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Alpha‑linolenic acid inhibits hepatocellular
carcinoma cell growth through Farnesoid X
receptor/β‑catenin signaling pathway
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Abstract
Background: Altered lipid profiles are frequently present in cancer, and it is necessary to elucidate the role of
changed lipid profiles in hepatocellular carcinoma (HCC). We conducted this study to investigate the changed lipid
profile in HCC tissues and discover some remarkably changed lipid components, and to explore the function of
changed lipid components in HCC development.
Methods: Gas chromatography/mass spectrometer (GC/MS analysis) was employed to measure the abundance of
fatty acids between HCC tissues and adjacent noncancerous tissues. The proliferative ability of HCC cells was determined by Cell Counting Kit-8 and EdU assays. Transwell and wound healing assays were employed to determine the
migratory ability of HCC cells. Protein expression was assessed by western blot assay.
Results: GC/MS analysis revealed that alpha-linolenic acid was present at lower levels in HCC tissues than that in the
adjacent noncancerous tissues. Alpha-linolenic acid inhibited the proliferation, migration and invasion of HCC cells
in vitro. Western blotting showed that alpha-linolenic acid treatment increased Farnesoid X receptor expression and
decreased β-catenin and cyclinD1 expression.
Conclusions: Alpha-linolenic acid suppresses HCC progression through the FXR/Wnt/β-catenin signaling pathway.
Rational use of alpha-linolenic acid may prevent the occurrence of liver cancer in the future.
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Background
Liver cancer ranks sixth among malignant tumours in
terms of morbidity and ranks third mortality of cancerrelated death in 2020 in the global [1]. Fatty acid alterations are observed in colon cancer [2], prostate cancer
[3], ovarian cancer [4] and HCC [5, 6]. Fatty acids play
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a crucial role in the cancer progression. In HepG2 cells,
DHA suppresses the proliferation and induces apoptosis
[7]. Cis9, trans11 conjugated linoleic acid induces HCC
cells apoptosis through activation PPAR-γ signaling pathway [8]. In human breast cancer, alpha-linolenic acid
blocks the epithelial–mesenchymal transition (EMT) of
cancer cells through inactivation the expression of twist1
expression [9]. Oleate (C18:1) promotes cell proliferation through stabilization of β-catenin in renal carcinoma
[10]. It is necessary to elucidate the alterations in the in
HCC to understand the role of altered fatty acids in HCC
development.
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In human HCC, dysregulation of Wnt/β-catenin signaling frequently happened [11]. Farnesoid X receptor (FXR), a transcriptional factor encoded by NR1H4,
serves as a tumour suppressor in HCC [12]. In HCC and
colorectal cancer, it was reported that FXR binds with
β-catenin to block the formation of the core β-catenin/
TCF4 complex, which promotes cyclinD1 expression
for tumour cell proliferation [13, 14]. However, whether
or not the altered lipid profile has an effect on the FXR/
Wnt/β-catenin signaling in the HCC progression is still
unknown.
In this study, the aims are to identify the altered lipid
profile in HCC tissues and investigate the effect of fatty
acids on proliferation, migration and invasion of HCC
cells, and explore the correlation between fatty acids and
FXR /Wnt/β-catenin signaling in HCC.

Methods
Study design and participants

Ten HCC tissues and adjacent noncancerous tissues were
used for the analysis of lipid compositions. HCC tissues
and corresponding adjacent noncancerous tissues were
used for western blotting to detect the levels of β-catenin
and FXR. Patient tissues were obtained from the Affiliated Hospital of Guizhou Medical University between
July 2020 and January 2021. Primary HCC was diagnosed.
These patients did not receive any treatment before surgery. Patient tissues and their medical records were used
in this study with their consent. Ethical permission of this
study was obtained from the Ethics Committee of the
Affiliated Hospital of Guizhou Medical University (NO.
2019–231).
GC/MS analysis for fatty acids

