, and euthanasia was 
performed when necessary.

The FXR-KO and WT C57B/6 female mice, as well 
as BALB/c nude female mice, were purchased from 
GemPharmatech Co., Ltd. (Nanjing, China) [license no. 
SCXK (Su) 2023-0009]. All experiments were approved by 
the Ethics Committee of HIM Animal Experiment Center 
(license No. AP2024-09-0201) in China and all procedures 
followed the National Institutes of Health (NIH) guidelines 
8th edition, for the care and use of laboratory animals. A 
protocol was prepared before the study without registration.

Cell culture and transient transfection

The Hela (Catalog No. 1101HUM-PUMC000011) and 
Siha (Catalog No. 1102HUM-NIFDC00092) human CC 
cell lines were purchased from the Institute of Basic Medical 
Sciences of the Chinese Academy of Medical Sciences 
(Beijing, China). The cells were cultured in complete 
Roswell Park Memorial Institute (RPMI)-1640 medium, 
supplemented with 10% (v/v) fetal bovine serum (FBS) and 
1% (v/v) antibiotics (100 U/mL penicillin and streptomycin; 
Thermo Fisher Scientific, Waltham, MA, USA), at 37 ℃ in 
a humidified atmosphere containing 5% carbon dioxide. To 
evaluate the anti-inflammatory effects of FXR activation, 
the cells were seeded at a density of 3.2×105 into a 6-well 
cell culture plate for 16 hours before transfection. The cells 
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were then transfected with the p65 expression vector using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). 
After 24 hours of incubation, the cells were pretreated 
with GW4064 for an additional 24 hours and then were 
subsequently harvested for further analysis.

Dual-luciferase reporter assay

For the luciferase assay, 8.5×104 cells were seeded into 
a 24-well cell culture cluster. The cells were then co-
transfected with the phRL-TK plasmid (200 ng/mL), NF-
κBX3-LUC plasmid (2,000 ng/mL), p65 expression vector  
(200 ng/mL), and FXR expression plasmid (200 ng/mL) 
using Lipofectamine 2000. After 24 hours of transfection, 
the cells were treated with dimethyl sulfoxide (DMSO) or 
3 μM of GW4064 for another 24 hours. For the IKBKG-
associated luciferase assays, the cells were co-transfected 
with the phRL-TK plasmid, IKBKG WT or MUT  
(1,000 ng/mL) plasmid, and FXR expression plasmid for 
48 hours. The cells were then harvested, and the dual-
luciferase reporter assay was performed in accordance 
with the manufacturer’s instructions (Promega, Madison,  
WI, USA).

RNA isolation and quantitative real-time polymerase 
chain reaction (qRT-PCR)

Total RNA was isolated from the cells using a TRIZOL 
reagent (Thermo Fisher Scientific) and transcribed to 
complementary DNA (cDNA) using the Strand cDNA 
Synthesis kit (Thermo Fisher Scientific) as described 
previously (24). qRT-PCR was carried out using the 
Power SYBR Green PCR Master Mix protocol (Applied 
Biosystems, San Diego, CA, USA) with specific primers 
designed to amplify the genes. The primers used for the 
qRT-PCR are shown in Table S2.

Protein extraction and immunoblot analysis

The CC cells were treated with GW4064 for 24 hours, 
followed by incubation with TNFα for 1 hour or IL-6 
for 6 hours. Subsequently, the cells were harvested for 
further analysis. The proteins in the cells were extracted 
as described previously (24). The protein concentration 
was determined by bicinchoninic acid assay (Beyotime, 
Shanghai, China). The proteins were then separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), transferred to 0.2 μm nitrocellulose 

membranes, and blocked with 5% non-fat milk for  
1 hour. The membranes were then blotted with primary 
antibodies at 4 ℃ overnight and incubated with horseradish 
peroxidase-labeled goat anti-rabbit secondary antibody. The 
blots were visualized using the Tanon 5200 system (Tanon, 
Hangzhou, China). All antibodies used in the experiments 
are listed in Table S3.

