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Abstract
Colitis-associated colorectal cancer (CAC) frequently develops in patients with inflammatory bowel 
disease (IBD) who have been exposed to a prolonged state of chronic inflammation. The investigation of 
pharmacological agents and their mechanisms to prevent precancerous lesions and inhibit their progression 
remains a significant focus and challenge in CAC research. Previous studies have demonstrated that vitexin 
effectively mitigates CAC, however, its precise mechanism of action warrants further exploration. This study 
reveals that the absence of the Vitamin D receptor (VDR) accelerates the progression from chronic colitis 
to colorectal cancer. Our findings indicate that vitexin can specifically target the VDR protein, facilitating its 
translocation into the cell nucleus to exert transcriptional activity. Additionally, through a co-culture model of 
macrophages and cancer cells, we observed that vitexin promotes the polarization of macrophages towards 
the M1 phenotype, a process that is dependent on VDR. Furthermore, ChIP-seq analysis revealed that vitexin 
regulates the transcriptional activation of phenazine biosynthesis-like domain protein (PBLD) via VDR. ChIP 
assays and dual luciferase reporter assays were employed to identify the functional PBLD regulatory region, 
confirming that the VDR/PBLD pathway is critical for vitexin-mediated regulation of macrophage polarization. 
Finally, in a mouse model with myeloid VDR gene knockout, we found that the protective effects of vitexin 
were abolished in mid-stage CAC. In summary, our study establishes that vitexin targets VDR and modulates 
macrophage polarization through the VDR/PBLD pathway, thereby alleviating the transition from chronic 
colitis to colorectal cancer.
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Introduction
Colorectal cancer (CRC) is one of the leading causes of 
cancer-related mortality globally, with over 20% of cases 
linked to chronic inflammation [1]. Colitis-associated 
colorectal cancer (CAC) represents a particularly aggres-
sive subtype of CRC that occurs in patients with inflam-
matory bowel disease (IBD) who have been in a chronic 
inflammatory environment for a long time [2, 3]. The 
largest cohort study in China showed that homologous 
recombination pathway gene mutations are another 
major genetic risk factor for heterogeneous clinical phe-
notypes of colorectal cancer [4]. Unlike sporadic CRC, 
which typically progresses through the adenoma-dys-
plasia-carcinoma sequence, CAC is characterized by the 
accumulation of somatic mutations that facilitate the 
progress transition from inflammatory mucosa to dys-
plasia to carcinoma [5], and patients with CAC are often 
diagnosed at an advanced stage and with a poor prog-
nosis [6]. Thus far, the management of colorectal cancer 
has encountered substantial challenges, particularly due 
to the development of drug resistance in treatments tar-
geting the disease [7–10]. Studies have shown that mito-
chondria in colorectal cancer stem cells are a target for 
drug resistance [11]. Inflammatory damage accelerates 
the onset and progression of CAC [12]. This inflam-
matory signaling is mediated through dynamic cross-
talk between cancer cells and tumor microenvironment 
(TME) cells. Therefore, exploring the intrinsic connec-
tion between cancer cells and TME cells is also crucial for 
a better understanding of carcinogenesis.

The TME consists of various types of non-malignant 
stromal cells, including macrophages, neutrophils, lym-
phocytes, endothelial cells, and cancer-associated fibro-
blasts (CAFs). Tumor-associated macrophages (TAMs) 
play a pivotal role in tumor progression, metastasis, and 
recurrence following treatment [13, 14]. The plastic-
ity and heterogeneity of macrophages allow them to be 
classified along the M1-M2 polarization axis [15–17]. 
Tumor-associated macrophages usually exhibit an 
M2-like phenotype with pro-tumor functions, whereas 
M1 macrophages have anti-tumor functions. Conse-
quently, reprogramming TAMs to adopt an M1-like phe-
notype represents a promising strategy to promote tumor 
regression [18, 19]. Various approaches exist for select-
ing the M1 phenotype from TAMs or reprogramming 

TAMs from an M2 to an M1 phenotype, including TLR 
agonists, monoclonal antibodies targeting M1 pheno-
type suppressor proteins, and other compounds [20]. 
Targeted therapy usies utilizing small molecule com-
pounds can specifically target genes in tumor cells, pre-
cisely acting on cancer cells to inhibit proliferation and 
reduce damage to normal cells, providing new insights 
for cancer treatment. Numerous studies have demon-
strated that small molecule monomers derived from tra-
ditional Chinese medicine can exert therapeutic effects 
by targeting specific proteins. Vitexin, a flavonoid com-
pound, has been reported to possess protective effects 
on the intestines. Our previous research indicated that 
vitexin significantly modulated macrophage polariza-
tion in the intestines of azoxymethane (AOM)/ dextran 
sodium sulfate (DSS) mice and exhibited protective 
effects on the intestines [21]. Despite significant advance-
ments in our understanding of tumorigenesis, the com-
plexities underlying the interactions between cancer 
cells and macrophages following vitexin exposure, par-
ticularly within the immune microenvironment, remain 
inadequately elucidated. The role of vitamin D receptors 
(VDR) in the pathogenesis of colorectal cancer and coli-
tis has been well established. Notably, patients suffering 
from both inflammatory bowel disease and colorectal 
cancer often exhibit vitamin D/VDR deficiencies. Early 
downregulation of VDR has been observed in the onset 
of colitis, correlating with the development of larger and 
more numerous tumors in VDR-deficient models of CAC 
[22, 23]. Recent investigations have indicated that vita-
min D activity becomes dysregulated in advanced cancer 
stages, although it is known to modulate the interactions 
between immune and cancer cells, thereby inhibiting the 
production of pro-inflammatory cytokines [24]. Despite 
extensive research on vitamin D, critical questions 
regarding the biological role of intestinal VDR during the 
transition from colitis to CAC remain unresolved. There-
fore, it is important to search for novel VDR agonists and 
thus explore their therapeutic role and mechanisms in 
inflammatory cancers. Similarly, the changes occurring 
in macrophages during the transition from inflammatory 
bowel disease to CAC are complex. Within the tumor 
microenvironment, both VDR and macrophages are 
implicated in the progression of CAC, but whether they 
are closely linked or functionally independent remains 
unclear. Considering the multiple functional roles of the 
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pathway, mitigating the progression from chronic colitis to colorectal cancer in mice.
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VDR in the development of CAC, the cellular and molec-
ular mechanisms by which the VDR regulates macro-
phages and thereby protects the host are important.

In this study, we established a mouse model of chronic 
colitis progressing to colorectal cancer (mid-term CAC) 
and demonstrated that myeloid-specific VDR knockout 
mice exhibit low VDR expression in the colon, which 
negatively correlates with the presence of M2-type mac-
rophages. We confirmed that vitexin can target VDR 
and promote its transcriptional functions. We used a co-
culture of macrophages and cancer cells to simulate the 
vitexin regulation of macrophages in the tumor microen-
vironment in a VDR-dependent manner and found that 
this regulation is achieved through the VDR/phenazine 
biosynthesis-like domain-containing protein (PBLD) 
pathway. In addition, we used a mouse model with 
myeloid-specific VDR knockout to study the protective 
effect of vitexin on VDR during inflammation and tumor-
igenesis. Our findings elucidate novel pathways and 
candidate therapeutic agents for addressing the transfor-
mation of chronic intestinal inflammation into colorectal 
cancer by regulating the polarization of macrophages in 
the tumor microenvironment.

