
Page 1/24

Quercetin inhibits intrahepatic cholangiocarcinoma
by inducing ferroptosis and inhibiting epithelial-
mesenchymal transformation via the NF-κB
pathway
Yinghui Song 

The First A�liated Hospital of hunan normal University
Zhihua Zhang 

The First People's Hospital of hunan normal university
Qin Chai 

The First A�liated Hospital of hunan normal University
GuoYi Xia 

The First A�liated Hospital of hunan normal University
Zhangtao Yu 

The First A�liated Hospital of hunan normal University
Ranzhiqiang Yang 

The First A�liated Hospital of hunan normal University
Junkai Huang 

The First A�liated Hospital of hunan normal University
Yuhang Li 

The First A�liated Hospital of hunan normal University
Chuang Peng 

The First A�liated Hospital of hunan normal University
Bo Jiang 

The First A�liated Hospital of hunan normal University
Sulai Liu  (  liusulai@hunnu.edu.cn )

Hunan Provincial People's Hospital/The First A�liated Hospital of Hunan Normal University
https://orcid.org/0000-0002-5257-3922

Research

Keywords: Intrahepatic cholangiocarcinoma, Quercetin, NF-κB, ferroptosis, EMT

Posted Date: October 5th, 2021

https://doi.org/10.21203/rs.3.rs-947377/v1
mailto:liusulai@hunnu.edu.cn
https://orcid.org/0000-0002-5257-3922


Page 2/24

DOI: https://doi.org/10.21203/rs.3.rs-947377/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-947377/v1
https://creativecommons.org/licenses/by/4.0/


Page 3/24

Abstract
Intrahepatic cholangiocarcinoma (ICC) is a rare high-fatal hepatobiliary malignancy, the treatment option
of ICC is very limited, and the prognosis is also poor. Recently, emerging evidence has shown the potential
of quercetin (QE) for cancer therapy. We explored the effect and mechanism of QE on ICC in vitro and in
vivo. CCK-8 assay and Clonogenic assay showed that QE could inhibit ICC cells proliferation and survival.
PI staining suggested QE could induce ICC cells arrest in G1 phase. AV/PI staining suggested QE could
promote ICC cells apoptosis. Wound Healing Assay and Transwell chamber experiment suggested QE
could inhibit ICC cells EMT. RNA-seq, the changes in the structure of mitochondria by electron microscopy
and the key markers of ferroptosis (free iron ions, MDA, SOD, GPX4) were supported QE could promote
ferroptosis in ICC cells. Molecular docking showed that QE had direct interaction with NF-κB and GPX4. In
vivo, treatment with QE inhibited tumor growth and prolonged survival time of tumor-bearing nude mice.
Our data for the �rst time suggest that QE is a new ferroptosis inducer and combinative treatment of
inhibiting NF-κB in ICC cells by inducing ferroptosis and inhibiting EMT, which will hopefully provide a
prospective strategy for ICC patients.

Background
Intrahepatic cholangiocarcinoma (ICC) is a primary tumor that originates from bile duct epithelial cells
and ranks second in the incidence of primary liver tumors 1. In recent years, the incidence of ICC has
gradually increased especially in China 2. Due to the insidious onset of ICC, it is mostly late disease when
diagnosed, accompanied by nerve invasion and lymph node metastasis3. Moreover, the treatment options
is very limited because ICC has low sensitivity to chemotherapy and radiotherapy4. At present, radical
surgical resection is the most important method for the treatment of ICC 5. However, the high recurrence
rate after surgery leads to a �ve-year survival rate of less than 20% after surgery, and the overall ICC
prognosis is extremely poor6. Therefore, it is important to explore the biological behavior of ICC and
effective treatment methods to improve the therapeutic effect.