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) 
assay

To study the inhibitory effect of FXR activation on the 
viability of the CC cells, the cells were seeded into 96-
well cell culture plates and treated with GW4064. Next, 
10 μL of MTT reagent (5 mg/mL in Phosphate Buffered 
Saline) was added into the corresponding wells every  
24 hours. After 4 hours of incubation, the MTT formazan 
was extracted by 100 μL DMSO, and the optical density 
was then measured at 450 nm by spectrofluorimetry.

Wound healing assays

For the wound healing assays, the CC cells were seeded 
in 24-well plates. After 24 hours, a wound was created by 
scratching the cell monolayer with a 100-µL pipette tip. 
The medium was then replaced with incomplete medium 
containing either DMSO or GW4064. Representative 
images of cell migration were captured using the light 
microscopy system.

Cell migration assay

Cell invasion and migration (CIM) were continuously 
monitored using CIM-plates to assess the invasive capacity of 
CC cells with the xCELLigence® real-time cellular analysis 
(RTCA) declustering potential (DP) instrument system 
(Agilent Technologies Santa Clara, CA, USA). First, 165 μL 
of culture medium containing FBS was added to the lower 
chamber of the CIM-plates, and the upper chamber was then 
assembled with 50 μL of serum-free medium. After 1 hour, 
a background reading was recorded. Next, the 1×104 cells in 
serum-free medium with GW4064 were added to the upper 
chamber. The cell index was measured using the RTCA 
software every 12 hours until the experiment was completed.

Cell apoptosis assay

Cell apoptosis was detected using the fluorescein 
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isothiocyanate (FITC) Annexin V Apoptosis Detection 
Kit I (BD Biosciences, Cat. 556547, San Jose, CA, USA) 
according to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed using an EZ-ChIPTM Assay 
Kit (17-371, Sigma-Aldrich) following the manufacturer’s 
instructions. Briefly, the Hela and Siha cells were first 
transfected with FXR overexpression plasmids with 3 
× Flag tags. After 48 hours, the cells were fixed with 
1% paraformaldehyde for 30 minutes, followed by 
formaldehyde quenching using 0.125 M glycine. The cells 
were then harvested, lysed using a sodium dodecyl sulfate 
(SDS) lysis solution, and sonicated. The chromatin fractions 
were incubated with anti-Flag antibody or normal mouse 
immunoglobin G overnight at 4 ℃ and then incubated 
with protein A/G magnetic beads for another 2 hours. 
After multiple washes and elutions, the DNA was purified 
using an adsorption column. Both the input DNA and 
immunoprecipitated DNA were analyzed by qRT-PCR. 
The target enrichment of immunoprecipitated DNA was 
calculated as the percentage of the input DNA. The ChIP 
primer sequences are listed in Table S2.

Statistical analysis

Unless otherwise specified, all the experiments were 
conducted with three biological replicates. The data were 
presented as the mean and standard deviation. Statistical 
analyses were performed using GraphPad Prism (Version 
9.0; La Jolla, CA, USA). The student’s t-test (two-tailed) 
was used to compare differences between the two groups. A 
P value less than 0.05 was considered statistically significant.

Results

FXR deficiency promotes cervical inflammation

A large number of pro-inflammatory genes, such as matrix 
metallopeptidase 2 (MMP2), intercellular adhesion molecule 
1 (ICAM-1), interleukin 10 (IL-10), chemokine (C-C 
motif) ligand 2 (MCP-1), TNFα, chemokine (C-X-C motif) 
ligand 2 (CXCL-2), interleukin 1 beta (IL-1β), interleukin 
6 (IL-6), matrix metallopeptidase 10 (MMP10), and matrix 
metallopeptidase 7 (MMP7), were significantly more highly 
expressed in the cervix of the FXR-KO mice than the cervix 
of the WT mice (Figure 1A). We randomly selected 4 out of 

6 mice in each group for western blot experiments, which 
showed that the levels of IκBα and STAT3 phosphorylation 
were higher in the cervix of the FXR-KO mice than the 
cervix of the WT mice (Figure 1B). 