Materials and methods

Materials
Vitexin (HPLC purity > 98%), and Calcitriol were pur-
chased from Sigma-Aldrich. AOM were purchased from 
Sigma Aldrich. DSS were purchased from MP Biomedi-
cals. Pronase were purchased from Roche. For in vitro 
experiments, vitexin was dissolved in DMSO and Cal-
citriol in water, and for in vivo studies, vitexin was dis-
solved in 1% carboxymethylcellulose sodium (CMC-Na) 
solution and Calcitriol in saline. Recombinant human 
protein VDR was constructed at KMD Bioscience (Tian-
jin, China) and recombinant human protein VDR-LBD 
was constructed and sequenced at DetaiBio. (Nanjing, 
China). APC anti-Mouse F4/80 Antibody and FITC anti-
Human/Mouse CD11b Antibody were purchased from 
MULTI SCIENCES. PE/Cyanine7 anti-mouse CD206 
(MMR) Antibody, PE anti-Nos2 (iNOS) Antibody, PE/
Cyanine7 anti-human CD206 (MMR) Antibody and PE 
anti-human CD86 Antibody were purchased from BioLe-
gend. PcDNA3.1(+)-VDR-3×FLAG, pGL4.10-CYP24A1 
promoter, Wide-Type, pCMV3-flag-ratVDR, pCMV3-
flag-ratVDR- T287A were constructed and sequenced by 
OBio. (Shanghai, China). Extraction kits for cell mem-
brane and nucleus fractions were performed by beyotime 
(Shanghai, China).

Animals
SPF-grade Lyz2-Cre (JAX 004781) was purchased 
from the Jackson Laboratory, VDRfl/fl was purchased 

from GemPharmatech (Jiangsu, China), and Lyz2Cre-
VDRfl/fl (VDRΔMΦ) mice were generated by crossing 
VDRfl/fl (VDRflox) mice with Lyz2-Cre (Figure S2, Sup-
porting Information). The purchased VDRFl/wt trans-
genic male mice will be co-housed with wild-type female 
C57BL/6J background mice at a ratio of 1:2 for mass 
breeding. After the newborn mice reach 2 weeks of age, 
they will be numbered and their tails will be clipped for 
genetic identification, with the identified PCR primers 
(Table S1, Supporting Information).

SPF-grade male C57BL/ 6  J mice (18–22 g) were pur-
chased from Guangzhou University of Chinese Medi-
cine Laboratory Animal Centre. All mice were crossed 
with C57BL/6 for at least 10 generations. The animals 
were housed in the SPF-grade laboratory animal room 
of the Guangzhou University of Chinese Medicine and 
were given normal feed and free drinking water every 
day, with a relative humidity of 55 ± 5%, an indoor tem-
perature of 22 ± 2 ℃, and 12 h of light. The bedding was 
changed every other day. The animals were acclimatized 
to the laboratory for at least 2 weeks before the start of 
the study. All animal experiments were conducted and 
analyzed in a blinded randomization manner.

AOM-DSS induced mid-stage colorectal cancer model
Mice were injected intraperitoneally with 10 mg/kg AOM 
(A5486, Sigma), followed by two cycles of 1.5% DSS in the 
drinking water on days 8–15 and 22–29 (referenced to 
previously published [25] literature but adapted). Disease 
progression was monitored by body weight measure-
ments and DAI examination, and dissection was deter-
mined on day 36. The methodology for the determination 
of DAI is described in detail in Supplementary Table 2. 
At the end of the experiment, mice were executed, colon 
harvested and colon weight and length measured. Tumor 
load was quantified post-mortem by macroscopic exami-
nation of the colon.

Cell culture
THP-1 (Human Acute Monocytic Leukemia Cells) and 
RAW 264.7 (Mouse Mononuclear Macrophages Cells), 
is the most commonly used inflammatory cell model. 
CT26.WT (Mouse Colorectal Carcinoma Cells) are 
undifferentiated cells induced by N-nitroso-N-meth-
ylurea (NNMU). HCT 116 (Human Colorectal Car-
cinoma Cells) was isolated from male patients with 
colon cancer. Human Embryonic Kidney Cells (HEK) 
293T cells, used as tool cells for plasmid transfection. 
All cells were purchased from Procell (Wuhan, China). 
CT26.WT, HCT116 cells were cultured in RPMI-1640 
medium, and RAW264.7, HEK293T were cultured in 
DMEM medium supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS) and 100 U/ml penicillin-
streptomycin. THP-1 cells were cultured in RPMI-1640 
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supplemented with 10% heat-inactivated FBS and 100 U/
ml penicillin-streptomycin, with the addition of 0.05 mM 
β-mercaptoethanol, and PMA activation (Sigma, USA) 
THP-1 cells were used as human macrophage studies.

PBLD siRNA
THP-1 cells were transfected with PBLD or control 
siRNA (Tsingke, China) using Lipofectamine® 6000 
Transfection Reagent (Beyotime, China) in Opti-MEM I 
Reduced Serum Medium for 72 h. Then, the transfected 
cells were used for further research.

Cellular RNA sequencing
Total RNA was extracted from THP-1 cells using TRIzol 
(Accurate Biotechnology, China). Library sequencing was 
performed by Gene Denovo Biotechnology (Guangzhou, 
China) on an Illumina HiseqTM 2500/4000. Bioinformat-
ics analysis was performed using Omicsmart, a real-time 
interactive online platform for data analysis (http://www.
omicsmart.com).

PCR assay
Gene expression profiles were analyzed by macrophage 
differentiation PCR arrays (Wcgene Biotech, Shanghai, 
China) according to the manufacturer’s protocol. β-actin 
and Gapdh were used as endogenous controls. Data were 
normalized to the reference gene based on cycle thresh-
old (Ct) values. log2 (fold change) was calculated based 
on the 2−ΔΔCt method.

Immunofluorescence staining and immunohistochemistry
The method according to a previous study [26]. Tissue 
wax blocks were hydrated by serial dewaxing, while cells 
were fixed by 4% paraformaldehyde. Then, after permea-
bilization with 0.05% Triton X-100 and sealing with 5% 
BSA, the cells were incubated with primary antibody at a 
dilution of 1:200 at 4 °C overnight. Fluorescently labeled 
secondary antibodies were used the following day. The 
stains were then counterstained with DAPI nuclear stain.

The operation of immunohistochemistry is carried out 
as described above. Following the procedures of primary 
antibody at a dilution of 1:200 at 4  °C overnight. After 
incubating with the secondary antibody the next day, DAI 
staining was performed. The sections were then stained 
with hematoxylin to visualize nuclei. The final processing 
steps included dehydration in graded alcohols, clearing 
in 100% xylene, and mounting. Images were taken with a 
fluorescence microscope equipped with a digital camera 
(Nikon, Tokyo, Japan).

Quantitative real-time PCR (qRT-PCR)
The method according to previous studies [27, 28]. 
Total RNA was isolated from cells using TRIzol (Accu-
rate Biotechnology).The concentration of total RNA 

was determined using a Nanodrop 2000, and 1  µg of 
total RNA was converted to cDNA by reverse transcrip-
tion according to the PrimeScript™ RT kit instructions 
in a CFX96 Touch The target gene was detected in a 
CFX96 Touch Real-Time RCR Detection System (Bio-
Rad) detector using a SYBR Green PCR master mix kit 
with GAPDH as an internal reference, and the primer 
sequences of the target gene were designed by Shanghai 
Sangong Biotechnology Co. The primer sequences of 
target genes were designed by Shanghai Bioengineering 
Biotechnology Company. The relative expression of tar-
get genes was calculated by using the 2-ΔΔCt method for 
quantification, and the correlation analysis was carried 
out. Primer sequences are shown in Supplementary Table 
S3.