Lipid extraction for GC/MS analysis was conducted at
LC Bio (Hangzhou, China). Tissues (20 mg) were grinded
with 1 ml of cold methanol using TissueLyser at 50 Hz
for 90 s. Then, 40 μl homogenate, 10 μl internal standard
(0.2 mg/ml C17:0-d33, 0.4 mg/ml BHT) methanol solution and 200 μl methanol-hexane (4:1, v/v) were mixed
and subsequently placed in liquid nitrogen for 10 min.
After adding 20 μl acetyl chloride, the mixture was kept
in the dark for 24 h. Then, the mixture and 0.5 ml of 6%
K2CO3 solution were cultured in an ice bath to terminate
the reaction and neutralize the hydrochloric acid produced in the reaction. Then, 50 μl of N-hexane was added
to the mixture and centrifugated at 3000 rpm for 10 min.
Finally, the top layer was collected for GC/MS analysis.
All samples were analysed on a GC/MS (7890b-5977b,
GC/MS, Agilent, USA). The chromatographic conditions were as follows: chromatographic column, Agilent
DB-225 (10 m × 0.1 mm ID × 0.1 µm); temperature of the
injection port and detector, 230 °C; and sample injection
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volume, 1 μL. The mass spectrometry conditions were as
follows: sampling mode, SCAN; ion source temperature,
230 °C; and quadrupole temperature, 150 °C. The data
acquisition and analysis were conducted in Mass Hunter
software (Version B.08.00, Agilent, USA).
HCC cell lines

HepG2, Huh7 and L02 cells were purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). DMEM (GibcoBRL, USA) medium was used to
culture cell lines at 37 °C with 5% CO2.
Cell Counting Kit‑8(CCK‑8) assay

The CCK-8(Dojindo) assay was employed to analyse the
proliferation. HCC cells (3000/well) were seeded into
96-well plates with 100 µl complete medium (control)
or 100 µl different concentrations of alpha-linolenic acid
(Sigma–Aldrich, St. Louis, MO, USA). HCC cells (3000/
well) were seeded into 96-well plates with 100 µl complete medium (control) or 100 µl different concentrations
of GW4064 (the FXR agonist, CAS No.: 278779-30-9,
MCE). For the OD value testing, each well was cultured
with 10 µl of CCK-8 reagent for 2 h. The OD values were
measured at 450 nm with a SYNERGY H4 microplate
reader.
EdU staining

Cells were seeded in 6-well plates containing coverslips.
When grown to 60% confluency, cells were cultured with
5-ethynyl-2′-deoxyuridine (EdU-594, Beyotime, China)
for 2 h. Phosphate-buffered saline washed the cells three
times for 5 min and then cells were fixed with 4% formaldehyde for 10 min. Next, the cells were permeabilized
with 0.3% Triton X-100 (Sigma, USA) for 15 min. Then,
the cells were incubated with click reaction liquid for
30 min and subsequently incubated with Hoechst 33,342
for 10 min without light. Finally, the coverslips containing cells were photographed by a Zeiss Laser Microscope.
Cell migration and invasion assays

When cells grow to 100% confluency in 6-well plates,
wounds are generated by a 200 µl pipette tip. These photos of wounds serve as the time point of 0-h. Cells were
cultured with or without alpha-linolenic acid in free
serum medium for 48 h, and the photos of wounds were
collected. For the Transwell assay, the cells were seeded
with 2 × 104 cells/well into the upper compartment without serum in Transwell chambers (8 µm pore size, Corning Incorporated). The upper compartments precoated
with Matrigel are used for invasion assay, and upper compartments for the migration assay are without Matrigel.
And the lower compartment contains 10% foetal bovine
serum with 200 µM alpha-linolenic acid (700 µl). The
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cells are fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet after incubation for 48 h. Cells
from the upper compartment were wiped away with cotton swabs. An inverted microscope is used to photograph
the migrated cells.
Western blotting

