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Abstract
Background Lysine demethylase 4D (KDM4D) and aberrant lipid metabolism are implicated in the development and 
progression of colitis-associated cancer (CAC). Moxibustion, a therapeutic approach in traditional Chinese medicine, 
can inhibit intestinal inflammation and improve the intestinal mucosa.

Methods Mice were intraperitoneally injected with AOM, and three cycles of 3–2–2% DSS-free drinking water 
were administered to establish a CAC mouse model. Moxibustion and KDM4D inhibitor 5-c-8HQ intervention were 
performed for 30 days after modeling was completed. IHC staining was used to observe the expression of the 
nuclear-associated antigen Ki67 (Ki67), proliferating cell nuclear antigen (PCNA), and IL-33 in the colon. The expression 
of colon KDM4D and β-Catenin was observed by immunofluorescence staining and RT‒qPCR. LC‒MS pseudotargeted 
metabolomic sequencing was used to semiquantitatively detect the expression levels of lipids.

Results Moxibustion inhibited the proliferation of colon tumors in CAC mice, improved histopathology, and reduced 
the expression of PCNA and Ki67 in the colon. Using kdm4d knockout technology, it was initially confirmed that 
kdm4d is a key gene affecting CAC tumor proliferation. The inhibition of colon tumor proliferation in CAC mice by 
moxibustion is associated with the suppression of abnormal activation of the colon KDM4D/β-Catenin signaling 
pathway. LC-MS-targeted metabolomics revealed abnormal lipid metabolism in the colons of CAC mice. Moxibustion 
may affect the cholinergic metabolism pathway in the colon of CAC mice and regulate lipids such as sphingomyelin 
SM (d18:1/26:0) and triacylglycerol TAG58:7 (18:0). After kdm4d knockout, lipid disorders in the colons of CAC mice 
were partially restored. The kdm4d gene may be involved in the mechanism underlying the effect of moxibustion on 
lipid metabolism in the CAC colon.
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Introduction
Colorectal cancer (CRC) is a common malignant tumor 
of the digestive system [1]. Epidemiological data have 
revealed that CRC is the second leading cause of cancer-
related death, accounting for 8.6% of all cancer-related 
deaths [2]. Moreover, the incidence of CRC in young 
patients has also increased. Since 2010, the incidence of 
CRC among people under 65 years of age has increased 
by approximately 1–2% annually [3]. Inflammation is 
a characteristic of tumors. Chronic inflammation can 
cause DNA damage and promote tumor progression [4]. 
Conversely, the pathogenesis of tumors involves continu-
ous inflammation [4]. Inflammatory bowel disease (IBD) 
is characterized by recurrent intestinal inflammation. 
Chronic inflammation and epithelial cell proliferation 
lead to the development of low-grade and high-grade 
dysplasia, which may further transform into colitis-
associated cancer (CAC) [5]. Ulcerative colitis (UC) and 
Crohn’s disease (CD) are the two most common types 
of IBD. The risk of colorectal cancer in patients with UC 
has been reported to increase approximately 2–3-fold [6]. 
Therefore, it is crucial to elucidate the potential mecha-
nism of colonic inflammation and cancer transformation”, 
delay the proliferation of CAC tumor cells, and reduce 
the occurrence of colon tumors.

Lysine demethylase 4D (KDM4D), also known as 
JMJD2D, is a member of the KDM4 subfamily of histone 
lysine demethylases (KDMs) and participates in vari-
ous posttranslational modification processes in cells [7]. 
KDM4D has been proven to be a recognized epigenetic 
promoter in the progression of various malignant tumors, 
especially CRC and hepatocellular carcinoma [8, 9]. 
KDM4D can also interact with β-Catenin as a coactivator 
and promote H3K9me3 modification of the downstream 
oncogenes MYC, MMP9, MMP2, and cyclin D1, induc-
ing the proliferation of tumor cells [10]. However, when 
the expression of KDM4D is inhibited by the KDM4D 
inhibitor 5-chloro-8-hydroxyquinoline (5-c-8HQ), the 
expression of β-Catenin, MYC, and cyclin D1 in colorec-
tal cancer tumor cells and tissues is reduced, and the pro-
liferation of tumor cells is also inhibited [10, 11].

