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Abstract
A high- fat diet (HFD) leads to long- term exposure to gut microbial metabolite second-
ary bile acids, such as deoxycholic acid (DCA), in the intestine, which is closely linked to 
colorectal cancer (CRC). Evidence reveals that vasculogenic mimicry (VM) is a critical 
event for the malignant transformation of cancer. Therefore, this study investigated 
the crucial roles of DCA in the regulation of VM and the progression of intestinal 
carcinogenesis. The effects of an HFD on VM formation and epithelial- mesenchymal 
transition (EMT) in human CRC tissues were investigated. The fecal DCA level was de-
tected in HFD- treated Apcmin/+ mice. Then the effects of DCA on VM formation, EMT, 
and vascular endothelial growth factor receptor 2 (VEGFR2) signaling were evaluated 
in vitro and in vivo. Here we demonstrated that compared with a normal diet, an HFD 
exacerbated VM formation and EMT in CRC patients. An HFD could alter the compo-
sition of the gut microbiota and significantly increase the fecal DCA level in Apcmin/+ 
mice. More importantly, DCA promoted tumor cell proliferation, induced EMT, in-
creased VM formation, and activated VEGFR2, which led to intestinal carcinogenesis. 
In addition, DCA enhanced the proliferation and migration of HCT- 116 cells, and in-
duced EMT process and vitro tube formation. Furthermore, the silence of VEGFR2 
reduced DCA- induced EMT, VM formation, and migration. Collectively, our results 
indicated that microbial metabolite DCA promoted VM formation and EMT through 
VEGFR2 activation, which further exacerbated intestinal carcinogenesis.
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1  |  INTRODUC TION

Colorectal cancer (CRC) is characterized by high morbidity and mor-
tality rates.1 The risk factors for the progression of CRC include age, 
sex, a high- fat diet (HFD), obesity, diabetes, race/ethnicity, smoking, 
and gene mutation. The prevention and treatment of CRC remain a 
challenge.2- 4 An HFD results in increased secretion and excretion 
of hepatic primary bile acids (BAs), which are further metabolized 
by gut microbiota into secondary BAs, such as deoxycholic acid 
(DCA).5,6 As a microbial metabolite, it has been suggested that DCA 
is an important pro– tumor factor correlated with increased colon 
cancer risk.7 A meta- analysis showed that there were no significant 
differences in DCA, lithocholic acid (LCA) and primary and second-
ary BAs between CRC patients and controls.8 However, a recent 
prospective study showed that pre– diagnostic levels of certain con-
jugated primary and secondary BAs were positively associated with 
the risk of colon cancer.9 Hence, it is necessary to further study the 
relationship between and mechanisms of microbial metabolite DCA 
and CRC. Previous studies have shown that DCA could promote CRC 
progression through multiple mechanisms, such as intestinal barrier 
disruption, chronic inflammation, and gut dysbiosis.10- 12 However, 
the role of DCA in the blood supply in intestinal carcinogenesis re-
mains to be further elucidated.

Distinct from classical tumor angiogenesis, vasculogenic mimicry 
(VM), independent of endothelial vessels, is the fluid- conducting 
channel system lining with tumor cells and containing red blood 
cells.13,14 The VM simulates endothelial vascular function to deliver 
oxygen and nutrients and eliminate waste to rapidly promote tumor 
proliferation.15,16 VM was first elaborated as a form of new 65ves-
sels in highly aggressive uveal melanoma by Maniotis et al in 1999.17 
The various molecular mechanisms are closely related to the VM 
formation of tumors, mainly involving vascular endothelial growth 
factor receptor 1/2 (VEGFR1/2), vascular endothelial (VE)- cadherin, 
and matrix metalloproteinases (MMPs).18,19 Furthermore, epithelial- 
mesenchymal transition (EMT) is considered a potential mecha-
nism in VM formation and tumor metastasis.20,21 VM formation is 
associated with tumor progression, invasion, and poor prognosis 
in CRC patients.22,23 However, the relationship between microbial 
metabolite DCA and VM in intestinal carcinogenesis has not been 
elucidated.

Due to the vital role of VM in CRC progression, we investigated 
whether DCA could promote VM, thereby contributing significantly 
to CRC both in vitro and in vivo. We found that an HFD promoted VM 
formation and EMT in CRC patients. An HFD modulated gut micro-
biota and increased the fecal DCA level in Apcmin/+ mice. Moreover, 
microbial metabolite DCA increased VM formation by upregulating 
the VEGFR2 signaling pathway, accompanying with activation of 
EMT and higher expression of EMT- associated transcription factors, 
including zinc finger E- box binding homeobox 1/2 (ZEB1/2), thus ex-
acerbating intestinal carcinogenesis. Our study will provide insight 
into the mechanisms of BA- related intestinal cancer.

2  |  MATERIAL S AND METHODS

2.1  |  Clinical sample collection and trial

A retrospective cohort study was conducted to investigate the 
VM of CRC patients with or without an HFD. If an individual’s av-
erage daily intake of red meat has exceeded 100 g over the past 
year, their diet is considered an HFD.24,25 A total of 2338 sub-
jects, who underwent a colonoscopy in the digestive endoscopy 
center of General Hospital, Tianjin Medical University from 2016 
to 2018, participated in this study. The patients were divided 
into an HFD group and a normal diet (ND) group according to 
the registry before colonoscopy. Advanced CRC was detected in 
55 patients in the HFD group and 125 patients in the ND group. 
Then, we randomly selected 60 CRC patients from the HFD 
group (n = 30) and the ND group (n = 30), with no significant 
differences in age, sex, smoking, drinking, and family history of 
CRC. Human colonic biopsies were obtained to detect vimentin 
and E- cadherin by immunohistochemistry staining and to evalu-
ate the VM formation by CD34/PAS double- staining. All patients 
provided informed consent, and the protocol for the study was 
approved by the ethics committee of General Hospital, Tianjin 
Medical University, China. The baseline characteristics of se-
lected patients with CRC by diet category are listed in Table 1.