FXR activation inhibits the proliferation and migration of 
human CC cells

The MTT assay results showed that the cell proliferation 
rate of GW4064 treated group (1, 2, and 3 μM) was 
more inhibited than that of untreated group, and the 
rate of inhibition was proportional to the concentration 
of GW4064 (Figure 2A,2B). Additionally, the RTCA 
showed that treatment with GW4064 (3 μM) inhibited the 
proliferation of the Hela cells (Figure 2C). Similarly, the cell 
scratch assay and RTCA also showed that the invasiveness 
capacity of the Hela cells and Siha cells decreased after 
treatment with 3 μM of GW4064 (Figure 2D-2F).

Activation of FXR promotes apoptosis in CC cells

Next, we examined the effect of FXR activation on CC cell 
apoptosis. GW4064 (1, 3, and 5 μM) treatment for both 24 
and 48 hours promoted the apoptosis of the Hela cells in a 
dose-dependent manner (Figure 3A,3B). In the Siha cells, 
the GW4064 (1 and 3 μM) treatment for 48 hours had the 
same effect (Figure 3C). Additionally, FXR activation (3 μM 
GW4064 treated) promoted the expression of various pro-
apoptotic genes in the Hela cells (Figure 3D). 

Activation of FXR antagonizes the NF-κB signaling 
pathway in CC cells

The messenger RNA (mRNA) levels of the NF-κB target genes, 
such as MCP-1, interleukin 1 alpha (IL-1α), ICAM-1, TNFα, 
interferon-inducible protein-10 (IP-10), IL-6, IL-1β, MMP2, 
and transforming growth factor beta 2 (TGFβ2), were more 
increased in the TNFα-treated (10 ng/mL) cells than the 
non-treated control cells (Figure 4A,4B). The upregulation 
of these genes was inhibited by the activation of FXR  
(3 μM GW4064 treated) (Figure 4A). In addition to this, 
the Hela cells transfected with the p65 plasmid expressed 
higher mRNA levels of inflammatory factors, including 
MCP-1, inducible nitric oxide synthase (INOS), ICAM-1, 
TNFα, IP-10, and IL-6 than the untreated cells (Figure 4B). 
In addition, the treatment of GW4064 (3 μM) significantly 
suppressed the upregulation of these inflammatory factors 
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Figure 1 FXR deficiency promotes cervical inflammation response. (A) Relative mRNA levels of pro-inflammatory genes in the cervix 
from the WT and FXR-KO mice, n=6. (B) Western blot showing p-IκBα, T-IκBα, p-STAT3, and T-STAT3 protein levels in the cervix 
from the WT and FXR-KO mice. β-actin served as a loading control. CXCL-2, chemokine (C-X-C motif) ligand 2; FXR-KO, farnesoid X 
receptor-knockout; ICAM-1, intercellular adhesion molecule 1; IL-1β, interleukin 1 beta; IL-6, interleukin 6; IL-10, interleukin 10; MCP-
1, chemokine (C-C motif) ligand 2; MMP2, matrix metallopeptidase 2; MMP7, matrix metallopeptidase 7; MMP10, matrix metallopeptidase 
10; mRNA, messenger RNA; p-IκBα, phosphorylated NF-κB inhibitor alpha; p-STAT3, phosphorylated STAT3; T-IκBα, NF-κB inhibitor 
alpha; T-STAT3, total STAT3; TNFα, tumor necrosis factor alpha; WT, wild-type. 