Western blot
The method is according to previous study [29]. In 
brief, proteins were isolated from cells and tissues and 
assayed by BCA assay. Proteins were separated by 8-12% 
gel electrophoresis separation kit (Beyotime, China) 
and transferred to polyvinylidene fluoride (PVDF) 
membranes using a semi-dry transfer apparatus (Bio-
Rad). The membranes were blocked with 5% BSA for 
half an hour, and then the PVDF membranes were 
incubated with specific primary antibodies. The anti-
bodies used in this study were as follows: VDR (Sig-
nalway Antibody, China, Cat#38397, 1:1000); PBLD 
(Proteintech, China, Cat#68317-1-Ig, 1:1000); PCNA 
(Affinity, China, Cat#AF0239, 1:1000); GAPDH (Affin-
ity, China, Cat#AF7021, 1:3000); Histone (Affinity, 
China, Cat#BF9211, 1:3000). Immunoreactive bands 
were detected the following day with horseradish perox-
idase-conjugated secondary antibodies and visualized by 
enhanced chemiluminescence. Analyses were performed 
using Image J analysis software and standardized against 
their respective controls.

Flow cytometry analysis
The method according to a previous study [30]. Cells 
were collected and resuspended in 500 µL of phosphate-
buffered saline (PBS). Following a 30-minute incubation 
at room temperature with surface flow antibodies, the 
cells were centrifuged at 900 rpm for 4 min. The superna-
tant was discarded, and the cells were washed with PBS 
before being treated with a cell membrane-disrupting 
solution (Thermo Fisher, diluted 1:3) for 60  min. After-
ward, the cells were washed again in PBS and incu-
bated with polarization-associated flow antibodies for 
1  h at room temperature. The cells were subsequently 
washed and resuspended in PBS containing 1% bovine 
serum albumin (BSA). Following another wash, the cells 
were resuspended in PBS with 1% BSA and analyzed 
using a NovoCyte Quanteon flow cytometer. Data were 

http://www.omicsmart.com
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processed using NovoExpress software, with specific 
labeling for F4/80, CD11b, iNOS (M1), and CD206 (M2) 
flow-through antibodies.

VDR binding assay
The binding of vitexin to VDR was determined by several 
methods
cellular thermal shift assay (CETSA), drug affinity 
responsive target stability (DARST), surface plasmon 
resonance assay (SPR), isothermal titration microcalo-
rimetry assay (ITC), pull-down assay and immunofluo-
rescence co-localization assay.

For CETSA, the CETSA method was performed 
according to the literature [31]. THP-1 cells were inoc-
ulated in a 100  mm dish and subsequently treated with 
FBS-free medium containing either 0.1% DMSO or 100 
µM vitexin for 2 h the following day. Post-treatment, the 
cells were digested with trypsin, collected, and washed 
before being resuspended in 1 mL of PBS supplemented 
with a protease inhibitor. A 90 µL aliquot of this suspen-
sion was transferred into 0.2 mL PCR tubes and subjected 
to heating in a PCR machine for 3 min at temperatures 
ranging from 43 to 67 °C. 20 µL of RIPA buffer was added 
to each tube, and the precipitated proteins were removed 
by centrifugation at 15,000 × g for 20  min at 4 ℃ after 
thorough mixing. Subsequent supernatant manipulation 
was based on general Western blot experiments.

For DARTS, the DARTS method was performed 
according to the literature [32]. THP-1 cells were inoc-
ulated in a 100  mm dish at an appropriate density. The 
following day, the cells were harvested and lysed in 500 
µL of RIPA buffer containing a protease inhibitor. The 
resulting lysate was aliquoted equally into 5 Ep tubes and 
subsequently diluted tenfold in TNC buffer (50 mM Tris-
HCl, pH 8.0, 50 mM NaCl, 10 mM CaCl2). The samples 
were then incubated with 0.1% DMSO and varying con-
centrations of vitexin (0, 2.5, 5, and 20 µM) for 1  h at 
room temperature with gentle shaking. The samples were 
then proteolytically cleaved with protease (2.5  µg/mL) 
for 10 min. Subsequent operations were based on general 
Western blot experiments.

For SPR experiments, the interaction between vitexin 
and VDR (ligand-binding domain, LBD) protein was 
analyzed using a Biacore T200 system (GE Healthcare, 
Uppsala, Sweden). Recombinant VDR (LBD) at a con-
centration of 40 µg/mL was used to achieve non-covalent 
immobilization on the surface of the activated chip. The 
final level of immobilized VDR-LBD was approximately 
12,000 reaction units (RU). Subsequently, different con-
centrations of vitexin (ranging from 6.25 µM ~ to 200 
µM) were injected at a flow rate of 30 µL/min, and 1× 
PBST (1.37  M NaCl; 26.8 mM KCL; 81 mM Na2HPO4; 
17.6 mM KH2PO4; Ph7.2-7.4, 0.05% Tween 20) was used 
as the running buffer. The results were analyzed using 

Biacore evaluation software (T200 version 1.0) and 
curves were fitted in 1:1 binding mode.

For the ITC experiments, the potential interac-
tion between vitexin and VDR (LBD) was determined 
using the Nano-ITC instrument (TA instruments, USA) 
at 25  °C. A solution of 10 µM VDR (LBD) and 200 µM 
vitexin were dissolved in phosphate-buffered saline (PBS) 
containing 5% DMSO, and stirred at 250  rpm. Twenty 
titrations of 2.5 µL each were performed for each titra-
tion experiment. The heat of dilution of VDR protein 
was determined by titrating it into PBS. Data analysis 
was performed using the NanoAnalyze software package 
(TA Instruments). The total heat exchange during each 
injection of VDR into the vitexin solution was fitted to an 
independent model with variable parameters.

For pull-down experiments, Beaver-Beads strepta-
vidin and biotinylated vitexin were utilized in this study. 
Specifically, 100 µL of biotinylated vitexin glycoside was 
added to 10 µL of streptavidin-agarose beads and incu-
bated for 2  h at 25  °C. Controls included biotin, unbio-
tinylated vitexin, and untreated beads. The full-length 
prokaryotic proteins of the VDR were constructed at 
KMD Bioscience (Beijing, China), while the prokary-
otic proteins corresponding to the VDR-LBD were con-
structed at Detai Bioscience (Nanjing, China). And 
mutant VDRs (T287) of the LBD structural domain was 
achieved by transfecting HEK-293 cells with the encoding 
plasmid under Lipofect 2000. Lysates were prepared from 
HEK-293 cells of the constructs and then the lysates were 
mixed into treated streptavidin-agarose beads. The mix-
ture was incubated at 25 °C for 3 h with gentle shaking. 
The samples were then spun and washed three times. The 
samples were boiled with 5× loading buffer and loaded 
onto 10% polyacrylamide gels for western blot analysis.

For immunofluorescence co-localization experi-
ments, THP-1 cells were seeded at a density of (1 × 103 
cells/well) were inoculated in confocal dishes, and 60 µL 
of biotin-vitexin (20 µM), and biotin (20 µM) intervened 
in the incubation for 24  h. The cyto-fluorescence stain-
ing process was started. The cells were first washed once 
with PBS and then fixed with 4% paraformaldehyde for 
10 min. the cells were washed three times with PBS, each 
time for 3 min, and then closed with 5% BSA for 30 min, 
and diluted with FITC-avidin as well as VDR antibody, 
and then incubated at 4 ℃ overnight. At the end of the 
incubation, the cells were washed three times with PBS 
for 3 min each time, a fluorescent secondary antibody 
(Alexa Fluor Plus 594) was added, and the cells were 
incubated for 1  h. The nuclei were washed three times 
with PBS for 3 min each time, and the nuclei were stained 
by DAPI for 5 min. After the washing with PBS, the co-
localization of the green light and the red light in the cells 
by laser confocal microscopy was observed.
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Molecular docking
The crystal structure of the LBD structural domain 
(PDB:1QBD) of human VDR was obtained from the Pro-
tein Data Bank. Initial structures of ligands and receptors 
for docking were prepared with MGLTools 1.5.6 (The 
Scripps Research Institute, CA, USA). Molecular dock-
ing was performed with AutoDock Vina 1.0.2. The bind-
ing affinity of each docking pose of the oyster glycosides 
was recovered by the MM/GBSA method in the Amber-
Tools18 software package [33]. Finally, key residues for 
protein-ligand interactions were identified based on the 
breakdown energy calculations for each residue.