TA B L E  1  Baseline characteristics of selected patients with 
colorectal cancer by diet category

Characteristics
High- fat 
diet (n = 30)

Control diet 
(n = 30) P

Male/Female 15/15 15/15 1.000

Age (y) 65 (31- 76) 69 (46- 78) .271

BMI

≥25 12 5 .084

<25 18 25

History of adenoma 3 1 .612

Family history .612

Cancer 2 1 1.000

Adenoma 0 2 .492

Smoking .817

Current 6 8 .761

Former 2 1 1.000

Never 22 21 1.000

Alcohol consumption 
(≥3 times/wk)

3 3 1.000

Tea consumption (≥3 
times/wk)

9 7 .771

Coffee consumption 
(≥3 times/wk)

3 4 1.000

TNM stage II/III/IV 8/10/12 8/10/12 1.000
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2.2  |  CD34/PAS double staining and vasculogenic 
mimicry identification

CD34/PAS double staining is a method commonly used to verify the 
formation of VM in tumor tissue.26 Briefly, after immunohistochemi-
cal staining for CD34 (Abcam, 1:100 dilution) was completed, sec-
tions were stained with periodic acid solution for 10 minutes, then 
rinsed twice with distilled water for 3 minutes. Then schiff solution 
was applied to the sections for 20 minutes prior to rinsing with 
distilled water, counterstaining with hematoxylin, and dehydrating 
with ethanol gradient. Finally, sections were mounted using rham-
san gum. To quantify the VM density differences, we calculated the 
mean number of positive VM channels in five random fields for each 
tumor site under the microscope (Leica). Then, the average number 
of each group was used for statistical analysis. The VM+ channels 
lined with tumor cells were PAS- positive and CD34- negative and 
partly contained red blood cells. In addition, traditional vascular 
channels, lined with endothelial cells rather than tumor cells, were 
both positive for CD34 and PAS staining. The sections were ex-
amined by an experienced pathologist, who was blinded to patient 
information.

2.3  |  Animal treatment and tissue collection

The 4- week- old female Apcmin/+ mice were purchased from Model 
Animal Research Center of Nanjing University, China. Mice were 
kept in a specific pathogen- free (SPF) animal facility at Tianjin 
Medical University. Twenty Apcmin/+ mice were equally randomized 
into an ND group (16% fat, 20% protein, and 64% carbohydrates. 
n = 5) and an HFD group (60% fat, 20% protein, and 20% carbohy-
drates. n = 8).27 After 12 weeks of feeding, the feces were collected 
for BA analysis.

Four- week- old Apcmin/+ mice were randomly divided into two 
groups (n = 10) and treated with sterile water (Con group) and 0.2% 
DCA (Sigma- Aldrich) in sterile water (DCA group) for 12 weeks ac-
cording to previous studies and our preliminary study.10- 12 Mice 
were observed daily. Bedding, diet, and water were changed twice 
a week, and weight was recorded weekly. The mice were killed by 
inhaling carbon dioxide at 16 weeks of age. Then the small intes-
tine was dissected and divided into proximal, middle, and distal seg-
ments; the colorectum was the fourth segment. After rinsing with 
a cold sterile PBS solution, the intestinal tumor tissues, para- tumor 
tissues and normal tissues of the proximal of each segment were 
stored immediately at −80°C, respectively. All animal experimental 
procedures were approved by the Institutional Animal Care and Use 
Committee of Tianjin Medical University, Tianjin, China.

2.4  |  16S rRNA amplicon sequencing

The 16S rRNA gene sequencing used to analyze the gut microbiota 
composition was performed by TinyGene Bio- Tech. Total genomic 

DNA from frozen stool samples was isolated using the QIAamp 
DNA Stool Mini Kit (Omega Bio- Tek). All quantified amplicons were 
pooled to equalize concentrations for sequencing using 2 × 300 v3 
sequencing chemistry on the Illumina MiSeq platform. The high- 
quality reads were clustered into operational taxonomic units 
(OTUs) based on sequences with ≥97% similarity and then analyzed 
using Mothur (version v.1.30.1). Similarly, alpha/beta diversity and 
rank abundance curve analyses were implemented by Mothur (ver-
sion v.1.30.1). Linear discriminant analysis of the effect size (LEfSe) 
and rank sum test (R version) were used to screen different species 
and functions.

2.5  |  Analysis of bile acids

The fecal BA profiles were obtained using liquid chromatography- 
mass spectrometry.28 The samples were completely crushed, recon-
stituted with chromatographic ethanol, ultrasonically treated for 
1 hour at 30°C, then centrifuged at 10 000 g for 10 minutes at 4°C. 
The supernatant of feces was applied to quantify the concentrations 
of BAs via a liquid chromatograph (Agilent 1260) coupled to a 6120B 
mass spectrometer using an external standard method. Correlation 
between the fecal BA concentrations and abundance of gut micro-
biota was analyzed based on Spearman’s correlation coefficients. 
The heat map showing the correlation matrix between BAs and gut 
bacteria was generated with the pheatmap package of R software, 
and the significance was determined by P value (P < .05 represented 
a significant correlation). Red cells represent a positive correlation 
and blue cells represent a negative correlation.

2.6  |  Histological and 
immunohistochemical analyses

The sections were submitted for histopathological analysis accord-
ing to standard hematoxylin and eosin (H&E) staining protocols. 
Pathology was further evaluated by a senior pathologist who was 
blind to the groups. For immunohistochemistry, the tissue slides were 
incubated with the following primary antibodies: rabbit polyclonal 
anti– ki67 (Abcam, 1:200), rabbit polyclonal anti– vimentin (Affinity, 
1:400), rabbit polyclonal anti– E- cadherin (Cell Signaling Technology, 
1:400), rabbit polyclonal anti– p- VEGFR2 (Abcam, 1:400), and rab-
bit monoclonal anti– β- catenin (Cell Signaling Technology, 1:100). 
Sections were incubated with secondary antibodies linked to 
horseradish peroxidase (HRP) and were then counterstained with 
hematoxylin.