(Figure 4B), suggesting that activation of FXR antagonized 
the expression of NF-κB-regulated genes in CC cells. 
To examine whether FXR activation decreased NF-κB-
mediated transcriptional activity, luciferase assays were 
performed. The overexpression of p65 resulted in seven-
fold greater NF-κB reporter activity, while NF-κB activity 
was reduced by GW4064 (3 μM) in the presence of FXR 

(Figure 4C), suggesting that activation of FXR inhibited the 
transcriptional activity of NF-κB. IκBα is a crucial inhibitor 
of the NF-κB pathway. The phosphorylation of the IκBα 
proteins by IKK leads to degradation via ubiquitination 
and subsequently relieves the inhibition of the NF-κB 
pathway. In the present study, to evaluate the underlying 
mechanism by which FXR acts to suppress the TNFα-
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Figure 2 FXR activation impairs the proliferation and migration of human CC cells. (A,B) FXR activation by GW4064 inhibited the 
proliferation of the Hela (A) and Siha (B) cells. The proliferation of the cells was analyzed by MTT assay. (C) Left panel: following the 
activation of FXR, the Hela cells exhibited a lower scratch closure rate than the control cells. Magnification: ×40. Right panel: the scratch 
closure rate was scanned using Image J software. (D) FXR activation by GW4064 inhibited the proliferation of the Hela cells. The 
proliferation of the cells was analyzed by RTCA. (E,F) FXR activation by GW4064 inhibited the migration of the Hela (E) and Siha (F) 
cells. The migration of cells was analyzed by RTCA. Cell index = (impedance at time point n − impedance in the absence of cells)/nominal 
impedance value. The value of cell index is positively correlated with the ability of cell proliferation, migration and invasion. *, P<0.05. 
CC, cervical cancer; CON, control; FXR, farnesoid X receptor; MTT, methylthiazolyldiphenyl-tetrazolium bromide; OD, optical density; 
RTCA, real-time cellular analysis.

induced activation of NF-κB signaling, we examined 
whether FXR antagonized IκBα phosphorylation. As  
Figure 4D,4E shows, the phosphorylation of IκBα was 
significantly increased in the Hela cells and Siha cells 
treated with TNFα compared to the non-treated cells 

(Figure 4D,4E). Conversely, the GW4064 (3 μM) treatment 
significantly alleviated the IκBα phosphorylation induced 
by TNFα. The GW4064 treatment also significantly 
attenuated STAT3 phosphorylation in the Hela cells 
and Siha cells (Figure 4D,4E). The activation of FXR 
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Figure 3 Activation of FXR promotes apoptosis in CC cells. (A,B) GW4064 treatment for 24 (A) and 48 (B) hours promoted the apoptosis 
of Hela cells in a dose-dependent manner, and apoptosis was analyzed using flow cytometry. (C) GW4064 treatment for 48 hours promoted 
the apoptosis of Siha cells in a dose-dependent manner. (D) Relative mRNA levels of the pro-apoptotic genes in the GW4064-treated Hela 
cells and control cells. “-”: GW4064 untreated group. *, P<0.05. CC, cervical cancer; CON, control; FITC, fluorescein isothiocyanate; FXR, 
farnesoid X receptor; mRNA, messenger RNA; PI, propidium iodide. 
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Figure 4 Activation of FXR antagonizes the NF-κB signaling pathway in CC cells. (A) Hela and Siha cells were grown in 6-well plates for 16 
hours and treated with 3 μM of GW4064 or DMSO for 24 hours, and then stimulated with TNFα (10 ng/mL) for another 1 hour. The cells 
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antagonized the NF-κB signaling pathway in CC cells.