Lipids are important components of the cell and organ-
elle membranes. Lipid metabolism not only supports 
energy production but also plays an important role in 
biosynthetic pathways and redox homeostasis. Fatty acids 
are involved in multiple pathways related to tumor cell 
proliferation, differentiation, and immune drug resis-
tance [12]. Lipogenesis, increased lipid content, and 

lipid-dependent catabolism can also lead to chemother-
apeutic desensitization and drug-resistant phenotypes 
in tumor cells [13]. The lipid metabolism pathways of 
tumor cells are regulated by multiple signaling pathways, 
such as the Wnt, Notch, Hippo, and Hedgehog path-
ways. Therefore, exploring the interaction between the 
KDM4D/β-Catenin signaling pathway and lipid metabo-
lism is pivotal for further understanding the pathogenesis 
of CAC.

As a traditional Chinese medicine treatment method, 
moxibustion is widely used in clinical practice and 
achieves therapeutic effects by burning moxa at spe-
cific acupoints. Several studies have shown that the use 
of moxibustion as an adjuvant therapy can treat a wide 
range of cancer-related complications, including gastro-
intestinal symptoms, bone marrow suppression, fatigue, 
pain and lymphedema [14, 15]. Our previous studies 
demonstrated that moxibustion can effectively reduce 
DSS-induced colonic injury and inflammation [16]. Mox-
ibustion can also reduce the colonic tumor load in rats, 
regulate the abnormal expression of KDM4D, and inhibit 
the abnormal activation of Wnt/β-Catenin [17]. To date, 
no study has explored the effect of moxibustion on CAC 
tumor proliferation from the perspective of regulating 
KDM4D/β-Catenin and lipid metabolism. Therefore, in 
this study, we selected wild-type C57BL/6J and kdm4d 
knockout mice and used azoxymethane (AOM) com-
bined with dextran sulfate sodium (DSS) to construct 
a CAC model to explore the effects of moxibustion on 
colon tumor proliferation, the KDM4D/β-Catenin signal-
ing pathway, and lipid metabolism in CAC mice.

Methods
Animals
SPF grade wild-type (WT) C57BL/6J mice (male, 4–5 
weeks) were purchased from Shanghai Model Organ-
isms Center, Inc. SPF-grade kdm4d gene knockout (KO) 
mice (4–5 weeks) with a C57BL/6J genetic background 
were purchased from Jackson Laboratory (Supplemen-
tary Fig. S1). The mice were housed in the Laboratory 
Animal Center of Shanghai University of Traditional Chi-
nese Medicine (SHUTCM). The breeding environment 
included an alternating 12-hour day‒night cycle, a room 
temperature of 20 ± 2 °C, a humidity of 50–70%, and free 
access to food and water. All operations were approved 
by the SHUTCM (No. PZSHUTCM2305180004 and 
PZSHUTCM220725005), which is completed with rel-
evant regulations on animal ethics.

Conclusions Moxibustion inhibited the proliferation of colon tumors in CAC mice, inhibited the activation of the 
tumor-promoting signaling pathway KDM4D/β-Catenin, and improved lipid metabolism disorders in the colon, thus 
providing a promising strategy for the clinical adjuvant treatment of colorectal cancer.
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CAC model establishment
After one week of adaptive feeding, the mice were ran-
domly divided into a normal control group (NC), a CAC 
group, a moxibustion group (MOX), and a KDM4D 
inhibitor 5-c-8HQ group. AOM combined with DSS 
was used to establish the CAC model [18]. On the first 
day, the mice were intraperitoneally injected with AOM 
(10  mg/kg, A5486, Sigma). One week later, three cycles 
of chronic inflammatory stimulation with 3-2-2% DSS 

(9011-18-1, MP) were administered. In the first cycle 
(from day 8 to day 28), the mice had free access to 3% 
DSS for four days, followed by normal drinking water 
for 17 days. In the second cycle (from days 29 to 49), the 
mice had free access to 2% DSS for 4 days, followed by 
normal drinking water for 17 days. The drinking water 
scheme for the second cycle was repeated in the third 
cycle (Fig.  1A). After model establishment, two nor-
mal control mice and two model mice were randomly 

Fig. 1 Effects of moxibustion on colon tumorigenesis in CAC mice. A schematic protocol for the experiments: AOM (10 mg/kg) via intraperitoneal in-
jection combined with 3 cycles of DSS-free drinking water was used to establish the CAC mouse model, and the mice were subsequently subjected to 
moxibustion or 5-c-8HQ interventions. B Schematic diagram of the moxibustion operation. C Macroscopic observation of the colons of the mice in each 
group; the formation of colonic tumors is indicated by white arrows. D-H Comparison of colon length, tumor number, tumor load, maximum tumor diam-
eter and mean tumor diameter. I HE staining of the colons of the mice in each group (scale bars, 200 μm). n = 6, compared with the NC group, ***P<0.001; 
compared with the CAC group, #P<0.05
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selected for model identification (Supplementary Figs. S2 
and S3). The success of establishing the CAC model was 
evaluated by gross observation and HE staining.