The E- cadherin expression was mainly localized in the cell mem-
branes of epithelial cells with continuous linear distribution; how-
ever, the vimentin expression was mainly located in the cytoplasm 
of mesenchymal cells, distributed in sheets or nests. The p- VEGFR2 
expression was predominantly expressed in the cell membranes and 
cytoplasm of endothelial cells. The β- catenin expression was local-
ized in cell membrane under normal conditions; ectopic β- catenin 
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expression was located in the cytoplasm and nucleus; and cells with 
ectopic expression were defined as positive cells. The tumor area 
was identified at low magnification, and then the representative 
photographs were acquired under the high magnification. The per-
centage of positive cells was obtained based on the mean value from 
five random fields in each slice. Image J was used for immunohisto-
chemical analysis.

2.7  |  TUNEL assay

The TUNEL assay was used to detect tumor cellular apoptosis, 
which was performed with a commercially available kit (Roche 
Applied Science) according to the manufacturer’s instructions. 
The apoptotic index was calculated as the percentage of posi-
tive cells in randomly selected tumor fields under a fluorescence 
microscope.

2.8  |  Real- time PCR analysis

The intestinal tumor tissues isolated from mice or the cell lysates of 
cancer cells were directly homogenized in TRIzol Reagent (Ambion, 
cat #15596026), then total RNA was extracted with an RNeasy Mini 
Kit (Qiagen) according to the manufacturer’s instructions. cDNA was 
synthesized from RNA using the TIANScript RT Kit (TIANGEN). The 
relative mRNA expression levels of the target genes were quantified 
using the standard 2−ΔΔCt method. The oligonucleotide primers for 
target genes are listed in Table 2.

2.9  |  Western blot analysis

Total proteins were extracted using RIPA buffer supplemented 
with proteinase inhibitor and phosphatase inhibitor (Solarbio). The 
membranes were then incubated with specific primary antibodies, 
including anti– VE- cadherin (Abcam, 1:1000), anti– E- cadherin (Cell 
Signaling Technology, 1:1000), anti– vimentin (Affinity, 1:1000), anti– 
VEGFR2 (Cell Signaling Technology, 1:1000), anti– phospho- VEGFR2 
(Abcam, 1:1000), anti– GAPDH (Affinity, 1:3000), and anti– β- actin 
(Cell Signaling Technology, 1:1000) at 4°C overnight. After binding 
HRP- conjugated secondary antibodies (Cell Signaling Technology, 
1:5000), the individual protein bands were visualized by enhanced 
chemiluminescence. Then the relative density of the bands was 
quantified by Image J.

2.10  |  Cell culture

The human CRC cells (HCT- 116) were purchased from the American 
Type Culture Collection (ATCC). HCT- 116 cells were incubated in 
DMEM supplemented with 10% FBS and 1% penicillin- streptomycin 
solution, and maintained in a humidified atmosphere containing 5% 

CO2 at 37°C. HCT- 116 cells were treated with different concentra-
tions of DCA to evaluate the cell proliferation.

2.11  |  Cell Counting Kit- 8 cell proliferation assay

HCT- 116 cells (2000 cells per well) were seeded in 96- well plates. 
Five parallel holes were set in each group. The cell viability was 
determined after 0, 24, 48, and 72 hours of treatment with dif-
ferent concentrations of DCA using a Cell Counting Kit- 8 (CCK- 8, 
Beyotime) according to the manufacturer’s instructions. Briefly, at 

TA B L E  2  Primer sequences used for real- time PCR

Primers Sequence

Mouse sequences:

GAPDH Forward 5′- GGAGAAACCTGCCAAGTATG- 3′

Reverse 5′- TGGGAGTTGCTGTTGAAGTC- 3′

E- cadherin Forward 5′- GACCAGTTTTCTCGTCCATGC- 3′

Reverse 5′- AAGCTGGGAAACGTGAGCAG- 3′

Vimentin Forward 5′- TTTCTCTGCCTCTGCCAAC- 3′

Reverse 5′- TCTCATTGATCACCTGTCCATC- 3′

Claudin- 4 Forward 5′- GTTCATCGTGGCAAGCATG- 3′

Reverse 5′- CCATAGGGTTGTAGAAGTCGC- 3′

Fibronectin Forward 5′- CTTTGGCAGTGGTCATTTCAG- 3′

Reverse 5′- ATTCTCCCTTTCCATTCCCG- 3′

VEGFR- 1 Forward 
5′- GAGCCAGGAACATATACACAGG- 3′

Reverse 5′- GCTTGACAGTCTAAGGTCGTAG- 3′

VEGFR- 2 Forward 5′- ATAGAAGGTGCCCAGGAAAAG- 3′

Reverse 5′- TCTTCAGTTCCCCTTCATTGG- 3′

VE- cadherin Forward 
5′- CAGCAACTTCACCCTCATAAAC- 3′

Reverse 5′- TCCCGATTAAACTGCCCATAC- 3′

ZEB1 Forward 
5′- AGACTATTCTGATTCCCCAAGTG- 3′

Reverse 5′- CCTTCTGAGCTAGTGTCTTGTC- 3′

ZEB2 Forward 5′- GGAGCTAAGGGAGAGTGTTG- 3′

Reverse 5′- AATTGTGGTCTGGATCGTGG- 3′

Human sequences:

GAPDH Forward 5′- ACATCGCTCAGACACCATG- 3′

Reverse 5′- TGTAGTTGAGGTCAATGAAGGG- 3′

E- cadherin Forward 5′- CAGCCTATTTTTCCCTCGACAC- 3′

Reverse 
5′- GGCCTTTTGACTGTAATCACACC- 3′

Vimentin Forward 5′- GGAGAAACCTGCCAAGTATG- 3′

Reverse 5′- TGGGAGTTGCTGTTGAAGTC- 3′

ZEB2 Forward 5′- GCCATCTGATCCGCTCTTATC- 3′

Reverse 5′- ACCTGTGTCCACTACATTGTC- 3′

VEGFR1, vascular endothelial growth factor receptor 1; VEGFR2, 
vascular endothelial growth factor receptor 2; VE- cadherin, vascular 
endothelial- cadherin; ZEB1/2, zinc finger E- box binding homeobox 1/2.
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every test point, 10 μL CCK- 8 reagent was added to each well and 
incubated at 37°C for 2 hours, and the absorbance was measured 
with a microplate reader at the wavelength of 450 nm to evaluate 
the cell viability.