The risk factors of ICC including bile duct stones, hepatitis virus, bile duct cysts and liver cirrhosis, etc.7. It
is well known that intrahepatic bile duct stones can induce ICC 8. But the speci�c mechanism is still
unclear. Accumulative evidences indicate that mechanical stimulation of stones and chronic
in�ammation of the bile duct caused by cholestasis can induce ICC9. The link between chronic
in�ammation and tumor is considered the seventh hallmark of malignancy. Chronic in�ammation
mediated by cytokines, chemokines, etc. leads to abnormal signal pathway activation, which is an
important feature of tumor-related in�ammation10. The transcription factor nuclear factor-κB (NF-κB) is
an important mediator of innate immunity/in�ammation. The dysregulation of the NF-κB pathway is
related to many types of cancer 11. NF-κB activation can induce the expression of in�ammatory cytokines
and adhesion molecules, together with the induction of NF-κB-mediated anti-apoptotic genes such as Bcl-
2 can promote tumor cell survival12. Also,it is con�rmed that inhibiting NF-κB can play an anti-tumor
effect in ICC13.
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Ferroptosis is a new type of programmed cell death that is iron-dependent and different from apoptosis,
cell necrosis, and autophagy14. Ferroptosis is induced by peroxidative damage of cell membrane
phospholipids causing by the accumulation of lipid reactive oxygen species in cells. It was reported and
named by Dixon et al. in 201215. The process of ferroptosis is accompanied by the accumulation of a
large amount of iron and lipid peroxidation, which can be inhibited by iron chelating agents and
antioxidants, but cannot be inhibited by apoptosis inhibitors16. Therefore, ferroptosis is an independent
type of cell death that is iron-dependent and characterized by an abnormal increase in lipid reactive
oxygen species17. The occurrence of ferroptosis involves lipid metabolism, the production and removal of
reactive oxygen species, and abnormal iron metabolism. Inducing ferroptosis of cancer cells has
gradually become a treatment strategy for many types of tumors18. However, the role of ferroptosis in ICC
is temporarily unknown and needs further research.

Quercetin(QE) is a common �avonoid, which is widely present in plant �owers, stems, leaves, and fruits. It
exists in the form of polyglycosides. The chemical formula of QE is C15H10O7 19,20. QE plays an important

role in relieving cough, relieving asthma, and reducing blood pressure, etc.21 Cumulative evidence have
showed that QE could inhibit cancers including breast cancer and colon cancer by blocking the cell cycle,
inducing tumor cell apoptosis, etc. 22,23 However, the effect of QE on ICC is temporary unknown.

This study took ICC cells as the research object to observe the effect of QE on ICC, and explore the effect
of QE on NF-κB and ferroptosis. This study provides a new experimental basis for in-depth understanding
of the mechanism of QE in ICC.

Materials And Method

Cell Culture
The intrahepatic cholangiocarcinoma cell lines HuCCT1, RBE and HCCC-9810 were obtained from the
American Type Culture Collection (ATCC). ICC cells were cultured in 1640 medium containing 10% fetal
bovine serum (FBS) and 100 U/ml penicillin/streptomycin. All the cells are grown in a 37°C/5% CO 2
incubator.

Reagents and Antibodies
Quercetin (#S2391), Ferrostatin-1(Fer-1) (#S7243), RSL3 (#S8155) were obtained from Selleck (Shanghai
Lanmu Chemical Co., Ltd., Shanghai, China). CCK8 was purchased from Dojindo (Kumamoto, Japan,
CK04). Annexin V/FITC apoptosis detection kit was purchased from Jiamay Biotech Co.LTD (Beijing,
China, #LHK601-050-P). Bay 11-7082 (#S1523), lipopolysaccharide (LPS) (#S1732), Lipid Peroxidation
MDA Assay Kit (#S0131S) and Total Superoxide Dismutase Assay Kit with WST-8 (#S0101S) were
purchased from Beyotime Biotechnology Company (Hangzhou, China). Iron assay kit was purchased
from Abcam (ab83366). NF-κB (#8242)/p-NF-κB (#3033)/P21 (#2947)/cleaved Caspase3 (#9664)/E-
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cadherin (#3195)/N-cadherin (#13116)/GPX4 (#52455)/ GAPDH(#5174) were purchased from Cell
Signaling Technology (Beverly, MA).

CCK-8 assay for cell viability
The CCK-8 reagent was used to determine the cell viability after QE treatment. ICC cells in exponential
phase were seeded into 96-well plates at a density of 5,000 cells per well. All the cells were divided into
control group (0.1% mass fraction DMSO) or QE group (different concentrations), each group had 5
repeat wells. According to the manufacturer's instructions, CCK-8 was used to evaluate the cell
proliferation activity after QE treatment. 24, 48, or 72 hours after QE treatment, 10 µL CCK-8 reagent was
added to each well, and the cells were incubated for another 1 hours. A microplate spectrophotometer
(ELx800, BioTek Inc., USA) was used to measure the absorbance of the sample at 450 nm, and each
experiment was performed in triplicate.