Total proteins were extracted with RIPA buffer containing protease inhibitor, and the protein concentration was
tested by a BCA kit (Solarbio, Beijing, China). Proteins
were separated by 10% SDS-PAGE and transferred to a
nitrocellulose membrane. 5% milk blocked the membrane for 1 h at room temperature, and then primary
antibody was used to interact with target protein at 4 °C
overnight. Then second antibody interacted with primary antibody for 1 h at room temperature. The primary
antibodies included anti-β-catenin (1:9000, 51,067-2-AP,
Proteintech, China), anti-NR1H4 (1:2000, 25,055-1-AP,
Proteintech, China), anti-GAPDH (1:7000, 10,494-1-AP,
Proteintech, China), anti-cyclin D1 (1:1000, 26,939-1-AP,
Proteintech, China) and anti-c-myc(1:8000, 10,828-1-AP,
Proteintech, China). The secondary antibody was goat
anti-rabbit IgG (1:6000, SA00001-2, Proteintech, China).
Statistical analysis

Normality of distribution was evaluated by the Kolmogorov–Smirnov test. Student’s t test was performed based
on the normally distributed continuous data. The data
were not normally distributed, so the Mann–Whitney U
test was adopted. Statistical analysis and graph production were performed with GraphPad Prism 8 (GraphPad
Software, USA). A p value less than 0.05 was served as
statistical difference.

Results
GC/MS‑based lipidomic analysis in human HCC tissues

GC/MS analysis was used to assess the abundance of
fatty acids in HCC tissues and adjacent noncancerous
tissues. Alpha-linolenic acid, as well as some other fatty
acids (Additional file 1), were present in lower levels in
the HCC tissues than in the adjacent noncancerous tissues (Fig. 1A).
Alpha‑linolenic acid inhibits HCC cell proliferation

To understand the role of alpha-linolenic acid in proliferation, CCK-8 and EdU assays were adopted. The CCK-8
assay indicated that alpha-linolenic acid concentration
(0, 100, 200 and 300 µM) inhibited HepG2 and Huh7
cell proliferation in a dose-dependent manner (Fig. 1C,
D). To exclude the lipotoxic effect of alpha-linolenic acid
accumulation in cells, normal liver cell line L02 cells were
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cultured with the same treatment conditions. Interestingly, the proliferation rate of L02 cells did not change
when the cells were exposed to alpha-linolenic acid
(Fig. 1B). The EdU assay showed that alpha-linolenic acid
(200 µM) also significantly suppressed the proliferation
of HepG2 and Huh7 cells (Fig. 2A, B). Thus, these results
indicated that alpha-linolenic acid inhibited HCC cell
proliferation in vitro.
Alpha‑linolenic acid inhibits HCC cell migration
and invasion

To explore the role of alpha-linolenic acid on the invasion and migration of HCC cells, Transwell migration
and wound-healing assays were used. The heal areas were
smaller in the alpha-linolenic acid group (200 µM) than
in the control group in HepG2 and Huh7 cells (Fig. 3A,
B). In addition, the Transwell assay demonstrated that
alpha-linolenic acid group (200 µM) kept HepG2 and
Huh7 cells from passing through the membrane (Fig. 4A,
B). These findings indicated that alpha-linolenic acid
repressed the migration and invasion of HCC cells.
Alpha‑linolenic acid suppresses the activity of the Wnt/
β‑catenin signaling pathway through activation of FXR
and inhibits the expression of pro‑oncogene c‑myc

The interaction between FXR and β-catenin impairs
β-catenin/TCF4 complex formation to inhibit the progression of colon cancer [13]. Another study also demonstrated that FXR binds to β-catenin and suppresses
its activity in HCC [14]. Thus, the effects of alpha-linolenic acid on the expression of FXR and the protein level
of Wnt/β-catenin signaling pathway components were
assessed in this study. In HepG2 cells, alpha-linolenic
acid promoted the FXR expression, while the expression
of β-catenin and its downstream target gene cyclinD1
decreased in a time-dependent manner; these effects
were dose (100 µM, 200 µM, and 300 µM) (Fig. 5A)
and time(24, 48, and 72 h) dependent(Fig. 5B). Similar
results were found in Huh7 cells (Fig. 5C, D). Furthermore, alpha-linolenic acid also inhibited the expression
of pro-oncogene c-myc (Fig. 5E). Overall, alpha-linolenic
acid promoted FXR expression to inactivate the Wnt/βcatenin signaling pathway in HCC.
GW4064, the FXR agonist, suppresses HCC cells
proliferation