FXR antagonizes the NF-κB signaling pathway by 
inhibiting IKBKG transcription

We further explored the mechanism by which FXR regulates 
IκBα phosphorylation. First, qRT-PCR results showed that 
activation of FXR (3 μM GW4064 or 10 μM 6-eCDCA 
treated) significantly suppressed the expression of IKBKG, 
an IκBα upstream gene, in CC cell lines (Figure 5A). Next, 
we used the online tool Nubiscan (https://www.nubiscan.
unibas.ch/) to predict whether there are FXR binding 
sites on the IKBKG promoter. As Figure 5B shows, there 
were FXR binding sites on the IKBKG promoter (−1,082 
to −1,066: 5' GGATCACCTGAGGTCA 3'). We cloned 
the IKBKG promoter region (−1,220 to −790) into the 
pGL4.23 plasmid (WT) and investigated the effect of FXR 
on IKBKG transcriptional activity by luciferase assay. FXR 
overexpression significantly inhibited luciferase expression, 
indicating that FXR bound to the IKBKG promoter and 
repressed IKBKG transcription (Figure 5C). Moreover, 
after we mutated the FXR binding site on the WT plasmid 
and constructed the MUT plasmid, the inhibitory effect 
of FXR on luciferase expression was eliminated, which 
further supports this conclusion (Figure 5D). In addition, 
the results of ChiIP experiments showed that the flag 
antibody significantly enriched the FXR binding region on 
the IKBKG promoter, further showing the binding between 
FXR and IKBKG promoter (Figure 5E).

Activation of FXR inhibits CC progression in vivo

Next, we used a nude xenograft mouse model to explore the 

effect of FXR on CC progression in vivo. After the GW4064 
(30 mg/kg) injection, the size, growth rate, and weight of 
the subcutaneous tumors in the nude mice were significantly 
lower than those in the control group (Figure 6A-6C). 
There was no difference in body weight between the two 
groups of nude mice, indicating that the intraperitoneal 
injection of GW4064 did not have any significant toxic side 
effects (Figure 6D). In addition, we extracted RNA from 
the tumors to examine the expression of the inflammation-
related genes. As Figure 6E shows, the expression of 
multiple inflammatory genes in the tumors was significantly 
downregulated after the GW4064 injection. Similarly, the 
levels of IL-6, IL-1β, and TNFα in the tumor were detected 
using enzyme-linked immunosorbent assay (ELISA), and 
there was a significant decrease in the levels of these three 
inflammatory factors in the tumor after the activation of 
FXR by GW4064 injection (Figure 6F). Thus, the activation 
of FXR inhibited the progression of CC in vivo.

Discussion

Chronic inflammation is a well-established driver of cancer 
development, with NF-κB playing a central role in this 
process. Inflammatory responses activate the NF-κB pathway, 
promoting the transcription of pro-inflammatory cytokines 
(e.g., TNFα, IL-6) and chemokines (e.g., IL-8, MCP-1,  
IP-10), which, in turn, further activates NF-κB, creating a 
self-perpetuating cycle of inflammation (31). FXR, a nuclear 
receptor, has been shown to reduce inflammatory responses 
and cytokine expression in the liver and gastrointestinal tract 
in vitro and in vivo (8,32). Additionally, FXR overexpression 
suppresses CC by inhibiting p53 ubiquitination (33,34), 
but its broader role in CC progression remains unclear. 