ChIP-seq and PCR
THP-1 cells were seeded at a density of 4 × 106 in 100 mm 
dishes. After 24 h, cell attachment was induced by treat-
ment with 100 ng/ml of phorbol 12-myristate 13-acetate 
(PMA). Subsequently, the cells were preincubated with 
either dimethyl sulfoxide (DMSO) or vitexin at a con-
centration of 20 µM for an additional 24  h. Chromatin 
immunoprecipitation (ChIP) was performed in accor-
dance with the protocol outlined in the Thermo Fisher 
manual (Catalog No. 26157). Following treatment, THP-1 
cells were harvested and crosslinked using 1% parafor-
maldehyde for 15 min, after which 125 mM glycine was 
added to quench the crosslinking reaction. Chromatin 
was sheared into 200–500  bp DNA by sonication using 
a Biorupter (Diagenode, UCD-200). After reserving 
5.0 µl of the sheared chromatin for input to the control 
samples, the rest of the sheared chromatin was rotation-
ally incubated with 5 µg of VDR (CST, USA, Cat#12550, 
1:50) or IgG at 4 °C overnight. The next day, samples were 
added to protein A/G dynamic beads and incubated at 
4  °C for 2  h. The DNA-protein complexes were washed 
twice with dilution buffer and then eluted from the 
dynamic beads with SDS buffer. Purified ChIP DNA was 
obtained after reverse cross-linking, proteinase K diges-
tion, phenol/chloroform extraction, and ethanol precipi-
tation. For ChIP-sequencing, input DNA and ChIP DNA 
were used to generate sequencing libraries using the 
Illumina DNA Sample Preparation Kit according to the 
manufacturer’s protocol. Briefly, the DNA samples were 
end-repaired, then ligated with barcode adapters, and 
finally amplified and purified. These DNA libraries were 
sequenced in an Illumina. nextSeq500 sequencer, based 
on the 35nt pair-end sequencing protocol. Chromatin 
immunoprecipitation analyses and RNA sequencing were 
performed with the help of Wuhan GeneBen Biotech-
nology Co Ltd (Wuhan, China). The promoter primers 
Cyp24a1 and PBLD were subsequently constructed and 
detected by RT-PCR.

Luciferase reporter gene assay
HEK293T cells were seeded in 6-well plates at 1 × 105 
cells/well, wall-adhered, and transiently transfected with 
pGL4.10, PGL4.10-CYP24A1, pcDNA3.1-VDR-3×FLAG, 
and TK-luc using the Lipofectamine 3000 reagent for 6 h. 
The transfection solution was discarded and added to the 
high and medium in turn, low concentrations of vitexin 
(20, 10, and 5 µM) and Calcitriol (50 nM) after induction 
for 48 h. The transfection solution was washed twice with 
PBS, and the dual-luciferase reporter gene assay system 
was used to measure the dual-luciferase activity and to 
study the effect of vitexin on the transcriptional activa-
tion of the CYP24A1 promoter.

Histological assessment
Colon tissues fixed in 4% paraformaldehyde were par-
affin-embedded and sectioned were used for histologi-
cal analysis. The sections were stained with hematoxylin 
and eosin (H&E) for routine histological evaluation. For 
immunohistochemistry, sections were deparaffinized 
and hydrated. Endogenous peroxidase was blocked with 
3% H2O2 for 30 min. Sections were then incubated with 
primary antibody at a dilution of 1:100 overnight at 4 °C. 
Secondary antibodies were incubated at 1:200 for 1 h at 
room temperature and immunoreactivity was detected 
by diaminobenzidine (DAB). All sections were counter-
stained with hematoxylin.

Statistical analysis
All in vitro data represent at least three independent 
experiments and in vivo data represent at least six 
independent experiments. All experimental data are 
expressed as mean ± SEM (standard error of the mean). 
Statistical analyses were performed using GraphPad Pro 
Prism 8.0 (GraphPad, San Diego, CA). One-way analysis 
of variance (ANOVA) followed by Tukey’s test was used 
to analyze differences between groups of data. A p value 
of < 0.05 was considered a significant difference.

Results
VDR plays an important role in the transformation of 
chronic intestinal inflammation-induced cancer
To systematically and comprehensively identify the key 
signaling molecules involved in colon cancer, we per-
formed mRNA microarray analysis of intestinal tissues 
(patients or mice) with CAC and CRC with inflammatory 
bowel cancer and normal controls and then intersected 
the previously published dataset to identify differentially 
expressed genes (DEGs). The results showed that 136 
DEGs overlapped across the four datasets. Notably, we 
found that Vdr expression was downregulated in intesti-
nal tissues in these transcriptomic data (Figure S1, Sup-
porting Information). We next performed modeling of 
chronic intestinal inflammation to carcinoma [25]. As 
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illustrated in Fig. 1A-C, the duration of this experimental 
study was 36 days. Post-dissection observations revealed 
that, in comparison to the control group, the colons of 
mice in the model group exhibited significant shorten-
ing, with tumors of varying sizes emerging at the distal 
end of the intestine, measuring between 1 and 2 cm. This 
finding is consistent with atypical hyperplasia character-
istic of the intermediate stage of inflammation-initiated 
carcinogenesis. A comprehensive assessment of the 
Swiss Volume of Pathology, indicated that the morphol-
ogy of the terminal intestinal tissues in the model group 
was markedly disordered, featuring severe disruption 
of the colonic epithelial barrier, extensive infiltration of 
inflammatory cells, hyperplasia of submucosal lympho-
cytes accompanied by lymphoid follicle formation, and 
structural ambiguity. These observations suggest that 

the colon tissue during the intermediate modeling stage 
is undergoing a transition from inflammation to cancer. 
Genome-wide analyses, along with cellular and animal 
experiments, have demonstrated that VDR proteins play 
a role in the prevention of IBD and CRC [34]. As shown 
in Fig.  1D, VDR protein expression was significantly 
reduced in the model group compared to the normal 
group, which is in line with previous studies. In addition, 
as shown in Fig. 1E, the results of the heatmap indicated 
that the nuclear transcription gene Vdr was significantly 
decreased compared to the model group. In addition, 
polarization-related genes such as ARG1, MRC1, IL1, 
and Nos2 were also significantly elevated, suggesting that 
macrophages in the middle stage of CAC were signifi-
cantly polarized and infiltrated with inflammatory factors 
(Fig.  1F). Meanwhile, macrophage-polarized expression 

Fig. 1  VDR plays an important role in the transformation of chronic intestinal inflammation-induced cancer. A) AOM/DSS induced mid-cycle CAC model-
ing protocol. B) Macroscopic view of colon obtained by mid-stage CAC, Scale bar, 1 cm. C) H&E staining of the colon, Scale bar, 200 μm. D) Immunohisto-
chemistry of VDR protein and statistics in colon (Scale bar, 100 μm, **P < 0.01). E) Heatmap of the colon. F) Immunofluorescence double staining of iNOS 
and CD206 protein in colon tissue, Scale bar, 100 μm. G) Schematic diagram of the experimental design of VDRΔMΦ mice. H) Body weight in the mice, 
n = 6. I) DAI scores, n = 6. J) macroscopic image of the colon. K) H&E staining of the colon. The data are presented as the mean ± SEM (n = 3). ##P < 0.01 vs. 
WT group
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of colonic fluorescence was consistent with transcrip-
tome results.