The HCC cells were treated with 10 µM or 15 µM
GW4064, and the FXR overexpression was verified by
western blotting (Fig. 6A). Then, the CCK-8 assay indicated that FXR overexpression inhibited HepG2 and
Huh7 cell proliferation (Fig. 6B).
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Fig. 1 Alpha-linolenic acid inhibits HCC cell proliferation, as tested by CCK-8 assay. A The content of alpha-linolenic acid in HCC tissues and
the adjacent noncancerous tissues through GC/MS analysis. B CCK8 assay for proliferation in the normal liver cell line L02. C The CCK8 assay for
proliferation in HepG2 cells. D The CCK8 assay for proliferation in Huh7 cells. *p < 0.05, **p < 0.01, ***p < 0.001

HCC specimens with reduced FXR have elevated β‑catenin
expression

In the previous cellular experiments, alpha-linolenic
acid promoted FXR expression to inactivate the Wnt/βcatenin signaling pathway in HCC cells. Next, we also
investigated the expression of FXR/β-catenin in the
HCC tissues and adjacent noncancerous tissues. Western blotting indicated HCC tissues with low expression
of FXR had a high expression of β-catenin (Fig. 7). These
results showed that FXR was negatively correlated with
β-catenin in human HCC specimens.

Discussion
In the present study, it revealed that the alpha-linolenic
acid level was lower in HCC tissues than in the adjacent noncancerous tissues, and alpha-linolenic acid
suppressed the malignant potential of HCC cells. Assessment of the underlying mechanism revealed that alphalinolenic acid enhances the expression of FXR, which
suppresses the Wnt/β-catenin signaling pathway to
impede HCC progression.
Abnormal lipid metabolism is important for tumour
development. The total omega-6 polyunsaturated fatty
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Fig. 2 Alpha-linolenic acid inhibits HCC cell proliferation, as determined by the EdU assay. A EdU assay for assessing the proliferation of HepG2 cells.
B EdU assay for assessing the proliferation of Huh7 cells. *p < 0.05, **p< 0.01

acid (PUFA) level and omega-3 PUFA level are lower
in colorectal cancer patients than in healthy people
[15]. Linoleic acid and oleic acid levels are significantly
lower in healthy men than in male CRC patients [16].
In a mouse model, lipid remodelling was involved in
hepatocyte proliferation and HCC [17]. In the present
study, it revealed that the content of alpha-linolenic acid
was lower in HCC tissues than in nontumour tissues.
Alpha-linolenic acid was found to have potential applications in breast cancer prevention and treatment [18,
19]. In human triple-negative breast cancer cells, alphalinolenic acid inhibits migration by reducing twist1

expression, which promotes epithelial–mesenchymal
transition [9]. Subsequently, we verified in this study that
alpha-linolenic acid inhibits the malignant potential of
HepG2 and Huh7 cells.
FXR, a nuclear receptor, suppresses bile acid synthesis
and promotes bile acid enterohepatic circulation [20].
FXR is also a protective factor in HCC development.
Su et al. [21] observed that downregulation of FXR was
related to malignant clinicopathological characteristics
in HCC and that FXR reduced the proliferation of HCC
cells and inhibited tumour growth in nude mice. An FXR
activator blocked nonalcoholic steatohepatitis-dependent
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Fig. 3 Alpha-linolenic acid inhibits the migration of HCC cells, as determined by wound healing assay. A The migratory property of HepG2
cells treated with alpha-linolenic acid (200 µM) was assessed with a wound healing assay. B The migratory property of Huh7 cells treated with
alpha-linolenic acid (200 µM) was assessed with a wound healing assay. **p < 0.01