2.12  |  Three- dimensional culture assay

Vasculogenic mimicry formation was detected using 3D culture con-
taining Matrigel (BD) in vitro.29,30 The 24- well plates were coated 
with 50 μL Matrigel and allowed to solidify for 1 hour at 37°C for 
subsequent experiments. After stimulation with 20 μM DCA or 
treatment with DCA with transfection of VEGFR2 siRNA, the HCT- 
116 cells were seeded on the plate covered with solidified Matrigel 
at a concentration of 5 × 10.5 The tube- like structures were cap-
tured under an inverted microscope after 6 hours of incubation, and 
the number of complete VM structures in each group was quantified 
and analyzed.

2.13  |  Wound healing assay

HCT- 116 cells were incubated overnight in 48- well plates and 
formed uniform monolayer cells that were at least 90% fused. The 
200- μL sterile pipette tip was applied to generate an artificial wound 
in the center of the well plate covered with cells. The cells were 
treated with DCA at a concentration of 20 μM or equivalent volume 
of DMSO (control) for 24 hours. Each group was provided with 4/5 
parallel repeating wells. The wound closure in the same position was 
captured by inverted microscope (magnification 40×) at 0, 12, and 
24 hours after the scratch. Image J was used to measure the wound 
area of cells. The percentage of wound healing migration of HCT- 116 
cells was calculated with 0% of the wound closure rate at 0 hour as 
a reference.

2.14  |  Knockdown of vascular endothelial growth 
factor receptor 2 in HCT- 116 cells

Gene silencing of VEGFR2 in HCT- 116 cells was performed as 
described previously.31 Small interfering RNA (siRNA) target-
ing VEGFR2 (VEGFR2 siRNA: sense strand, 5′- CUCGGUCA 
UUUAUGUCUAUTT- 3′, antisense strand, 5′- AUAGACAUAAAU 
GACCGAGTT- 3′) and control siRNA (non– targeting siRNA: sense 
strand, 5′- UUCUUCGAACGUGUCACGUTT- 3′, antisense strand, 
5′- ACGUGACACGUUCGGAGAATT- 3′) were purchased from 
GenePharma. VEGFR2 siRNA or control siRNA was introduced 
into HCT- 116 cells using Lipofectamine 2000 (Invitrogen) in Opti- 
MEM. After a 6- hour incubation, the medium was replaced with 
complete medium in the presence or absence of 20 μM DCA for 
24 hours to evaluate the EMT process, tube formation, migration, 
and VEGFR2 signaling molecule.

2.15  |  Statistical analysis

All data are shown as the mean ± standard deviation (SD). The com-
parison was performed using Student’s t test across two groups and 
one- way ANOVA for multiple comparisons. Statistical analysis was 
performed on GraphPad Prism 7.0 (GraphPad Software). All experi-
ments were repeated in triplicate, and P < .05 was deemed statisti-
cally significant.

3  |  RESULTS

3.1  |  High- fat diet exacerbated the vasculogenic 
mimicry formation and epithelial- mesenchymal 
transition process in colorectal cancer patients

A growing body of evidence supports that VM is closely associated 
with an HFD. A cohort study showed that the serum low- density li-
poprotein levels of CRC patients with liver metastases were signifi-
cantly higher than those of CRC patients without liver metastases.32 
Moreover, an HFD could increase colon cancer cell proliferation, 
tumor angiogenesis, and lung metastasis in mice.33,34 To understand 
the association between HFD and CRC progression, we investigated 
the effect of an HFD on VM and EMT in CRC patients. We found 
that the number of positive VM channels was significantly higher in 
CRC patients with an HFD compared to CRC patients with an ND 
(Figure 1A). In addition, immunohistochemistry showed that an HFD 
reduced the E- cadherin expression level and elevated the expression 
of vimentin (Figure 1B,C), which served as epithelial markers and mes-
enchymal markers, respectively. These results suggested that an HFD 
could be closely related to the EMT process and VM formation in CRC.

3.2  |  High- fat diet altered the composition of the 
gut microbiota and fecal bile acid profile of 
Apcmin/+ mice

It is known that an HFD could induce gut microbiota dysbiosis in 
mice.5,35 To determine the changes in the gut microbiome of the 
ND group and the HFD groups, we used 16S rRNA- based high- 
throughput sequencing technology to ascertain the composition of 
the mouse fecal microbiome. The unique and shared OTUs of dif-
ferent groups were determined using a Venn diagram (Figure 2A). 
There are 276 OTUs in the HFD group and 307 OTUs in the ND 
group, with 222 shared OTUs. When principal component analysis 
(PCA) was used to analyze the differences between the two groups, 
the gut microbiota composition in each group showed an obvious 
aggregation and was not similar (Figure 2B). At the phylum level, the 
microbiota community composition between the two groups was 
different. In the HFD group, the relative abundance of Firmicutes and 
Actinobacteria were elevated with the reduction of Bacteroidetes, 
and the Firmicutes/Bacteroidetes ratio was increased simultaneously 
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FIGURE 1  Legend on next page
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(Figure 2C). We then used the Chao index to reveal a lower bacterial 
richness in HFD- fed mice compared with ND- fed mice (Figure 2D). 
The analysis of similarities (ANOSIM) and heat map representing 
the β diversity revealed significant differences between the two 
groups (Figure 2E,F). Next, LEfSe analysis was used to estimate 
the differentially abundant species between the ND group and the 
HFD group. The mice with a HFD had higher levels of opportunistic 
pathogens, including Enterococcus, Streptococcus, Lachnoclostridium, 
Alistipes, and Desulfovibrio. In contrast, beneficial bacteria, such as 
Candidatus Arthromitus, Marvinbryantia, and Parasutterella, were 
relatively less abundant in the HFD group compared with the ND 
group (Figure 2G).