Clonogenic assay for cell survival rate
The clone formation experiment was used to evaluate the effect of QE treatment on the proliferation
ability of ICC clones. ICC cells were prepared as a single cell suspension and the cell density were
counted. Next, 2 mL of culture medium was used to inoculate a 6-well plate at a density of 500 cells per
well. After 24 hours, different concentrations of QE were added. After 24 hours of QE treatment, the drug-
containing mediums were removed, and the cells were cultured in the drug-free medium for 14 days. After
�xing the cells with absolute ethanol, they were stained with Giemsa and counted manually. Colonies
containing more than 50 cells were considered survivors.

Cell cycle and apoptosis detection by �ow cytometry
The cell cycle was evaluated by using propidium iodide (PI) staining and �ow cytometry (FCM) analysis.
The ICC cells treated with different concentrations of QE for 24 hours were collected and �xed with 70%
ethanol at 4°C for 24 hours. Next, the alcohol �xative solution was removed and the ICC cells were
washed gently with cooled PBS twice. After that, the ICC cells were incubated with a dye solution
containing 5µg/mL PI and 50µg/mL RNase (Sigma Aldrich) for 30 minutes at room temperature in the
dark. Then the cell cycle distribution was analyzed by using FACSuite analysis software (BD Bioscience)
on BD Accuri C6. The experiments were repeated in triplicate.

Apoptosis was measured by Annexin V/FITC apoptosis detection kit according to the manufacturer’s
instruction. Brie�y, ICC cells were treated with different concentrations of QE for 24 hours, then, cells were
collected by 0.25% trypsin, washed with cold PBS twice, resuspended in 300 µL Binding Buffer and
stained with 5 µL �uorescein isothiocyanate-labeled Annexin-V and 5 µL PI. After 15 min of incubation,
200 µL Binding Buffer was added before analyzed. Then the cell apoptosis ratio was analyzed by using
FACSuite analysis software (BD Bioscience) on BD Accuri C6. The experiments were repeated in triplicate.

qRT-PCR
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The qRT-PCR was performed as described in 24. The cells were lysed, and total RNA was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA (1µg) was used for cDNA synthesis. RevertAid
RT Reverse Transcription Kit (Thermo Fisher) was applied to perform RNA reverse transcription at 42°C
for 6 minutes, and then qRT-PCR was performed on the resulting cDNA by using a SYBR-Green
�uorescence-based Assay kit (Applied Biosystems, Foster City, CA, USA) and an ABI Prism 7500 Sequence
Detection System (Applied Biosystems). The primer sequences were shown in the Supplementary Table
1. The ampli�cation level of GAPDH was used as an endogenous control to normalize the ampli�cation
of the target gene. The relative quanti�cation (RQ) of the target gene was calculated according to the
threshold cycle (Ct) value as follows: RQ =2−ΔΔCt, where ΔΔCt = [Ct (target gene)-Ct (GAPDH)]
sample(treatment)-[Ct (target gene) -Ct(GAPDH)] sample (control).

Western blotting
Western blotting was performed as previously described25. The whole cell protein was extracted by using
cell lysis buffer. The protein concentration was determined by using the method described in the Micro
BCA protein determination kit (Thermo Fisher Scienti�c Inc, USA). Total protein (20µg) was loaded in each
well. The following antibodies and diluents were used: anti-NF-κB (1:1,000), anti-p-NF-κB (1:1,000), anti-
P21 (1:1,000), anti-cleaved Caspase3 (1:1,000), anti-E-cadherin (1:1,000), anti-N-cadherin (1:1,000), anti-
GPX4 (1:1,000). Anti-GAPDH (1:2,000) as a loading control.

Wound Healing Assay
Cells were seeded into 6-well plates at a density of 5*106 cells per well with 2 mL medium. After 24 hours,
the medium was removed. And a micropipette tip was used to scratch the surface of the adherent ICC
cells along the central axis of the 6-well plate. Next, the QE-containing 1640 medium was added to the 6-
well plate and continue culturing for 48 hours. Then the pictures were taken under a microscope. The
Image J software was applied to analyze the scratch healing area, and the 48-hour cell scratch healing
rate was calculated. Scratch healing rate/%= (initial scratch width-48h scratch width )/Initial scratch
width×100%. The experiments were repeated in triplicate.