HCC progression by suppressing the SOCS3/Jak2/STAT3
pathway [22]. The lack of FXR is likely associated with
hepatocarcinogenesis in Abcb11-/-mice [23]. In HCC,
FXR serves as a negative regulator through direct suppression of the Wnt/β-catenin pathway [14, 24]. In addition, FXR inhibits Wnt/β-catenin signaling in colorectal
tumorigenesis [13]. Thus, FXR indeed plays an important
negative function in the development of HCC. Wnt/βcatenin signaling is activated in different tumours [25].
The Wnt/β-catenin pathway is mostly inactive in the
mature healthy liver, however, Wnt/β-catenin signaling is
frequently activated and facilitates tumour development
in HCC [26]. Wnt/β-catenin signaling-related targets,
such as c-myc and cyclin D1, are critical contributors to

tumour cell proliferation potential [27]. Therefore, FXR/
Wnt/β-catenin/cyclin D1 signaling as the target pathway for alpha-linolenic acid was chosen in this study.
In the present study, it revealed the inhibitory effect of
alpha-linoleic acid on malignant potential of HCC cells.
HCC cells were treated with alpha-linolenic acid and it
revealed that alpha-linolenic acid increased FXR expression and gradually decreased the expression of β-catenin
and its downstream target gene cyclin D1, meanwhile,
alpha-linolenic acid also reduced the expression of prooncogene c-myc. These findings suggest that FXR/Wnt/
β-catenin is a pathway through which alpha-linolenic
acid inhibits HCC development.
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Fig. 4 Alpha-linolenic acid inhibits the migration and invasion of HCC cells, as determined by Tranwell assay. A The migratory and invasive
properties of HepG2 cells treated with alpha-linolenic acid (200 µM) were assessed with a Transwell assay. B The migratory and invasive properties
of Huh7 cells treated with alpha-linolenic acid (200 µM) were assessed with a Transwell assay. ***p < 0.001

Conclusion
The data revealed that the content of alpha-linolenic acid
was reduced in HCC tissues and showed that alpha-linolenic acid suppressed HCC development through the FXR/
Wnt/β-catenin signaling pathway. These novel findings

have identified a previously unrecognized relationship
between alpha-linolenic acid and FXR/Wnt/β-catenin signaling, thus providing a novel opportunity for HCC intervention. In addition, rational use of alpha-linolenic acid
may prevent the occurrence of liver cancer in the future.

(See figure on next page.)
Fig. 5 The expression of proteins in HCC cells treated with alpha-linolenic acid. A Alpha-linolenic acid promoted FXR expression and gradually
decreased the expression of β-catenin and cyclin D1 in a time-dependent manner, and similar effects were observed at different doses (100 µM,
200 µM, and 300 µM) in HepG2 cells. B Alpha-linolenic acid promoted FXR expression and gradually decreased the expression of β-catenin and
cyclin D1 in a dose-dependent manner, and similar effects were observed at different times(24, 48, and 72 h) in HepG2 cells. C Alpha-linolenic acid
promoted FXR expression and gradually decreased the expression of β-catenin and cyclin D1 in a time-dependent manner, and similar results were
observed at different doses (100 µM, 200 µM, and 300 µM) in Huh7 cells. D Alpha-linolenic acid promoted FXR expression and gradually decreased
the expression of β-catenin and cyclin D1 in a dose-dependent manner, and similar results were observed at different times (24, 48, and 72 h) in
Huh7 cells. E Alpha-linolenic acid inhibited the expression of pro-oncogene c-myc
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Fig. 6 GW4064 suppressed HCC cell proliferation. A GW4064 increased the FXR expression verified by western blotting. B GW4064 inhibited the
HCC cells proliferation by the CCK8 assay. *p < 0.05, ***p < 0.001

amended the manuscript. XZ and HL was primary responsibility for final content. And all authors read and approved the final manuscript.
Funding
This work is supported by the Science and Technology Program of Guizhou
Province (No. [2020]4Y232) and the Cultivate project 2021 for National Natural
Science Foundation of China, Affiliated Hospital of Guizhou Medical University.