To investigate the dynamic changes of fecal BAs induced by 
HFD intervention, liquid chromatography- mass spectrometry 
was used to quantitatively analyze the BAs in feces. As shown in 
Figure 2H, the HFD led to disproportionate increases in primary 
BAs and obvious increases in secondary BAs in Apcmin/+ mice. In 
particular, the feces DCA level in the HFD group increased over 
600- fold. We further explored the relationship between the BA 
profile and gut microbiota composition through Spearman cor-
relation analysis (Figure 2I). Interestingly, Mucispirillum, Blautia, 
Lactobacillus, Parabacteroides, Enterococcus, Escherichia, and 
Streptococcus were positively correlated with secondary BAs, such 
as DCA, wMCA, HDCA, LCA, TDCA, 6- ketoLCA, and NorDCA, 
while negatively correlated with primary BAs, such as TUDCA, 
CDCA, CA, TaMCA, and TbMCA. More importantly, these micro-
bial genera share a common function of forming the bile salt hy-
drolases (BSH), which catalyze the hydrolysis of the conjugated 
primary BAs. Most of these microbes were more abundant in the 
HFD group. Collectively, these data suggested that an HFD was 
significant in modulating gut microbiota and disturbing BA me-
tabolism. Especially, DCA was the most obvious change in the BA 
profile, which may be associated with a significant influence on 
the occurrence and development of HFD- induced CRC.

3.3  |  High- fat diet- induced microbial metabolite 
deoxycholic acid accelerated carcinogenesis in 
Apcmin/+ mice

Further studies were conducted to determine whether DCA alone 
is sufficient to induce similar effects of an HFD (Figure 3A). There 
was no difference in the life status after DCA treatment, and none 
of the mice died. With no difference in food intake, there was a grad-
ual increase in weight in both groups, but no difference was found 
(P > .05, Figure 3A). The average number of tumors was increased by 
approximately 1.6- fold (11.10 ± 0.90 vs 18.30 ± 1.21, P < .001) and 
2.6- fold (0.70 ± 0.26 vs 1.80 ± 0.29, P < .05) in the small intestine 

and colon of the DCA group, respectively (Figure 3B). Meanwhile, 
the number of tumors of each segment of the small intestine in the 
DCA group was significantly increased compared with the control 
group (Figure 3C). Moreover, the number of tumors of various sizes 
was increasing in the DCA group, mainly those with diameters of 
1- 2 mm and >2 mm (1- 2 mm: 4.80 ± 0.61 vs 8.00 ± 0.77, P < .01; 
>2 mm: 1.10 ± 0.31 vs 3.80 ± 0.63, P < .01, Figure 3D). More im-
portantly, morphology showed that only a few scattered small 
polyps were observed in the control group, while larger tumors, es-
pecially in the colon, were observed in the DCA group (Figure 3E). 
Histopathologically, among DCA- treated mice, 70% (7/10) were 
confirmed to have high grade dysplasia (HGD) or intramucosal carci-
noma, whereas only 20% (2/10) of the control group was considered 
to have HGD or intramucosal carcinoma, and another 40% (4/10) 
was found to have low grade dysplasia (LGD; Figure 3F). Collectively, 
these results demonstrated that DCA could promote intestinal 
carcinogenesis.

3.4  |  Deoxycholic acid- induced proliferation and 
inhibited apoptosis in intestinal epithelial cells of 
Apcmin/+ mice

To better understand the effect of DCA on tumor progression, we 
further detected the proliferation and apoptosis in intestinal tumor 
tissues. The percentage of Ki- 67 positive cells of the DCA group 
was increased significantly (28.12% ± 2.57% vs 51.9% ± 3.60%, 
P < .001 Figure 4A). Meanwhile, the number of apoptotic cells, de-
tected by TUNEL assay, was decreased in the DCA group compared 
with the control group (15.90% ± 1.62% vs 9.20% ± 1.26%, P < .01, 
Figure 4B). The status of β- catenin was also significantly increased 
in the DCA group, suggesting that DCA could promote tumor cell 
proliferation (Figure 4C). These findings supported that DCA pro-
moted proliferation, reduced apoptosis, and accelerated the intesti-
nal adenoma- to- adenocarcinoma sequence.

3.5  |  Deoxycholic acid drove vasculogenic mimicry 
formation and the epithelial- mesenchymal transition 
process in Apcmin/+ mice

After identifying that DCA could promote the malignant progression 
of intestinal tumors in Apcmin/+ mice, we investigated the relation-
ship between DCA and VM formation, which is closely related to in-
testinal tumor progression. In contrast to the control group, the DCA 
group had a higher number of VM channels, which were lined with 
tumor cells rather than endothelial cells (Figure 5A). VE- cadherin, 
as a trans- membrane protein responsible for cell- cell adhesion, is 