were harvested, and the transcript levels of the NF-κB target genes were examined by qRT-PCR. (B) Hela cells were grown in 6-well plates 
for 16 hours, and transfected with p65 expression vector or control plasmid. After 24 hours of incubation, the cells were treated with 3 μM 
of GW4064 or DMSO for another 24 hours. The cells were harvested, and the transcript levels of the following cytokines were examined 
by qRT-PCR. (C) Relative luciferase activities of Hela cells that were co-transfected with the NF-κB reporter plasmid (pNF-κB-Luc), 
control phRL-TK plasmid, p65 expression plasmid, and FXR expression plasmids. The cells were treated with GW4064 (3 μM) or DMSO 
for 24 hours. (D,E) Representative immunoblots showing p-IκBα, T-IκBα, P-STAT3, and T-STAT3 protein levels in the Hela (D) and Siha 
(E) cells treated with DMSO, TNFα (10 ng/mL), or IL-6 (10 ng/mL), GW4064 (3 μM), TNFα + GW4064. β-actin served as a loading 
control. *, P<0.05. CC, cervical cancer; CON, control; DMSO, dimethyl sulfoxide; FXR, farnesoid X receptor; ICAM-1, intercellular 
adhesion molecule 1; IL-1α, interleukin 1 alpha; IL-1β, interleukin 1 beta; IL-6, interleukin 6; INOS, inducible nitric oxide synthase; IP-10, 
interferon-inducible protein-10; MCP-1, chemokine (C-C motif) ligand 2; MMP2, matrix metallopeptidase 2; mRNA, messenger RNA; NF-
κB, nuclear factor kappa B; p-IκBα, phosphorylated NF-κB inhibitor alpha; p-STAT3, phosphorylated STAT3; qRT-PCR, quantitative real-
time polymerase chain reaction; RLU, relative light unit; T-IκBα, NF-κB inhibitor alpha; T-STAT3, total STAT3; TGFβ2, transforming 
growth factor beta 2; TNFα, tumor necrosis factor alpha. 
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Figure 5 FXR antagonizes the NF-κB signaling pathway by inhibiting IKBKG transcription. (A) Relative mRNA levels of IKBKG in 
GW4064 or 6-eCDCA treated Hela and Siha cells. (B) The online tool NUBIS can predicted the binding site of FXR on the IKBKG 
promoter. (C) Relative luciferase activities of the Hela cells that were co-transfected with the IKBKG reporter plasmid (WT), control phRL-
TK plasmid, and FXR expression plasmids. (D) Relative luciferase activities of the Hela cells that were co-transfected with the IKBKG 
reporter plasmid (WT) or mutant IKBKG reporter plasmid (MUT), control phRL-TK plasmid, and FXR expression plasmids. (E) Hela and 
Siha cells were pre-transfected with Flag-tagged FXR overexpression plasmids, followed by ChIP with anti-Flag antibodies to confirm the 
interaction between FXR and the IKBKG promoter. *, P<0.05; ns, no significance. ChIP, chromatin immunoprecipitation; CON, control; 
FXR, farnesoid X receptor; FXRE, farnesoid X-receptor-responsive element; IgG, immunoglobulin G; IKBKG, inhibitor of nuclear factor 
kappa B kinase regulatory subunit gamma; MUT, mutant; mRNA, messenger RNA; NF-κB, nuclear factor kappa B; pCMV, control vector; 
RLU, relative light unit; TSS, transcription start site; WT, wild-type. 
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Figure 6 Activation of FXR inhibits CC progression in vivo. Nude mice were subcutaneously inoculated with Hela cells and then 
intraperitoneally injected with GW4064 (30 mg/kg) or the vehicle (n=5). (A) Photographs of tumors in the GW4064-treated and control 
groups. (B) Tumor growth curve. (C) Statistics of tumor weight. (D) Body weight change curve of mice after GW4064 injection. (E) 
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To clarify the effect of FXR activation on NF-κB 
transcriptional activity, we explored three perspectives. First, 
the expression of NF-κB downstream genes was detected 
using qRT-PCR, which was used to assess the activation of 
NF-κB signaling. Second, luciferase assays were performed 
using the NF-κB reporter plasmid. There are multiple p65 
binding sites on the reporter plasmid. When NF-κB is 
activated, p65 will bind to the reporter plasmid and induce 
luciferase expression, therefore the activation of NF-κB 
can be clarified based on the luciferase activity. Finally, we 
examined the phosphorylation level of IκBα, a key protein of 
the NF-κB pathway, by western blot to clarify the activation 
of NF-κB. Our findings demonstrated that FXR activation 
via GW4064 repressed NF-κB target genes, downregulated 
NF-κB-regulated inflammatory factors, and significantly 
inhibited NF-κB transactivity in vitro. These results suggest 
that FXR may protect against CC by mitigating NF-κB-
driven cervical inflammation, consistent with its protective 
role in colorectal cancer, hepatic cancer, atherosclerosis, and 
hypertension (8,35-37).