Transwell chamber experiment to detect the number of
migrating cells
Cells were seeded into 6-well plates at a density of 5*106 cells per well with 2 mL medium. After 24 hours,
QE-containing medium was replaced to the medium and the cells were cultured for another 24 hours. And
the cells were digest and 2.5×104 cell suspension to the upper chamber of Transwell, 500 µL complete
medium containing 10% FBS was added to the lower chamber. The cells were cultured for another 48 h.
After that, the chamber was taken out and washed with PBS. Next, the cells were �xed with 4%
paraformaldehyde for 15 min, washed 3 times with PBS, stained with 0.1% crystal violet for 10 min,
washed 3 times with PBS. Then the pictures were selected randomly under a microscope. The number of
migrated cells were counted. The experiments were repeated in triplicate.

RNA-seq
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TRIzol (Invitrogen) method was used for total RNA extraction. After all the samples were quali�ed, the
AMPure XP bead was used for puri�cation, and �nally PCR ampli�cation was performed to obtain the
�nal cDNA library. After the library was quali�ed, the different libraries were pooled according to the
effective concentration and target o�ine data volume, and then sequenced on the HiSeq platform. The
sequencing strategy was PE150. The clean reads were aligned to the reference genome using the
software Hisat2, and the genome �le was hg38. To analysis the distribution of reads on the genome, each
chromosome was divided into 100 kb segments, and the number of reads located in the segment was
statistically compared. The R package used for plotting is ggplot2. StringTie software was used to search
the new transcripts, and the genome annotation version was hg38 gencode.v34. The Swiss-prot protein
database was used to annotate the new transcripts with Diamond software, E value was 1e-5. Gene
expression calculation was performed by StringTie software. Gene expression pro�ling was based on the
number of reads. TPM (fragments per kb of exon model per million mapped reads) values were used to
estimate the expressed values and transcript levels. DESeq2 was selected to identifying differentially
expressed genes (DEGs). Genes with an adjusted P value < 0.05 and abs (log2(fold change)) >1 were
assigned as DEGs. Gene ontology (GO) terms are distributed into biological processes (BP), cellular
components (CC) and molecular functions (MF). KEGG (Kyoto Encyclopedia of Genes and Genome) is
the main public database related to the pathway. GO and KEGG functional enrichment analysis were
performed on the cluster Pro�le R package. The ggplot2 and path view R package were select for plotting.
The rMATs software was used to search alternative splicing event and calculate expression of each one.
Alternative splicing event with P value < 0.05 and abs (Lnc Level Diffence) > 0.1 were assigned as DE
alternative splicing event. Picard - tools v1.41 and samtools v0.1.18 were used to sort, remove duplicated
reads and merge the bam alignment results of each sample. GATK3.8 software was used to perform SNP
calling. Raw vcf �les were �ltered with GATK standard �lter method and other parameters (cluster
Window Size: 10; MQ0 >= 4 and (MQ/(1.0*DP)) > 0.1; QUAL < 10; QUAL < 30.0 or QD < 5.0 or HRun > 5),
and only SNPs with distance > 5 were retained.

Iron assay
According to the manufacturer's instructions, the iron assay kit is used to determine the level of ferrous
ions (Fe2 +) in cells. The cells were seeded on a six-well plate (5×106 cells per plate) and treated with
DMSO, QE, Fer-1 or RSL3 for 24 hours. The cells were collected and washed in cold PBS, homogenized in
5x volume iron assay buffer on ice, and then centrifuged at 4°C (13,000 x g, 10 minutes) to remove
insoluble materials. After collecting the supernatant, iron reducing agent was added to each sample,
mixed and incubated at room temperature for 30 minutes. Add 100 µL of iron probe to each sample. Use
a horizontal shaker or pipette to mix thoroughly, and then incubate the reaction solution for 60 minutes at
room temperature in the dark. Use a microplate reader to measure the absorbance at 593 nm.

Malondialdehyde(MDA) analysis
The relative MDA concentration in cell lysates was assessed using a Lipid Peroxidation (MDA) Assay Kit
according to the manufacturer’s instructions. Brie�y, MDA in the sample reacts with thiobarbituric acid
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(TBA) to generate a MDA-TBA adduct. The MDA-TBA adduct can be quanti�ed colorimetrically (OD = 530
nm).

Superoxide Dismutase(SOD) Assay Kit with WST-8
SOD Assay Kit-WST method was used for evaluation of SOD activity according to the manufacturer’s
instructions. The absorbance was assessed at 450 nm using a microplate reader.