Most reports suggest that intestinal conditional knock-
out of host VDR significantly increased tumor formation. 
We next explored the immunosuppressive role of VDR 
in the development of murine myeloid knockouts, the 
construction process of the knockout mouse is shown in 
Fig. 1G. Western blot analysis showed that colonic tissues 
of VDR knockout animals displayed a loss of VDR (Figure 
S2 and S3, Supporting Information), suggesting a success-
ful knockout animal model. We then recorded changes 
in body weight and DAI in AOM/DSS mice (Fig. 1H-I). 
As expected, VDR deletion (VDRΔMΦ) resulted in signifi-
cantly slower body weight recovery in AOM/DSS mice, 
along with significantly higher DAI scores, compared to 
AOM/DSS controls (WT) and caged controls (VDRflox). 
Further observation of micro- and macro-colonic tis-
sues showed that the VDRΔMΦ group showed more pro-
nounced colonic barrier disruption and inflammatory 
infiltration compared to the control group (Fig.  1J-K). 
These results suggest that VDR plays an important role 
in the transformation of chronic intestinal inflammation-
induced cancer.

Vitexin targets VDR and binds amino acid motifs in its VDR-
LBD region to regulate its nuclear transcription
We further investigated whether vitexin could act on the 
VDR. Cellular thermal shift assay (CETSA), a method 
for assessing the direct binding of drugs in cells, showed 
that vitexin, an anti-inflammatory flavonoid, increased 
the stability of the VDR protein in cells when subjected 
to a temperature gradient (Fig. 2A). In addition, DARTS 
experiments showed that vitexin could stabilize the 
VDR, leading to its increased susceptibility to proteoly-
sis (Fig.  2B). These observations support the possibility 
that the VDR may serve as a potential cellular target for 
vitexin. To further confirm the direct binding of vitexin 
to the VDR, we synthesized a biotin-labeled vitexin probe 
(Fig. 2C, Figure S4-S6, Supporting Information), and per-
formed immunofluorescence experiments to explore the 
co-localization of the VDR and biotin-vitexin in THP-1 
cells. As shown in Fig. 2D, the VDR (red) showed a clear 
fluorescence overlap (yellow) with biotin-vitexin (green), 
suggesting a direct vitexin-VDR interaction in the cells. 
Altogether, these results suggest that VDR is a direct cel-
lular target of vitexin. Therefore, we further investigated 
how it regulates VDR. Since the reported small-molecule 
VDR agonists all bind to the LBD structural domain 
of the VDR, we suspected that this structural domain 
might be the site of the vitexin interaction. To verify this 
experimentally, we constructed prokaryotic proteins of 
the full-length VDR and the LBD structural domain of 
the VDR (Figure S7, Supporting Information). Immu-
noprecipitation pull-down confirmed that biotinylated 

vitexin interacts with the LBD structural domain of the 
VDR (Fig. 2E, Figure S8, Supporting Information). Next, 
we used surface plasmon resonance (SPR) to show that 
vitexin and VDR-LBD interact with an association rate 
constant (KD) of 34.67 µM (Fig.  2F). Finally, we per-
formed isothermal titration calorimetry (ITC) analysis 
and found that vitexin and VDR-LBD interacted with 
a binding KD of 21.07 × 10− 5 µM (Fig.  2G). To further 
determine the structural stability of the binding com-
plex of vitexin and VDR, we performed 100 ns molecu-
lar dynamics simulations to determine whether vitexin 
could exert allosteric modulation on VDR. The results 
showed that vitexin was able to tighten the VDR struc-
tural domain and adjust its conformation (Fig.  2H-I, 
Figure S9, Supporting Information). In addition, we per-
formed energy decomposition calculations for each of 
the 11 docking poses in the binding site. We identified 
11 residues with low average energies: ALA231, VAL234, 
SER235, ILE238, MET272, ASN276, THR287, ARG296, 
THR301, SER306, and ILE314 (Fig.  2J). Of these, we 
selected THR287 for further study based on their energy 
values. We transfected HEK 293T cells with wild-type 
VDR or mutant T287A. Biotinylated vitexin pulled down 
the wild-type VDR but failed to interact with the mutant 
VDR (Fig. 2K). These results suggest that THR287 in the 
LBD structural domain is essential for the interaction of 
VDR with vitexin.

The VDR protein is implicated in both classical and 
non-classical signaling pathways, exerting effects through 
nuclear transcription as well as cytoplasmic interactions. 
To further elucidate the nuclear import effects of vitexin 
following VDR targeting, we conducted validation exper-
iments using murine and human-derived macrophages. 
As illustrated in Fig.  3A, gradient concentrations of 
both vitexin and calcitriol resulted in an increase in Vdr 
mRNA levels. Additionally, Fig. 3B presents immunofluo-
rescence data demonstrating the subcellular distribution 
of VDR protein in the cytoplasm and nucleus following 
drug treatment. The results indicate that both vitexin and 
calcitriol significantly enhance VDR protein levels within 
the nucleus; however, vitexin treatment did not produce a 
notable increase in cytoplasmic VDR levels, instead pro-
moting its accumulation in the nucleus. We further iso-
lated cytoplasmic and nuclear proteins, confirming that 
treatment with vitexin and calcitriol facilitated the trans-
location of VDR proteins into the nucleus (Fig.  3C). In 
order to measure transcriptional effect, the transcription 
factor expression plasmid VDR and its CYP24A1 pro-
moter plasmid, were co-transfected into the HEK293T 
cell. As seen from Fig.  3D, compared with the vector 
group, the transcription factor VDR was able to activate 
the target promoter CYP24A1, which was significantly 
increased after the stimulation by adding increasing 
concentrations of vitexin and calcitriol, indicating that 
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vitexin enhances the transcriptional activity of VDR onto 
CYP24A1 (Figure S14 A-B, Supporting Information). 
Consistent with the above results, the results of ChIP-
PCR showed that the assay results illustrated that both 
vitexin and calcitriol significantly elevated the expression 
of CYP24A1 (Fig. 3E). The above experiments confirmed 
that vitexin binds to amino acid motifs in the VDR-LBD 

region to enhance the nuclear translocation of VDR, and 
increases its transcriptional activities.