In the classical NF-κB pathway, IκBα is phosphorylated 
at Ser32 and 36 residues by transforming growth factor 
β-activated kinase 1 (TAK1)-activated inhibitor of 
kappa B kinase (IKKβ) in the presence of inflammatory 
stimulation (38), then IKKβ followed by ubiquitination and 
subsequent degradation through the 26S proteasome (39), 
thus the liberated NF-κB, typically the p50/p65 complex, 
translocates from the cytoplasm to the nucleus and binds 
to the promoter region of target genes to activate their 
transcription. This process requires the involvement of 
at least one non-catalytic accessory protein, such as NF-
κB essential modulator (NEMO), in addition to IKK (40). 
IKKγ, encoded by the IKBKG, acts as a NEMO and is 
indispensable in the activation of NF-κB signaling (41). The 
enhancement of IKK and NEMO or proteasome activity, 
or the deletion or lower expression of nuclear factor of 
kappa light polypeptide gene enhancer in B-cells inhibitor 
alpha (NFKBIA), which encodes IκBα, participates in the 
continuous activation of the NF-κB pathway and induces 
the pathogenesis of malignant tumors (42-44).

Previous studies have shown that high-risk HPV 

infection activates NF-κB, which in turn creates a chronic 
inflammatory state (45-47). Precancerous lesions develop 
with ongoing HPV infection, and may eventually result 
in tumor development (29). In CC progression, NF-κB is 
constitutively activated and the overexpression of NF-κB 
is significantly associated with the progression of cervical 
epithelial lesions toward CC (27,28). In the current study, 
we found that FXR bound to the IKBKG promoter and 
suppressed its transcriptional activity leading to reduced 
TNFα-induced phosphorylation of IκBα at the protein 
level. This suggests that the decreased production of pro-
inflammatory cytokines observed in CC cells treated with 
an FXR agonist may be mediated by lower p-IκBα levels. 
Interestingly, the western blot results showed that p-IκBα 
in Siha cells showed two bands, whereas there was only one 
band in Hela cells, the phenomenon suggests that there may 
be a different p-IκBα phosphorylation modification site or a 
different variant of p-IκBα in Siha than in Hela.

Because of its crucial role in regulating the metabolism 
of bile acids, lipids, and glucose, FXR has been a promising 
therapeutic target for cholestatic liver diseases, such as 
primary biliary cholangitis (PBC) and primary sclerosing 
cholangitis (PSC), as well as for metabolic liver diseases, 
especially NAFLD, in the past decades (20,48). The FXR 
agonist obeticholic acid (OCA) was the first drug approved 
for use in PBC as a second-line treatment for patients 
unresponsive to ursodeoxycholic acid (UDCA) (49). 
OCA has been shown to significantly reduce biomarkers 
associated with PBC, including alkaline phosphatase, 
bilirubin, aspartate aminotransferase, and alanine 
aminotransferase (49-51). FXR agonists such as OCA (52), 
cilofexor (53), tropifexor (54), and vonafexor (55) have 
also demonstrated clinical efficacy in the treatment of 
NAFLD. Their activation of FXR significantly ameliorates 
steatohepatitis and hepatic fibrosis, reducing liver enzymes 
and liver fat in patients. In addition, FXR has a mitigating 
effect on inflammatory bowel disease. Activated FXR 
reduces the loss of cuprocytes, protects the intestinal barrier, 
and inhibits the inflammatory response (56). In the present 
study, we explored the effect of FXR on the inflammatory 
response of the cervix. Knockdown of FXR promoted the 