F I G U R E  1  A high- fat diet exacerbated vasculogenic mimicry formation in patients with colorectal cancer. A, CD34/PAS double staining 
was used to identify vasculogenic mimicry (VM) and endothelium- dependent vessels. The yellow arrow pointed to the VM+ channels (PAS- 
positive and CD34- negative channels). Scale bars: 50 μm. B and C, Immunohistochemical staining was used to distinguishing EMT- related 
markers (E- cadherin and vimentin) between the ND and HFD groups. Scale bars: 100 μm. **P < .01, ***P < .001. n = 30 for each group
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F I G U R E  2  High- fat diet altered the composition of the gut microbiota and fecal bile acid profile of Apcmin/+ mice. A, Venn diagram. B, 
Principal component analysis (PCA) of fecal bacteria in two groups. C, Differences in microbial community composition between the two 
groups at phylum level. D, Chao index. E, ANOSIM analysis based on weighted UniFrac distances. F, The heat map showed a clear difference. 
G, Differentially abundant species in the cladogram generated by linear discriminant analysis of the effect size (LEfSe). H, Fecal bile acids 
(BAs) levels in Apcmin/+ mice treated with ND or HFD were detected, showing that deoxycholic acid (DCA) was significantly higher in the 
HFD. I, Spearman correlation analysis between several significantly changed fecal BAs and genera bacteria. *P < .05, **P < .01, ***P < .001. 
ND, n = 5; HFD, n = 8
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F I G U R E  3  Deoxycholic acid accelerated intestinal adenoma- adenocarcinoma sequence in Apcmin/+ mice. A, Experimental flow chart 
of Apcmin/+ mice drinking sterile water or sterile water containing 0.2% DCA for 12 weeks. There was no significant difference in body 
weight between the DCA group and the control group. B, The total number of intestinal tumors per mouse was increased in the DCA 
group. C and D, In the DCA group, the number and size of tumors in the proximal, middle and distal small intestine increased markedly. E, 
The representative macroscopic images of tumors were shown in the small intestine and colon of the two groups. F, HE staining. *P < .05, 
**P < .01, ***P < .001. n = 10 for each group
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positively correlated with VM formation.36 DCA treatment increased 
VE- cadherin both at the mRNA and protein levels (Figure 5B- D).

Compared with the control group, DCA had significantly 
suppressed the expression of epithelial markers (claudin- 4 and 

E- cadherin), as well as increased the expression of mesenchymal 
markers (vimentin and fibronectin; Figure 6A,B). The expressions 
of the EMT- associated proteins, including E- cadherin and vimen-
tin, were also detected using western blot analysis, and the results 

F I G U R E  4  Deoxycholic acid promoted proliferation and reduced apoptosis of intestinal tumor cells in Apcmin/+ mice. A and B, The tumor 
tissues were randomly selected from each section, and the percentage of positive cells was calculated by Ki- 67 and TUNEL staining. (C) 
The β- catenin expression in the intestinal tumors was assessed by immunohistochemical staining. Scale bars: 50 μm. **P < .01, ***P < .001. 
n = 10 for each group
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were similar to those for real- time PCR (Figure 6C,D). As shown in 
Figure 6E, the immunohistochemistry staining demonstrated that 
DCA decreased the expression of E- cadherin and increased the ex-
pression of vimentin, consistent with the above analysis. Collectively, 
these results suggested that DCA could promote VM formation and 
induce EMT in Apcmin/+ mice.

3.6  |  Deoxycholic acid accelerated the epithelial- 
mesenchymal transition process, vasculogenic 
mimicry formation, and migration in HCT- 116 cells

HCT- 116 cells were treated with DCA at different concentrations (0, 
20, 50, 100, and 200 μM) at a certain time gradient (0, 24, 48, 72, 
and 96 hours). The CCK- 8 assay revealed that low concentrations of 
DCA (<50 μM) promoted cell proliferation, but excessive concentra-
tions of DCA may lead to massive cell necrosis due to toxic effects 
(Figure 7A). DCA induced EMT in HCT- 116 cells in a concentration- 
dependent and time- dependent manner. In particular, HCT- 116 
cells treated with 20 μM DCA for 24 hours strongly elevated the 
expression of vimentin protein and significantly diminished the E- 
cadherin protein expression level (Figure 7B,C). Then we analyzed 
the experimental results from the mRNA level, consistent with west-
ern blot analysis (Figure 7D). The effect of DCA on VM formation of 

HCT- 116 cells was investigated using the well- established 3D model 
in vitro. We found that the HCT- 116 cells treated with 20 μM DCA 
formed more typical and completed vessel- like tubes compared to 
the control group (Figure 7E). Furthermore, wound healing experi-
ments confirmed that HCT- 116 cells treated with 20 μM DCA had 
a higher migration rate and narrower wound area, showing that 
DCA promoted cell migration (Figure 7F). In short, DCA accelerated 
the EMT process, VM formation, and migration in HCT- 116 cells, 
which resulted in tumor cells having more invasive properties and 
phenotypes.

3.7  |  Deoxycholic acid activated the vascular 
endothelial growth factor receptor 2 signaling 
pathway in Apcmin/+ mice

Vascular endothelial growth factor receptor 2 is overexpressed in many 
cancers and is involved in metastasis and recurrence.37,38 We found 
that compared with the control group, the mRNA level of VEGFR2 was 
markedly elevated in the DCA group; however, no significant change 
was observed in the level of VEGFR1 (Figure 8A). Considering the 
contributions of EMT- related transcription factors in EMT, we also 
measured ZEB1 and ZEB2 mRNA levels in intestinal tumor tissues, 
which were significantly higher in DCA- treated mice than those in 

F I G U R E  5  Deoxycholic acid (DCA) drove vasculogenic mimicry formation in Apcmin/+ mice. A, The number of VM+ channels from each 
tumor tissue was significantly increased in the DCA group. n = 10. B, Relative mRNA level of vasculogenic mimicry (VM)- related marker 
(vascular endothelial- cadherin [VE- cadherin]) was evaluated by Real- timemPCR. n = 5. C and D, Western blot assay of VE- cadherin showed a 
higher protein level in the DCA group. n = 4. Scale bars: 50 μm. *P < .05, **P < .01
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the control (Figure 8A). Using western blot analysis, we investigated 
the expression of VEGFR2 and its phosphorylation indices and found 
that VEGFR2 and p- VEGFR2 were overexpressed in the DCA group 

(Figure 8B). The immunohistochemical staining demonstrated that 
compared with the control mice, the DCA- treated mice showed higher 
expression of p- VEGFR2 in the intestinal tumors (Figure 8C).