Transmission electron microscopy
HuCCT1 was treated with 100 µmol/L QE for 24 h as previous method, and the cells were harvested for
transmission electron microscopy analysis. Brie�y, the cells were �xed in the electron microscope �xation
solution (Google Bio, Wuhan, China, #G1102) for 2-4 hours at 4℃. Then �xed with 1% osmic acid·0.1M
PBS (PH7.4) at room temperature (20℃) for 2h. Next, the samples were sequentially dehydrated with
50%-70%-80%-90%-95%-100%-100% alcohol-100% acetone-100% acetone for 15 minutes each time. After
that, the samples were penetrated and embedded. Ultra-thin microtome (Leica, Leica UC7) is used to cut
the sample into 60-80 nm slices. The slices were stained with uranium and lead (2% uranyl acetate
saturated alcohol solution, lead citrate, each stained for 15 minutes), then dried overnight at room
temperature. At last, the slices were observed under a transmission electron microscope (Hitachi,
HT7700), and collected images for analysis. At least 10 images were acquired for each structure of
interest and representative images are shown.

Immunochemistry(IHC)
For IHC, the tumor tissues were stored in 4% paraformaldehyde for over 24 h and cut into 4 mm thick
slices. Para�n wax was then removed and stained with IHC by a method described previously 10.

Molecular docking
The crystal structure of NF-κB and GPX4 were retrieved from previous studies 26,27. Ligands were
removed from the protein by PyMol software and save the molecule as a PDB �le. Proteins docking was
analysed by AutoDock vina software and AutoDock Tools 1.5.6 software. Chim3D (2010) software was
used to draw ligands (QE) and save ligands as a PDB �le. The number of points and center grid box were
shown in Table. Spacing was set to 1. Results were analyzed by PyMol software.

Tumor xenograft assay
HuCCT1 cells were subcutaneously injected into the upper �ank of 4-5 weeks old nude mice (Shanghai
Laboratory Animal Center; Shanghai, China). Then mice were divided into control group, QE 25 mg/kg
group and QE 50 mg/kg group and 12 mice in each group 28. The size of tumor xenograft was checked
every 3 day. 5 of each group were sacri�ced four weeks after seeding. The tumor xenografts were
resected and weighed. Tumor volume was analyzed using the following formula: tumor volume (mm3) =
(length × width2)/2. For survival analysis, the other 7 mice of each group were monitored daily, and the
survival rate was recorded. All experimental procedures were approved by the Ethics Committee of Hunan
Provincial People's Hospital/The First A�liated Hospital of Hunan Normal University.
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Statistical analysis
All data shown represent the results of at least three independent experiments. The results were
expressed as the mean plus or minus the standard deviation (SD). (SPSS) software was applied to
analyze the statistical analysis of the data. One-way analysis of variance was used to check the
statistical signi�cance of the differences between the groups, and the p-value was equal to or less than
0.05 as statistically signi�cant. Image J was used to analyze the scratch healing area. All the diagrams
were generated using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA).

Results
Quercetin (QE) inhibited the proliferation of ICC cells

After treating ICC cells with different concentrations of QE, the CCK8 assay found that QE had inhibitory
effects on the proliferation of ICC cells in time- and dose-dependent manners (Figure 1A-C). HuCCT1 cells
are the most sensitive to QE. The speci�c inhibitory concentration of QE was shown Figure D. Different
concentrations of QE were administrated to add into the ICC cells, and the colony formation test found
that QE could inhibit the colony formation of ICC cells (Figure 1E-G). Interestingly, the concentration of
100 µmol/L had a relatively limited effect on inhibiting proliferation, but its effect on inhibiting clone
formation was very obvious, suggesting that the effect of QE on ICC seemed to have a continuous
cumulative effect.

QE induced ICC cells to arrest in G1 phase and apoptosis

After treating ICC cells with different concentrations of QE for 24 h, the cell cycle results showed that QE
could induce more ICC cells to block in G1 phase (Figure 2A-C), and the apoptosis results indicated that
QE could be induced ICC cells apoptosis (Figure 2E-G). Meanwhile, QE could up-regulate P21 and
Caspase3 (Figure 2D,H). Similar to the trends of CCK8 and CFA, HuCCT1 was more sensitive to QE,
including the effect of QE on cell cycle and apoptosis.