Fig. 7 HCC specimens with reduced FXR have elevated β-catenin
expression. Western blotting indicated HCC tissues with low
expression of FXR had a high expression of β-catenin

Availability of data and materials
The data described in this manuscript are contained in published articles or
the experiment data are available upon reasonable request.

Declarations
Abbreviations
HCC: Hepatocellular carcinoma; GC/MS: Gas chromatography/mass spectrometer; CCK-8: Cell Counting Kit-8; FXR: Farnesoid X receptor.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12986-022-00693-1.
Additional file 1. Fatty acids profile between HCC tissues and corresponding adjacent noncancerous tissues with GC/MS analysis.
Acknowledgements
Not applicable.
Author contributions
XZ and HL designed the research. SF and XX conducted the research. CC and
SZ collected the samples. XX performed statistical analysis, and Shu Feng
wrote the paper. XZ supervised and controlled the experiment process, and

Ethics approval and consent to participate
Patient consent was obtained for use of their tissues and medical records.
Specimen collection and testing were approved by the Ethics Committee of
the Affiliated Hospital of Guizhou Medical University approved this study (NO.
2019-231).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Received: 23 March 2022 Accepted: 16 August 2022

References
1. Hyuna S, Jacques F, Rebecca LS, Mathieu L, Isabelle S, Ahmedin J, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin.
2021;71:209–49.

Feng et al. Nutrition & Metabolism

2.

3.
4.
5.
6.

7.
8.
9.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.