F I G U R E  6  Deoxycholic acid (DCA) induced the epithelial- mesenchymal transition in Apcmin/+ mice. A and B, Real- time PCR analysis 
revealed DCA downregulated epithelial markers (claudin- 4 and E- cadherin) and upregulated mesenchymal markers (vimentin and 
fibronectin) expression, respectively. C and D, vimentin expression was higher in the DCA group than in the control group, whereas the 
expression of E- cadherin was decreased. n = 4. E, Immunohistochemical analysis; n = 10 for each group. Scale bars: 50 μm. *P < .05, 
**P < .01, ***P < .001



    |  471SONG et al.

F I G U R E  7  Deoxycholic acid (DCA) accelerated vasculogenic mimicry formation, epithelial- mesenchymal transition, and migration in 
HCT- 116 cells. A, The proliferative abilities of HCT- 116 cells treated by DCA with different concentrations and time were determined by 
Cell Counting Kit- 8 (CCK- 8). B and C, The expression levels of vimentin and E- cadherin proteins were detected in HCT- 116 cells treated with 
DCA, along with concentrations and time variation. D, The mRNA levels of epithelial- mesenchymal transition (EMT) markers in HCT- 116 
cells treated with DCA. E, The images of vessel- like tubular structures in a three- dimensional culture model are presented. The numbers of 
corresponding patterned networks were counted under an inverted microscope. F, Wound healing assays suggested that DCA accelerated 
migration in HCT- 116 cells. Quantitative measurements of wound closure were analyzed between the two groups. Scale bars: 100 μm. 
*P < .05, **P < .01, ***P < .001



472  |    SONG et al.

3.8  |  Silence of vascular endothelial growth factor 
receptor 2 affected the deoxycholic acid- induced 
epithelial- mesenchymal transition process, 
vasculogenic mimicry formation, and migration 
in HCT- 116 cells

Vascular endothelial growth factor receptor 2 siRNA was trans-
fected in HCT- 116 cells, using control siRNA as a control, to explore 
whether VEGFR2 was necessary for the DCA- induced EMT and 
VM. The transfection efficiency was determined by western blot 
analysis (Figure 9A). Due to the VEGFR2 transfection, the elevated 
mRNA expression of ZEB2 in DCA- treated HCT- 116 cells was sup-
pressed (Figure 9B). Depletion of VEGFR2 reduced the expression 
of E- cadherin and elevated the vimentin expression level caused by 
DCA, highlighting the crucial role of VEGFR2 on the DCA- induced 
EMT process (Figure 9C,D). Moreover, as shown in Figure 9E, the 

VEGFR2 knockdown decreased the VM formation induced by 
DCA in HCT- 116 cells on the matrix. Similarly, the migration abil-
ity of HCT- 116 cells treated with DCA was weakened on account 
of VEGFR2- downregulation compared to the control siRNA group 
(Figure 9F). In short, these findings showed that VEGFR2 was vital 
for DCA- induced EMT and VM formation.

4  |  DISCUSSION

Previous studies have revealed that VM refers to the formation of 
de novo vascular networks by aggressive tumor cells, providing a 
potential perfusion route for fast- growing tumors and increasing 
the risk of a poor clinical prognosis.39,40 Therefore, further research 
could be conducted to explore the potential carcinogenic risk fac-
tors influencing VM formation and the relative mechanisms. In the 

F I G U R E  8  Deoxycholic acid (DCA) activated the vascular endothelial growth factor receptor 2 (VEGFR2) signaling pathway in Apcmin/+ 
mice. A, The mRNA expression levels of VEGFR1, VEGFR2, ZEB1, and ZEB2 were detected in Apcmin/+ mice. n = 4- 6. B, The expression levels 
of phosphorylated and total VEGFR2 of intestinal tumor tissues were examined by western blot analysis. n = 4. C, The p- VEGFR2 expression 
in the intestinal tumors was assessed by immunohistochemical staining, n = 10. Scale bars: 50 μm. *P < .05, **P < .01

F I G U R E  9  Vascular endothelial growth factor receptor 2 (VEGFR2) silencing blunted the deoxycholic acid- induced vasculogenic mimicry 
formation in HCT- 116 cells. A, The transfection effect VEGFR2 siRNA and control siRNA was examined by western blot. B, The mRNA level 
of epithelial- mesenchymal transition (EMT)- related transcription factors (ZEB2) in different treatment groups. C and D, The mRNA or protein 
expression of EMT- associated markers (E- cadherin and vimentin) in the HCT- 116 cells treated with VEGFR2 siRNA or cntrol siRNA under the 
condition of DMSO or 20 μM DCA was assessed. E, The forming ability of typical vessel- like tubes of HCT- 116 cells after VEGFR2 silencing 
was examined. The numbers of completed tubes in each image under an inverted microscope were presented. F, Wound healing assays for 
HCT- 116 cells with VEGFR2 knockdown. Quantitative measurements of wound closure are shown. Scale bars: 100 μm. *P < .05, ***P < .001
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present study, we found that an HFD significantly promoted VM 
formation and EMT in CRC patients, suggesting a link among diet, 
VM, and CRC.

Studies have suggested that an HFD promotes colorectal tum-
origenesis by gut microbiota dysbiosis and alterations in microbiota- 
related metabolites.5,35,41 Consistent with this, we revealed that 
HFD- fed Apcmin/+ mice exhibited a distinct composition and diversity 
of gut microbiota, which altered the production of microbe- derived 
metabolites in the GI tract. BAs are a class of metabolites repre-
senting gut microbiota- host co– metabolism. Chronic consumption 
of an HFD induces an abnormal BA metabolism. As demonstrated 
in our study, an HFD resulted in disproportionate changes in BAs. 
Fecal DCA was obviously increased in Apcmin/+ mice. Therefore, the 
increased level of fecal DCA induced by an HFD might be involved in 
the progression of intestinal tumors.