In the tumor microenvironment, vitexin promotes VDR 
entry into the nucleus
We subsequently investigated the role of vitexin 
within the tumor microenvironment. As illustrated in 
Fig.  4A, we utilized bone marrow-derived macrophages 

Fig. 2  Vitexin targets VDR and binds amino acid motifs in its VDR-LBD region. A) Vitexin promotes the resistance of VDR to different temperature gradients 
as detected by CETSA in THP-1 cells. B) Vitexin enhances the resistance of VDR to proteolytic enzymes as investigated by DARTS. C) Chemical structure of 
Biotin-vitexin (Bio-vitexin). D) Co-localization of biotin-vitexin (green) and VDR (red) by immunofluorescence, Scale bar, 10 μm. E) Protein blotting analysis 
of biotin-vitexin binding to the VDR-LBD structural domain. Recombinant proteins VDR and VDR-LBD structural domains were incubated with either bio-
tin- vitexin-loaded magnetic beads or biotin-loaded magnetic beads. The top panel shows the structure of VDR and the bottom panel shows the results 
of the pulled-down proteins. F) SPR analysis showing the interaction between vitexin and recombinant VDR-LBD protein (left). Different concentrations 
of vitexin were added and KD values were calculated (right). G) ITC analysis of VDR-LBD binding to vitexin, representative images are shown. Representa-
tive titration temperature plots are shown on the left, and data integration with the fitted curve (independent model) of vitexin versus VDR-LBD is shown 
on the right. H) The presentative conformation of VDR protein binding with vitexin upon molecular dynamics simulation. I) free energy landscape. J) The 
left panel shows the carbon atoms of the side chains of the 11 key residues, with vitexin indicated as green and yellow bars, respectively. The right panel 
shows a box plot of the per-residue catabolic energy for the 11 residues. K) Pull-down analysis of biotin-vitexin binding to mutant VDRs containing T287A. 
HEK 393T cells were transfected with wild-type VDR or mutants. Lysates were used to assay for binding to biotin-vitexin. The data are presented as the 
means ± SEM (n = 3). **, P < 0.01; ns, no significance
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Fig. 3  Vitexin promotes nuclear translocation of VDR protein in macrophages and regulates nuclear transcription. Both RAW264.7 and THP-1 cells were 
treated with different concentrations of vitexin and Calcitriol. A) Gene levels of VDR in RAW264.7 cells (top) and THP-1 cells (bottom) were detected by RT-
PCR. B) Immunofluorescence was used to examine the levels of VDR in the nucleus and cytoplasm, RAW264.7 cells (left) and THP-1 cells (right). Scale bar, 
10 μm. C-D) Western blot was used to examine the levels of VDR in the nucleus and cytoplasm. E) Detection of transcription factor VDR against CYP24A1 
promoter activity using dual luciferase in HEK293T cells. F) ChIP-PCR amplification showing VDR activity against the promoter of CYP24A1. The data are 
presented as the means ± SEM (n = 3). *, P < 0.05; **, P < 0.01; ns, no significance
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(BMDMs) co-cultured with the homologous intesti-
nal cancer cell line CT26 to simulate the tumor micro-
environment for subsequent intervention experiments. 
Figure  4B demonstrates that following co-culture, the 
expression of the Vdr gene in the simulated tumor micro-
environment was significantly diminished compared 
to the control group, which aligns with the observed 
reduction of colon VDR levels in the animal model. PCR 
analysis revealed a marked decrease in Vdr gene expres-
sion after co-culture relative to the normal group; how-
ever, treatment with vitexin resulted in a dose-dependent 
increase in Vdr expression (Fig.  4C). In addition, our 

results demonstrated that the VDR levels in the cyto-
plasm and nucleus were reduced after co-culture when 
compared to the normal group and that the VDR protein 
in the nucleus was increased in a concentration-depen-
dent manner after the treatment with of vitexin (Fig. 4D). 
These results were further confirmed by immunofluo-
rescence (Fig. 4E). Together our results suggest that the 
expression of VDR is significantly reduced in the tumor 
microenvironment and that the level of VDR in the 
nucleus increased significantly following treatment with 
of vitexin.

Fig. 4  In the tumor microenvironment, vitexin promotes the nuclear translocation of VDR. A) After 48 h incubation with vitexin, CT26 was co-cultured 
with BMDM for 24 h, which was at the transwell insert, and CT26 was located at the bottom of the cell plate. The experiments related to this section are 
all co-culture assays. B) Left: RNA-seq analysis of THP-1 cells (THP-1 and HCT116) co-cultured with or without treatment with vitexin of differential genes 
(n = 3). Right: volcano plot of differential gene enrichment. C) Gene levels of VDR in BMDM cells (top) and THP-1 cells (bottom) were detected by RT-PCR. 
D) Western blot was used to examine the levels of VDR in the nucleus and cytoplasm. E) Immunofluorescence was used to examine the levels of VDR 
in the nucleus and cytoplasm. Scale bar, 10 μm. The data are presented as the means ± SEM (n = 3). #, P < 0.05; ##, P < 0.01; *, P < 0.05; **, P < 0.01; ns, no 
significance
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Vitexin regulates polarization in macrophages in the tumor 
microenvironment, dependent on VDR
Previous study have confirmed that vitexin upregulates 
the expression of the M1 type of macrophages in intes-
tinal tissues thereby mitigating intestinal cancer [21]. 
However, the impact of vitexin on macrophage regula-
tion during the transition from chronic intestinal inflam-
mation to cancer has not been demonstrated. To address 
this gap, we employed a co-culture system of tumor cells 
and macrophages to simulate the tumor microenviron-
ment, allowing for a more detailed investigation of the 
regulatory effects of vitexin on macrophages within this 
context (Fig.  5A). As shown in Fig.  5B, after treatment 
with vitexin, we detected macrophage-related genes by 
real-time PCR and compared the differentially expressed 
genes in the model or vitexin. As shown in the heat-
map, the mRNA levels of CD163, IL1B, CCL2, IL6, and 
TNF were significantly increased, while the mRNA level 
of MRC1 was significantly decreased, suggesting that 
vitexin promotes M1 polarization of macrophages in the 
tumor microenvironment. In addition, we examined the 
mRNA levels of Nos2, Ccl-2, Il-1b, and Il-6 in RAW264.7, 
and the results were consistent with the above trend (Fig-
ure S13, Supporting Information). Consistent with the 
PCR results, the results of flow cytometry also showed 
that in the tumor microenvironment, vitexin regulated 
macrophage M1 polarization in a dose-dependent man-
ner, while M2-polarised macrophages were significantly 
decreased (Fig.  5C-D). Next, we used VDR knockdown 
macrophages to reverse validate the role of vitexin in 
regulating macrophages (Fig.  5E). It was found by flow 
cytometry results (Fig.  5F-G) that the macrophage-
regulating effect of vitexin was eliminated in the VDR-
knockdown cell model, however, the control treatment 
group was expressed consistent with the above results. 
Meanwhile, there was no significant change in the mRNA 
levels of Nos2 and Arg-1 by vitexin in BMDM cells with 
VDR knocked down (Fig.  5H), suggesting that vitexin 
could regulate macrophage polarization but is dependent 
on VDR.

Vitexin regulates macrophage polarization in the tumor 
microenvironment via the VDR/PBLD pathway
Our findings suggest that Vitexin can regulate mac-
rophage polarization through VDR protein. Next, we 
further explored which genes are regulated by VDR to 
regulate macrophage polarization. Co-cultured THP-1 
cells using ChIP-Seq data are shown with high-resolution 
peaks identified in the read density (Fig. 6A-B, Figure S14 
C-D, Supporting Information). Guided by the ChIP-Seq 
results, further ChIP-PCR experiments were performed 
to confirm the binding regions. A series of primers 
were designed for the genomic fragments surround-
ing the transcription start site. Real-time fluorescence 

quantitative PCR analysis of immunoprecipitated DNA 
showed that the P1 (-310/-290 bp) and P2 (-327/-313 bp) 
fragments were the most enriched (Fig.  6C), suggest-
ing that the P1 and P2 fragments may contribute to the 
vitexin-regulated VDR regulation of PBLD transcrip-
tion. Based on the ChIP results, a series of luciferase 
reporter genes driven by different PBLD gene fragments 
were constructed. Based on bioinformatics analysis, 
we deleted two VDRE sites in specific intervals of the 
PBLD promoter and examined the effect of VDR on the 
transcriptional activity of the PBLD promoter (Fig. 6D). 
Mutation 2 significantly attenuated the enhancing effect 
of VDR, whereas mutation 1 had no effect (Fig.  6E). 
These results suggest that VDR can enhance PBLD tran-
scription by directly binding to the P1 fragment of the 
PBLD promoter. The VDR was significantly increased 
following stimulation with vitexin, indicating that vitexin 
may enhance the activation of the PBLD promoter by 
VDR. Previous studies have demonstrated that epithe-
lial PBLD plays a role in mitigating intestinal inflamma-
tory responses and enhancing intestinal barrier function, 
potentially through the inhibition of the NF-κB signal-
ing pathway [35]. However, whether it affects macro-
phage polarization has not been reported. Weknocked 
down the PBLD protein in THP-1 cells (Fig. 6F) and ana-
lyzed the effects by flow cytometry and PCR. The results 
showed that the ability to regulate macrophages disap-
peared in the siPBLD group compared with the control 
group after vitexin treatment (Fig.  6G-H). Meanwhile, 
there was no significant change in the mRNA levels of 
iNOS2 and ARG-1 by vitexin in THP-1 cells with VDR 
knocked down (Fig. 6I). Overall, the regulation of macro-
phage polarization by vitexin in the tumor microenviron-
ment is dependent on the VDR-PBLD pathway.