(2022) 19:57

Peng S, Chen D, Cai J, Yuan Z, Huang B, Li Y, et al. Enhancing cancer-associated fibroblast fatty acid catabolism within a metabolically challenging
tumor microenvironment drives colon cancer peritoneal metastasis. Mol
Oncol. 2021;15(5):1391–411.
Ma Y, Zha J, Yang X, Li Q, Zhang Q, Yin A, et al. Long-chain fatty acyl-CoA
synthetase 1 promotes prostate cancer progression by elevation of
lipogenesis and fatty acid beta-oxidation. Oncogene. 2021;40:1806–20.
West L, Yin Y, Pierce SR, Fang Z, Fan Y, Sun W, et al. Docosahexaenoic acid
(DHA), an omega-3 fatty acid, inhibits tumor growth and metastatic
potential of ovarian cancer. Am J Cancer Res. 2020;10:4450–63.
Yuan P, Mu J, Wang Z, Ma S, Da X, Song J, et al. Down-regulation of
SLC25A20 promotes hepatocellular carcinoma growth and metastasis
through suppression of fatty-acid oxidation. Cell Death Dis. 2021;12:361.
Lin L, Ding Y, Wang Y, Wang Z, Yin X, Yan G, et al. Functional lipidomics: palmitic acid impairs hepatocellular carcinoma development by
modulating membrane fluidity and glucose metabolism. Hepatology.
2017;66:432–48.
Chen YJ, Jiang HT, Wang TF. Influence of docosahexaenoic acid on
proliferation and apoptosis in human HepG2 cell line. Ann Clin Lab Sci.
2019;49:72–8.
Lu G, Zhang G, Zheng X, Zeng Y, Xu Z, Zeng W, et al. c9, t11- conjugated
linoleic acid induces HCC cell apoptosis and correlation with PPAR-γ
signaling pathway. Am J Transl Res. 2015;7:2752–63.
Wang SC, Sun HL, Hsu YH, Liu SH, Lii CK, Tsai CH, et al. α-Linolenic acid
inhibits the migration of human triple-negative breast cancer cells by
attenuating Twist1 expression and suppressing Twist1-mediated epithelial–mesenchymal transition. Biochem Pharmacol. 2020;180:114152.
Kim H, Rodriguez-Navas C, Kollipara RK, Kapur P, Pedrosa I, Brugarolas J,
et al. Unsaturated fatty acids stimulate tumor growth through stabilization of β-catenin. Cell Rep. 2015;13:495–503.
Laurent-Puig P, Legoix P, Bluteau O, Belghiti J, Franco D, Binot F,
et al. Genetic alterations associated with hepatocellular carcinomas
define distinct pathways of hepatocarcinogenesis. Gastroenterology.
2001;120:1763–73.
Gong Y, Li K, Qin Y, Zeng K, Liu J, Huang S, et al. Norcholic acid promotes
tumor progression and immune escape by regulating Farnesoid X Receptor in hepatocellular carcinoma. Front Oncol. 2021;11:711448.
Yu J, Li S, Guo J, Xu Z, Zheng J, Sun X. Farnesoid X receptor antagonizes
Wnt/β-catenin signaling in colorectal tumorigenesis. Cell Death Dis.
2020;11:640.
Liu X, Zhang X, Ji L, Gu J, Zhou M, Chen S. Farnesoid X receptor associates with β-catenin and inhibits its activity in hepatocellular carcinoma.
Oncotarget. 2015;6:4226–38.
Wang S, Xie J, Li H, Yang K. Differences of polyunsaturated fatty acid in
patients with colorectal cancer and healthy people. J Cancer Res Ther.
2015;11:459–63.
Song EM, Byeon JS, Lee SM, Yoo HJ, Kim SJ, Lee SH, et al. Fecal fatty acid
profiling as a potential new screening biomarker in patients with colorectal cancer. Dig Dis Sci. 2018;63:1229–36.
Hall Z, Chiarugi D, Charidemou E, Leslie J, Scott E, Pellegrinet L, et al. Lipid
remodeling in hepatocyte proliferation and hepatocellular carcinoma.
Hepatology. 2021;73:1028–44.
Kim JY, Park HD, Park E, Chon JW, Park YK. Growth-inhibitory and proapoptotic effects of alpha-linolenic acid on estrogen-positive breast cancer
cells. Ann NY Acad Sci. 2009;1171:190–5.
Vara-Messler M, Pasqualini ME, Comba A, Silva R, Buccellati C, Trenti A,
et al. Increased dietary levels of α-linoleic acid inhibit mammary tumor
growth and metastasis. Eur J Nutr. 2017;56:509–19.
Chiang JY. Bile acid metabolism and signaling. Compr Physiol.
2013;3:1191–212.
Su H, Ma C, Liu J, Li N, Gao M, Huang A, et al. Downregulation of nuclear
receptor FXR is associated with multiple malignant clinicopathological
characteristics in human hepatocellular carcinoma. Am J Physiol Gastrointest Liver Physiol. 2012;303:G1245–53.
Attia YM, Tawfiq RA, Gibriel AA, Ali AA, Kassem DH, Hammam OA, et al.
Activation of FXR modulates SOCS3/Jak2/STAT3 signaling axis in a NASHdependent hepatocellular carcinoma animal model. Biochem Pharmacol.
2021;186:114497.
Wang L, Luo Q, Zeng S, Lou Y, Li X, Hu M, et al. Disordered farnesoid X
receptor signaling is associated with liver carcinogenesis in Abcb11deficient mice. J Pathol. 2021;255:412–24.

Page 10 of 10

24. Wolfe A, Thomas A, Edwards G, Jaseja R, Guo GL, Apte U. Increased
activation of the Wnt/β-catenin pathway in spontaneous hepatocellular
carcinoma observed in farnesoid X receptor knockout mice. J Pharmacol
Exp Ther. 2011;338:12–21.
25. Clevers H, Nusse R. Wnt/β-catenin signaling and disease. Cell.
2012;149:1192–205.
26. Perugorria MJ, Olaizola P, Labiano I, Esparza-Baquer A, Marzioni M, Marin
J, et al. Wnt-β-catenin signalling in liver development, health and disease.
Nat Rev Gastroenterol Hepatol. 2019;16:121–36.
27. Peng Y, Zhang X, Feng X, Fan X, Jin Z. The crosstalk between microRNAs and the Wnt/β-catenin signaling pathway in cancer. Oncotarget.
2017;8:14089–106.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