Different from angiogenesis, VM is a non– endothelium- 
dependent channel- like structure lined with tumor cells.18 In the 
past, VM was mainly reported in highly aggressive malignancies, 
such as melanoma, glioblastoma, hepatocellular carcinoma, and 
breast cancer.13,42,43,44 Recently, VM formation in CRC has received 
more attention in the literatures.45,46 Traditional antiangiogenic 
therapies have not sufficiently satisfied the clinical expectations in 
terms of patient survival and efficacy, in part due to the inherent 
and acquired resistance to treatment.47 More importantly, the tumor 
cunningly deploys alternative flow patterns (VM), and the hypoxic 
microenvironment resulting from antiangiogenic therapy may fur-
ther accelerate the formation of VM.20 Based on this model, VM 
may become a novel therapeutic target for the clinical treatment of 
tumors.14,20,48 For example, galunisertib, a selective TGF- β recep-
tor kinase inhibitor, could exhibit the effective suppression of VM 

formation.48 R8 modified epirubicin- dihydroartemisinin liposomes 
have been reported to effectually suppress the VM of tumors.49 
Obviously, whether microbial metabolite DCA could independently 
promote the VM formation in intestinal carcinogenesis both in vitro 
and in vivo deserves further investigation. Our study provides the 
first direct evidence of the effect of microbial metabolite DCA on 
VM formation of intestinal carcinogenesis. VM provides a new per-
spective for the clinical treatment of tumors.

Since DCA is an important risk factor for promoting VM forma-
tion in intestinal tumors, it is necessary to investigate the specific 
molecular mechanism of this strong stimulation effect. The mecha-
nisms promoting VM formation are very complex, among which EMT 
is the most studied.21,50 EMT is a dynamic dedifferentiation process, 
where epithelial cells lose their typical epithelial features, such as 
apical- basal polarity and cell adhesion, and acquire mesenchymal 
cell traits, such as motility and invasion, by downregulating epithe-
lial genes and upregulating mesenchymal genes.51,52 EMT, which is 
involved in biological processes such as embryonic development, 
organ formation, and tissue regeneration in adults, has received 
more attention in the past two decades due to its potential role in 
the development of cancer.51,53,54 Interestingly, we demonstrated 
that the HFD or DCA alone could induce a decrease in epithelial 
markers and an increase in mesenchymal markers. EMT inhibitors 
(SB431542 and U0126EtOH) distinctly weakened the VM formation 
ability of HCT- 116 and HCT- 8 cells,55 indicating that the EMT pro-
cess was crucial for VM formation of intestinal tumors. Therefore, 
we speculated that DCA had a positive effect on VM formation by 
promoting the EMT process. Consistent with the speculation, we 
validated that DCA led to VM formation by upregulating the expres-
sion of EMT- associated proteins.

F I G U R E  1 0  Microbial metabolite deoxycholic acid promotes vasculogenic mimicry formation of intestinal carcinogenesis by activating 
vascular endothelial growth factor receptor 2 (VEGFR2) signaling. The schematic model demonstrates the effects of the microbial 
metabolite DCA on inducing vasculogenic mimicry (VM) and epithelial- mesenchymal transition (EMT) in intestinal epithelial tumor cells. 
Exposure to microbial metabolite DCA resulted in the activation of VEGFR2, thereby causing the increased expression of epithelial- 
mesenchymal transition (EMT)- related transcription factors (ZEB1 and ZEB2), which induced EMT and VM formation to promote the 
intestinal carcinogenesis
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Deoxycholic acid appears to be a strong stimulant of the vas-
cular endothelial growth factor (VEGF) expression,56 which is 
demonstrated to be a vital pro– angiogenic factor involved in tumor 
metastasis and angiogenesis.57 Studies have shown that abnormal 
secretion of VEGF binds to receptor tyrosine kinases to induce re-
ceptor dimerization and phosphorylation, particularly VEGFR1/2, 
resulting in the process of endothelial regeneration, angiogenesis, 
and induction of tumor EMT.58,59 Current studies mainly focus on 
the relationship between VEGFR2 signaling and tumor angiogene-
sis, and the important role of VEGFR2 in VM formation has been 
neglected. In the present study, we demonstrated that VEGFR2 par-
ticipated in the process of VM formation induced by DCA, provid-
ing important targets for VM- based therapy. Sorafenib, a significant 
anti– VEGFR2 drug, has been confirmed to have an inhibitory effect 
on VM in canine mammary gland tumors.60 However, short- term 
anti– VEGF bevacizumab treatment may promote VM formation by 
inducing a hypoxic tumor microenvironment, which could play a crit-
ical role in tumor invasion and metastasis.61 Therefore, the inhibitor 
of the VEGFR2 signaling pathway could potentially be used for new 
targeted drugs to block the VM formation of intestinal tumors under 
minimizing the negative influence of the tumor microenvironment 
and strictly controling medication time.62

In summary, our results demonstrated that an HFD led to VM 
formation and dysregulation of gut microbiota and BA metabolism; 
DCA increased, which promoted the occurrence and progression of 
intestinal tumors. More importantly, DCA drove EMT and VM for-
mation by modulating VEGFR2 signaling (Figure 10). Overall, VM 
formation provided a novel understanding regarding the complex 
carcinogenic mechanism of DCA and is a potential therapeutic tar-
get for individualized CRC treatment. However, we mainly explore 
the mechanisms by which DCA promotes CRC at the animal and 
cellular levels. As for the clinical level, there are conflicting data on 
the association between the serum DCA level and human CRC risk, 
and no definitive conclusions are available.8,9,63 Because humans 
and mice differ strongly in genes, physiological structure, biochem-
ical environment, and intestinal microbiota,64 the results of mouse 
model experiments are insufficient to explain the human intestinal 
flora. Moreover, the research direction is limited with a small sample 
size. Hence, microbial metabolite DCA- promoted vasculogenic mim-
icry formation in human intestinal carcinogenesis should be further 
investigated.
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