In vivo, vitexin mitigates the transition from chronic 
intestinal inflammation to cancer by modulating 
macrophage polarization and is dependent on the VDR/
PBLD pathway
The above results in vitro demonstrated that vitexin 
modulates the VDR/PBLD pathway to regulate macro-
phage polarization in the tumor microenvironment. We 
constructed mid-CAC mice and administered vitexin 
intervention. As shown in Fig. 7A-B, all mice in the mid-
stage CAC group had significantly decreased body weight 
compared with the normal group. In animals with normal 
macrophage VDR expression (VDRflox), the body weights 
of animals in both calcitriol and vitexin intervention 
groups were significantly increased, however, in animals 
with macrophage VDR deletion (VDRΔMΦ), administra-
tion of the intervention groups did not have an effect, 
and the body weights of the animals were not affected 
compared to the CAC group. As shown in Fig.  7C, in 
the VDRflox group, the body weight DAI of mice in the 
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Fig. 5  Vitexin regulates polarization in macrophages in co-culture, dependent on VDR. A) Schematic diagram of the in vitro Transwell-based coculture 
system. B) Heatmap of gene expression levels detected in macrophage arrays of co-cultured THP-1 cells for 24 h with or without vitexin treatment (n = 3 
each). C) Data are presented as representative FACS plots. D) Flow cytometry analysis of iNOS or CD206 levels in BMDM cells from WT mice. E) Western 
blot detection of VDR expression in BMDM from WT, VDRflox, and VDRΔMΦ. F) Flow cytometry analysis of iNOS or CD206 levels in BMDM cells. G) Data are 
presented as representative FACS plots and in summary plots. H) The levels of Nos2 and Arg-1 mRNA. The data are presented as the mean ± SEM (n = 3). *, 
P < 0.05; **, P < 0.01; ns, no significance
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mid-term CAC group was significantly increased com-
pared to the normal group, but the DAI was significantly 
decreased after intervention with both calcitriol and 
vitexin. However, in the VDRΔMΦ group, the adminis-
tered intervention group did not have an intervention 
effect, and the animals’ DAI was not changed compared 

with the CAC group. As shown in Fig.  7D, compared 
with the normal group, the colons of mice in the model 
group had different degrees of shortening, swelling, and 
a little tumor-like growth. As shown in Fig. 7E-F, in the 
VDRflox group, the length of the colon was significantly 
longer and the thickness was significantly decreased after 

Fig. 6  Vitexin regulates macrophage polarization in the tumor microenvironment via the VDR/PBLD pathway. A) Schematic diagram of the in vitro 
Transwell-based coculture system. B) Binding maps of VDR to the PBLD gene were analyzed from ChIP-Seq data in the control and vitexin groups and 
visualized by IGV software. C) The abundance of gene fragments in the input and immunoprecipitates was evaluated using designated primers through 
real-time PCR, and the position of the primers was detected by ChIP. D) Schematic representation of the PBLD promoter containing three VDREs, with the 
promoter’s mutation strategy shown in the figure. E) Transcriptional regulatory activity of VDR on full-length PBLD promoter and doubly VDRE-mutated 
PBLD promoter in HEK293T cells with or without Vitexin treatment measured by dual-luciferase reporter gene assay. F) Western blot assay for VDR expres-
sion. G) Flow cytometry analysis of CD86 and CD206 levels. Data are presented as representative FACS plots. H) Statistical results of macrophage typing. I) 
mRNA levels of INOS and ARG-1. Data are expressed as SEM ± mean (n = 3). #, P < 0.05; ##, P < 0.01; *, P < 0.05; **, P < 0.01; ns, no significance
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Fig. 7  Vitexin mitigates the transition from chronic intestinal inflammation to cancer by modulating macrophage polarization and is dependent on the 
VDR/PBLD pathway. A) Flow chart of drug administration. B) Graph of body weight changes (The data are presented as the means ± SEM (n = 6). In the 
VDRflox group, ##P < 0.01 compared with the NC group and **P < 0.01 compared with the CAC group.). C) DAI score. D) Tumor number. E) Colon length 
(left), colon thickness (right). F) Macroscopic view of colon, Scale bar, 1 cm. G) H&E staining of the colon, Scale bar: 1000 μm and 200 μm, n = 3). H) Mul-
ticolour immunohistochemistry of colon tissue (VDR-green, F4/80 red, CD86 pink, CD163 rose. Scale bar, 500 μm, n = 3). I-J) The expression of PBLD and 
PCNA proteins and statistical plots (n = 3). The data are presented as the means ± SEM (n = 6). #P < 0.05, ##P < 0.01;*P < 0.05, **P < 0.01; ns, no significance
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the treatment with calcitriol and vitexin compared with 
the model group. The number of tumors was significantly 
reduced after calcitriol treatment, but there was no sig-
nificant difference for vitexin. In addition, as shown in 
the colon pathogram (Fig.  7G), the inhibitory effect of 
vitexin on the development of colorectal cancer was 
not significant in the VDRΔMΦ group. This suggests that 
vitexin inhibits colorectal cancer development through 
VDR. In the VDRΔMΦ group, there was a loss of tissue 
morphology in the marginal zone of colorectal cancer, 
with disturbed cell arrangement, necrosis, and hyperpla-
sia. In the VDRflox group, the intervention of vitexin was 
able to reduce the hyperplasia of the cancerous zone and 
improve the tissue morphology, whereas the improve-
ment of the cancerous zone by vitexin was not significant 
in the VDRΔMΦ group, which indicated that the improve-
ment of cancerous cell hyperplasia by vitexin in the can-
cerous zone relied on the VDR proteins. We employed 
multi-immunohistochemistry techniques, as illustrated 
in Fig. 7H, to analyze colonic tissues from normal mice. 
The results indicated that the normal group exhibited 
abundant expression of VDR proteins, while the pheno-
typic expression of macrophage cells was notably low. 
In contrast, macrophages in the model group displayed 
significant polarization and markedly reduced levels of 
VDR compared to the normal group. However, following 
vitexin administration, there was a significant increase 
in both VDR and CD163 levels, suggesting that vitexin 
upregulates VDR protein and modulates macrophage 
polarization towards the M1 phenotype. Consistent with 
these findings, western blot analysis revealed that the 
expression of PBLD and PCNA proteins was significantly 
decreased in the CAC group compared to the normal 
group. Notably, after vitexin treatment, the expression 
levels of PBLD and PCNA proteins in the colon tissues of 
unknocked-out VDR mice approached those observed in 
normal mice (Fig. 7I-J). However, for the tissues of mice 
with knockout VDR, the above proteins did not change 
significantly after vitexin treatment (Fig.  7I-J). In con-
clusion, vitexin mitigates the transition from chronic 
intestinal inflammation to cancer by modulating macro-
phage polarization and is dependent on the VDR/PBLD 
pathway.