Relative mRNA levels of pro-inflammation genes in GW4064-treated tumors and control tumors. (F) The levels of IL-6, IL-1β and TNFα 
in GW4064-treated and control tumors were detected using ELISA assays. n=5. *, P<0.05. CC, cervical cancer; CON, control; EGFR, 
epidermal growth factor receptor; ELISA, enzyme-linked immunosorbent assay; FXR, farnesoid X receptor; IL-1α, interleukin 1 alpha; 
IL-1β, interleukin 1 beta; IL-6, interleukin 6; IL-8, interleukin 8; IP-10, interferon-inducible protein-10; MCP-1, chemokine (C-C motif) 
ligand 2; mRNA, messenger RNA; TNFα, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
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inflammatory response of the cervix, and activation of FXR 
using GW4064 significantly suppressed the expression 
of inflammatory genes in the cervix. As a potent and 
selective agonist of FXR, GW4064 has great potential in 
the treatment of metabolic-related diseases of the digestive 
system and cervical inflammatory conditions, however, 
problems posed by the structure of GW4064 severely 
limit its clinical translation. As a non-steroidal agonist 
of FXR, GW4064 is an isoxazole-based small molecule 
compound. Its stilbene functionality is a potentially toxic 
pharmacophore and this also contributes to its nature of 
ultraviolet (UV) light instability (57). Furthermore, low 
bioavailability due to its lipophilic/amphiphilic properties 
and limited plasma exposure due to its high clearance also 
limit GW4064 clinical translation (58). Currently, the 
development of FXR agonists with high bioavailability and 
safety based on the modification of the GW4064 structure 
is a hot research topic (59). Some efficient agonists of FXR 
have been obtained by somatic replacement of the stilbene 
functionality or modification of the isoxazole backbone, 
overcoming some of the issues with GW4064 (59,60). 
Among them, PX20606 (59) and LJN452 (61) have been 
evaluated for safety in phase I studies and are currently 
undergoing clinical phase 2 trials for the treatment of non-
alcoholic steatohepatitis (NASH).

The proliferation and migration capacity of tumor cells 
are key indicators for evaluating tumor malignancy (62). 
A recent study reported that another FXR agonist, OCA, 
caused cell cycle arrest and suppressed the invasion and 
migration of human hepatocellular carcinoma cells by 
interfering with the IL-6/STAT3 signaling pathway (63). In 
addition, the activation of FXR upregulates the expression 
of the tumor suppressor caudal-related homeobox 
transcription factor 2 (CDX2), thereby inhibiting the 
proliferation and migration of colorectal cancer cells 
in vivo and in vitro (64). In bladder cancer, activation of 
FXR by GW4064 inhibits bladder cancer migration and 
invasion through the down-regulation of cathepsin B and  
MMP2 (65) .  These  f indings  further  showed the 
anticarcinogenic function of FXR in the pathogenesis of 
these human cancers. In the present study, we examined 
whether the activation of FXR inhibited the progression 
of CC. We found that the in vitro activation of FXR by 
GW4064 inhibited the proliferation and migration ability 
of the CC cells and promoted the apoptosis of the CC cells. 
Similarly, the activation of FXR also inhibited tumor growth 
in the Hela cell-bearing mice in vivo. Therefore, activating 
endogenous FXR with its agonists or synthetic derivatives 

of bile acids could be a promising therapeutic strategy for 
the prevention and treatment of CC; however, the extent 
to which the antitumorigenic role of FXR contributes to 
the prevention effect and the potential side effect of these 
compounds are yet to be explored, and extensive preclinical 
and clinical studies are needed, which will be our future 
work.

Conclusions

Our results show that FXR negatively regulates CC by 
inhibiting NF-κB activation driven by inflammation. 
Further in vivo studies are needed to evaluate the safety 
and effectiveness of FXR ligands. These findings support 
the potential of FXR activation as a novel strategy for 
preventing and treating cervical inflammatory response  
and CC.
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