QE inhibited the invasion and metastasis of ICC cells

After treating ICC cells with different concentrations of QE, the wound healing results showed that QE
could inhibit the migration of ICC cells (Figure 3A). The results of Transwell showed that QE could inhibit
the invasion and migration of ICC cells (Figure 3B). Considering the meaningful of EMT regulators, E-
cadherin and N-cadherin were analyzed by Western Blot. As we expect, QE could up-regulate E-cadherin,
down-regulate N-cadherin (Figure 3C).

RNA-seq revealed the mechanism of QE on ICC

In order to further clarify the mechanism of QE inhibiting ICC, HuCCT1 cells were treated with 100 µmol/L
QE and total RNA was extracted by TRIZOL method. RNA-seq technology was used to screen for
differential mRNA in the control group (C) and QE group (QE). It was found that there were 56 up-
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regulated genes, 72 down-regulated genes, and 13,895 meaningless genes (see Figure 4A-D and
Supplementary Table 2). It also listed top 5 genes that were signi�cantly up-regulated or down-regulated
after QE treatment (Figure 4E,G). Furthermore, qRT-PCR was applied to verify the top 5 differentially
expressed (up-regulated and down-regulated) genes and found that: EID3, AKR1C2, AKR1B10, AKR1C1,
CYP4F11 were signi�cantly up-regulated in the QE treatment group, while TICAM2, OCLN, CDK3, PKP1
and KRT5 were signi�cantly down-regulated in the QE treatment group (Figure 4F,H).

QE inhibited ICC by inhibiting NF-κB

NF-κB signaling pathway is a regulator of immune response and in�ammation, and is closely related to
the carcinogenic process of intrahepatic cholangiocarcinoma29. RNA-seq results indicated that TICAM2
was signi�cantly down-regulated after QE treatment. Also, TICAM2 is convinced as a key upstream factor
regulating NF-κB30. It is speculated that QE may play an anti-tumor effect by down-regulating the activity
of NF-κB signaling pathway via TICAM2 regulation. We treated HuCCT1 cells with different
concentrations QE, and observed the activity of NF-κB by Western Blot, and found that QE treatment
could down-regulate p-NF-κB in a dose-dependent manner (Figure 5A). The molecular docking results
show that QE could directly bind to NF-κB, the binding energy was -7.6 kcal/mol, and the speci�c binding
sites were shown in Supplementary Table 3 (Figure 5B). Treating HuCCT1 cells with QE combined with
NF-κB inhibitors could enhance the effects of QE in inducing G1 phase arrest, promoting apoptosis, and
inhibiting invasion and metastasis, otherwise, treating HuCCT1 cells with QE combined with NF-κB
inhibitors activator could partially neutralize the effects of QE in inducing G1 phase arrest, promoting
apoptosis, and inhibiting invasion and metastasis (Figure 5D-G). Meanwhile, the effects were
accompanied by changes in p21, cleaved-caspase3, E-cadherin and N-cadherin (Figure 5C).

QE promoted ferroptosis in ICC cells

RNA-seq results indicated that QE had a signi�cant effect on the ferroptosis pathways of HuCCT1 cells
(Figure 6A). We then detected the expression levels of GPX4 after treating QE, and found that QE down-
regulated the expression of GPX4 (Figure 6B). The molecular docking results show that QE could directly
bind to GPX4, the binding energy was -6.6 kcal/mol, and the speci�c binding sites were shown in
Supplementary Table 3 (Figure 6C). And we observed the HuCCT1 cells treated with QE by electron
microscope. The results showed that the cells treated with QE showed obvious signs of ferroptosis,
including large-scale damage and disintegration of cell membranes, and most of the mitochondria
shrank and became smaller with membrane density. Increase, high electron density in the �lm, iron
deposition, and ridge expansion (Figure 6D). Meanwhile, QE treatment could increase intracellular iron
ions, MDA levels and decrease SOD level (Figure 6E-G). Moreover, treatment of HuCCT1 cells with QE
combined with ferroptosis promoters (RSL3) could increase ferroptosis promoted by QE, and ferroptosis
scavengers (Fer-1) could partially neutralize ferroptosis promoted by QE, indicating that QE participated in
promoting ferroptosis in ICC cells (Figure 6H-J). Meanwhile, the effects were accompanied by changes in
GPX4 (Figure 6K). Moreover, regulating NF-κB had a regulatory effect on GPX4, considering the key effect
on ferroptosis, suggesting that QE may promote ferroptosis by inhibiting NF-κB (Figure 6L).
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Veri�cation of the anti-tumor effect of QE in vivo