Discussion
Chronic colitis is recognized as a significant risk factor 
for the development of colitis-associated cancer, which 
typically progresses through a sequence of inflammation, 
typical hyperplasia, and subsequent cancerization. This 
progression involves a transition of the lesion microen-
vironment from an inflammatory state to a tumor-pro-
moting microenvironment. In this study, we specifically 
targeted the VDR to modulate macrophage polarization, 
demonstrating that vitexin can inhibit the transition from 

chronic colitis to CAC. Our findings indicate that vitexin 
binds to the VDR protein, thereby preventing the dif-
ferentiation of macrophages into the M2 phenotype and 
preserving the cytotoxic effects of inflammatory cyto-
kines produced by M1-type macrophages. In vitro co-
culture experiments revealed that vitexin increased the 
proportion of M1-type macrophages, supporting its anti-
cancer properties. Furthermore, we employed myeloid-
specific VDR gene knockout mice to elucidate the critical 
role of VDR in the mid-term progression of CAC and to 
confirm the targeting of VDR by vitexin. These key find-
ings are illustrated in the graphical abstract.

One of the most important contributions of this study 
may be the discovery of a natural product - vitexin, which 
is a novel VDR agonist. Vitexin, as a flavonoid active sub-
stance, has been reported to have therapeutic effects on 
many cancers, including breast cancer, cervical cancer, 
and many other cancers [36–38]. Our previous studies 
have also confirmed that vitexin can alleviate the disease 
in UC and CAC mice, suggesting that vitexin may have a 
broad effect on cancers associated with the evolution of 
colitis [21, 39]. However, the molecular mechanisms and 
targets of vitexin remain unknown, limiting the applica-
tion of vitexin.

VDR, a nuclear receptor transcription factor, has been 
investigated in clinical and basic studies for its impor-
tant role in colitis and colorectal cancer [40–43]. Studies 
have correlated vitamin D with survival and mortality in 
colorectal cancer, and in a large group of CRC patients, 
higher VDR expression in tumor stromal fibroblasts was 
associated with longer survival [44]. In the present study, 
it was also confirmed that mid-stage CAC mice with 
VDR on the table of CAC mice deficient in VDR showed 
more severe colon lesions and accelerated their cancer-
ous process compared to control mice. These results sug-
gest that VDR is a potential therapeutic target. However, 
one of the most promising vitamin D analogs, seocalci-
tol, has not demonstrated efficacy in phase II clinical 
trials [45]. Recent findings suggest that the relationship 
between elevated vitamin D levels and a reduced risk of 
colorectal cancer is not universally supported. Addition-
ally, systemic activation of vitamin D signaling poses a 
potential risk of hypercalcemia, which can lead to severe 
toxicity. Notably, this study identifies vitexin as a novel 
agonist of the vitamin D receptor (VDR), demonstrating 
its ability to bind directly to the ligand-binding domain 
of VDR. The interaction between vitexin and VDR is sig-
nificantly influenced by the residue THR-287 within the 
VDR structural domain, which may facilitate the design 
and development of new small-molecule VDR agonists. 
Furthermore, our findings indicate that vitexin mark-
edly upregulates the transcription of VDR’s classical tar-
get gene, Cyp24a1. However, the implications of vitexin 
on the overall targeting of VDR during the CAC process, 
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following VDR’s translocation to the nucleus, warrant 
further investigation.

Previous studies have shown that vitexin can alleviate 
the condition of CAC mice by regulating the polarization 
of macrophages, but its mechanism has not been thor-
oughly studied. As a novel VDR agonist, it is unknown 
whether vitexin is related to macrophage polarization. 
Therefore, we used an in vitro co-culture method to 
simulate the regulatory effect of vitexin on macrophages 
in the tumor microenvironment. The results found that 
vitexin can upregulate the content of VDR in the nucleus 
of macrophages, promote its entry into the cell nucleus, 
upregulate the polarization of M1-type macrophages, 
and downregulate the polarization of M2-type macro-
phages. However, when we extracted VDR knockout cells 
for further verification, we found that in macrophages 
with VDR knockout, vitexin could not exert its regula-
tory effect on macrophage polarization, indicating that 
the regulation of vitexin on macrophage polarization 
depends on VDR protein. Recent studies have confirmed 
that VDR-deficient keratinocyte-derived exosome miR-
4505 promotes macrophage polarization towards the M1 
phenotype, and that VDR can mediate hepatic ischemia-
reperfusion injury by regulating M2 macrophage polar-
ization through autophagy [46, 47]. However, how vitexin 
affects VDR and thus regulates macrophage polarization 
is not yet known.

Genomics and proteomics data have shown that PBLD 
expression is deficient in a variety of tumors. PBLD is 
expressed in the liver, stomach, mammary gland, kid-
ney, and intestine, and acts as a tumor suppressor in 
gastric carcinoma [48], hepatocellular carcinoma [49, 
50], and breast cancer [51]. acting as a tumor suppres-
sor. The inhibitory role of PBLD in cancer is relatively 
clear; however, little is known about the role of PBLD in 
macrophage polarization, especially in CAC. A previous 
study demonstrated that PBLD levels were significantly 
reduced in UC and that PBLD expression levels were neg-
atively correlated with UC severity, inhibiting NF-κB and 
epithelial-mesenchymal transition signaling pathways 
and acting as a tumor suppressor [35]. We report, for the 
first time, that the VDR directly binds to the − 310/-290 
promoter region of the PBLD gene, thereby promoting its 
transcription and expression. Following treatment with 
vitexin, we observed a significant increase in the tran-
scriptional expression of PBLD, indicating that vitexin 
enhances PBLD expression. Subsequently, we knocked 
down PBLD expression in THP-1 cells within the tumor 
microenvironment and found that the regulatory effect of 
vitexin on macrophage polarization was abolished. These 
findings demonstrate that vitexin can modulate macro-
phage polarization in the tumor microenvironment, with 
this effect being dependent on the VDR/PBLD signaling 
pathway.

In this study, we generated bone marrow-specific VDR 
gene knockout mice, which demonstrated an acceler-
ated progression of colorectal cancer. These findings 
provide compelling evidence that VDR may serve as a 
potential target for preventing the transition from coli-
tis to colorectal cancer. Notably, we observed that the 
absence of VDR in colitis-associated colorectal cancer 
(CAC) mice during mid-term treatment with vitexin 
did not yield therapeutic effects, nor did we detect any 
modulation of macrophage polarization by vitexin. A 
limitation of this study may be the lack of evaluation of 
VDR expression in specific intestinal macrophage popu-
lations. Although VDR expression in the intestine is 
relatively low, its expression in intestinal macrophages is 
significant, underscoring VDR’s critical role in intestinal 
immunity.

Conclusion
In conclusion, our findings indicate a significant reduc-
tion in the expression of VDR protein in mid-term CAC 
mice, with the absence of VDR protein appearing to 
accelerate the progression of CAC. This acceleration is 
likely attributable to alterations in macrophage polar-
ization. Vitexin has been shown to directly target VDR, 
binding to the VDR-LBD structural domain, which facili-
tates its translocation into the cell nucleus. This pro-
cess subsequently regulates the transcription of PBLD 
and influences macrophage polarization. These results 
underscore the direct targeting capability of vitexin and 
highlight the critical role of VDR as a key pathogenic 
factor in the transition from colitis to colorectal cancer. 
Furthermore, our study supports the potential for future 
research and the application of vitexin in preventing the 
progression from colitis to colorectal cancer.
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