Subcutaneous tumors in nude mice were constructed, and the mice were treated with different
concentrations of QE after tumor formation. It was found that QE could inhibit tumor size without
affecting the weight of mice, indicating that QE has anti-tumor activity in vivo (Figure 7A-C). According to
the results of the colony formation assay, QE seemed had a continuous effect. We observed the survival
time of tumor-bearing nude mice and found that QE could signi�cantly prolong the survival time of mice
(Figure 7D). Also, the IHC results showed QE could down-regulate P-NF-κB and GPX4, which consistence
with results in vitro (Figure 7E).

Discussion
Intrahepatic cholangiocarcinoma (ICC), a rare high-fatal hepatobiliary malignancy, has become the focus
of attention in recent years because of its rising incidence and high mortality in the worldwide 2,3.
However, the treatment option of cholangiocarcinoma is very limited, and the prognosis is also poor31.
This research revealed that QE could signi�cantly inhibit the proliferation of ICC, induce the block of G1
phase, induce cell apoptosis and inhibit EMT and promote ferroptosis, It provides a new perspective for
the treatment of cholangiocarcinoma.

QE has been shown to have anti-in�ammation effects in a variety of disease models 32. Recently, QE has
been con�rmed to have anti-tumor activity in a variety of tumors 33,34. In fact, as early as 1999, it is
reported that QE could inhibit the proliferation of HuCCT135. However, the speci�c mechanism is
temporarily unde�ned.

Through RNA-seq, it was found that TICAM2 was down-regulated particularly in HuCCT1 cells treated
with QE. Meanwhile,TICAM2 is convinced as a key upstream factor regulating NF-κB 30. Considering the
role of NF-κB in in�ammation and the role of chronic in�ammation in the pathogenesis of
cholangiocarcinoma, we investigated the effect of QE on NF-κB. As we expected, QE can signi�cantly
down-regulate the expression of phosphorylated NF-κB and regulate the key molecules downstream of
the NF-κB signaling pathway including P21, Caspase3, E-cadherin, and N-cadherin36–39, which is
contribution to QE play a role in inhibiting ICC.

Ferroptosis, a novel form of regulating cell death, is the connection among metabolism, redox biology
and human diseases40. New evidence illustrated that it might lead to ferroptosis in cancer-treatment,
especially in treating malignant tumors that are resistant to traditional therapies41. Ferroptosis-inducing
factors could in�uence glutathione peroxidase by various pathways indirectly or directly, leading to a
decrease in antioxidant capacity and accumulation of lipid reactive oxygen species (ROS) in cells, �nally
resulting in oxidative cell death42. Thence, ferroptosis plays a vital role in ICC treatment. QE induces EB-
mediated lysosomal activation to increase degradation of ferritin, which results in ferroptosis 43.
Meanwhile, QE can be transformed into a ferritin inhibitor through the antioxidant pathway to result in
ferroptosis 44.
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BAY11-7082 inhibits the phosphorylation of IκB-α, which is essential for the release of NF-κB from the
cytosolic IκB-α/ NF-κB complex 45. Our results showed that inhibition NF-κB by BAY11-7082 could induce
ferroptosis in HuCCT1 cells. Moreover, activation of NF-κB by LPS could inhibit ferroptosis, which was
consistent with the situation of septic shock46. The inhibition of GPX4 activity could lead the subsequent
activation of ferroptosis 47. In our study, QE could inhibit GPX4 directly and inaction of NF-κB indirectly.
Moreover, molecular docking results showed that QE could directly bind to GPX4, indicating that QE could
inhibit GPX4 directly. Nonetheless, QE promote ferroptosis in through multiple mechanisms, and more in-
depth exploration is needed.

Conclusion
In summary, our data for the �rst time suggest that QE is a new ferroptosis inducer and combinative
treatment of inhibiting NF-κB in ICC cells by inducing ferroptosis and inhibiting EMT, which will hopefully
provide a prospective strategy for ICC patients (�gure 7F).
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Figure 1

Quercetin (QE) inhibited the proliferation of ICC cells. (A-C) CCK8 assay was applied to analyzed QE on
the proliferation of ICC cells (A.RBE cells, B.HCCC9810 cells, C.HuCCT1 cells). (D) The speci�c inhibitory
concentration of QE. (E-G)The colony formation assay was used to analyzed QE on the colony formation
of ICC cells (E.RBE cells, F.HCCC9810 cells, G.HuCCT1 cells). * P 0.05, **P 0.01.
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Figure 2

QE induced ICC cells to arrest in G1 phase and apoptosis. (A-C) PI staining was applied to analyze QE on
the cell cycle distribution of ICC cells, and showed that QE could induce more ICC cells to block in G1
phase (A.RBE cells, B.HCCC9810 cells, C.HuCCT1 cells). (D) P21 was up-regulated by QE treatment.. (E-
G)Annexin V/FITC and PI staining was applied to analyzed QE on the cell apoptosis of ICC cells, and
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showed that QE could be induced ICC cells apoptosis (E.RBE cells, F.HCCC9810 cells, G.HuCCT1 cells. (H)
Cleaved-caspase3 was up-regulated by QE treatment. * P 0.05, **P 0.01.

Figure 3

QE inhibited the invasion and metastasis of ICC cells. (A) Wound healing was used to analyze QE on the
migration of ICC cells, and showed that QE could inhibit the migration of ICC cells. (B)Transwell was used
to analyze QE on the invasion of ICC cells, and showed that QE could inhibit the invasion and migration
of ICC cells. (C) E-cadherin was up-regulated by QE treatment and N-cadherin was down-regulated by QE
treatment. * P 0.05, **P 0.01.
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Figure 4

RNA-seq revealed the mechanism of QE on ICC. (A) the heatmap of differential mRNA in the control group
(C) and QE group (QE). (B) the volcano map of differential mRNA in the C group and QE group. (C) the TF
family classi�cation. (D) the PPI. (E) the top 5 up-regulation gene. (F) q-RT-PCR for the top 5 up-regulation
gene. (G) the top 5 down-regulation gene. (H) q-RT-PCR for the top 5 down-regulation gene. * P 0.05,
**P 0.01, ***P 0.001.
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Figure 5

QE inhibited ICC by inhibiting NF- B. (A) p-NF-κB was down-regulated by QE treatment in a dose-
dependent manner. (B) molecular docking with QE and NF-κB. (C) P- NF-κB, P21, Cleaved-caspase3, E-
cadherin, N- cadherin were regulated by co-treatment with NF-κB activator (LPS) or co-treatment with NF-
κB inhibitor (Bay). (D) The cell cycle distribution of HuCCT1 cells co-treating with QE and LPS or Bay. (E)
The cell apoptosis of HuCCT1 cells co-treating with QE and LPS or Bay. (F) The migration of HuCCT1



Page 22/24

cells co-treating with QE and LPS or Bay. (G) The invasion of HuCCT1 cells co-treating with QE and LPS
or Bay. * P 0.05, **P 0.01.

Figure 6

QE promoted ferroptosis in ICC cells. (A)RNA-seq revealed the top 2 Pathway enrichment. (B) GPX4 was
down-regulated by QE treatment in a dose-dependent manner. (C) molecular docking with QE and GPX4.
(D) HuCCT1 cells treated with QE showed obvious signs of ferroptosis by TME. (E) the iron level of
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HuCCT1 cells treating with QE. (F) MDA level of HuCCT1 cells treating with QE. (G) SOD level of HuCCT1
cells treating with QE. (H) the iron level of HuCCT1 cells treating co-treating with QE and RLS3 or Fer-1. (I)
MDA level of HuCCT1 cells co-treating with QE and RLS3 or Fer-1. (J) SOD level of HuCCT1 cells co-
treating with QE and RLS3 or Fer-1. (K) GPX4 expression of HuCCT1 cells co-treating with QE and RLS3 or
Fer-1. (L) GPX4 expression of HuCCT1 cells co-treating with QE and LPS or Bay. * P 0.05, **P 0.01.

Figure 7
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Veri�cation of the anti-tumor effect of QE in vivo. (A) the tumor size of mice with QE treatment. (B) the
tumor volume of mice with QE treatment. (C) the body weight of mice with QE treatment. (D) the overall
survival of mice with QE treatment. (E) HE and IHC staining with NF- B and GPX4. (F) the summary that
QE is a new ferroptosis inducer and combinative treatment of inhibiting NF- B in ICC cells by inducing
ferroptosis and inhibiting EMT. * P 0.05, **P 0.01.
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