Moxibustion and 5-c-8HQ intervention
Moxibustion and 5-c-8HQ intervention were performed 
the day after modeling was completed. Herb cake was 
created from Chinese medicinal powder (Shanghai Huaji 
Pharmaceutical Co., Ltd., China) and yellow wine, with 
a thickness of approximately 0.2  cm and a diameter of 
approximately 0.3  cm. These herbs were placed on the 
Qihai (CV6) and bilateral Tianshu (ST25) acupoints, 
with a moxa cone (approximately 30 mg, Nanyang Hanyi 
Moxa, China) positioned on top of each cake. Two moxa 
cones were applied to each acupoint once daily for 30 d 
(Fig.  1B). 5-c-8HQ is an inhibitor of KDM4D [19]. The 
mice in the 5-c-8HQ group received intraperitoneal 
injections of 5-c-8HQ (10 mg/kg, HY-12304, MCE) once 
daily for 30 d [10]. Mice in the normal and CAC groups 
underwent the same grasping and fixation procedures as 
those in the moxibustion group did. No deaths occurred 
in the mice during the experimental period.

Observation of colon tumorigenesis
After the intervention, the mice in each group were 
fasted for 12  h without water restriction. After intra-
peritoneal anesthesia with 1% pentobarbital sodium 
(0.4–0.5  ml/100  g), the mice were sacrificed by cervi-
cal dislocation. The abdominal cavity was opened, and 
the colon tissue was removed from the pubic symphysis 
to the cecum. The colon tissue was stripped cleanly on 
ice, cut longitudinally, rinsed, and photographed. Colon 
length was recorded, and tumorigenesis of the mucosal 
tumor was observed. The tumor number was the num-
ber of tumors observed grossly in the colon of a single 
mouse. The average tumor diameter was the mean value 
of all tumor diameters observed in the colons of the mice. 
The tumor burden was the sum of the diameters of all the 
tumors in the colons of the mice.

Hematoxylin‒eosin (HE) staining
Colonic tissues were selected according to colon tumori-
genesis; one part was used for immunofluorescence and 
immunohistochemistry detection, and the other part was 
used for mRNA and lipid metabolomic detection. Mouse 
colon tissue was dehydrated, fixed in 4% paraformalde-
hyde, paraffin-embedded after fixation, and sectioned at 
a thickness of 4 μm. HE staining was used to observe the 
histopathological changes in the colon tissue and the epi-
thelium of the colon intestinal mucosa, intestinal glands, 
and infiltration of inflammatory cells. The presence or 
absence of heterogeneous hyperplasia and the generation 
of adenocarcinoma were observed.

Immunohistochemistry (IHC) staining
IHC staining was used to observe the expression of the 
Ki67, PCNA, and IL-33 in the colons of the mice in 
each group. Paraffin-embedded tissues were cut into 
4-µm-thick sections and deparaffinized with xylene and 
ethanol. Trisodium citrate and citric acid were used 
to prepare the antigen repair solutions. The slides were 
placed in 3% H2O2 solution to inactivate endogenous 
antibodies. A 3% bovine serum albumin (BSA) solution 
was added inside the organizing circle and incubated at 
room temperature for 30 min. The blocking solution was 
shaken, and PBS-diluted primary antibodies (Anti-Ki67, 
GB121141, Servicebio, China, 1:500; Anti-PCNA, 13110, 
Cell Signaling, USA, 1:4000; Anti-IL-33, PA596929, 
Thermo Fisher, USA, 1:250) were added, followed by 
incubation at 4 ℃ overnight. After incubation with the 
secondary antibody, DAB was used for color develop-
ment, and the nuclei were stained with hematoxylin. The 
sections were then dehydrated with ethanol and sealed 
with neutral gum. IHC staining results were observed 
using a light microscope (BX53, OLYMPUS). Three posi-
tively stained areas were randomly selected, the aver-
age optical density (AOD) values were calculated using 
ImageJ software, and the mean values were used to semi-
quantify protein expression.

Immunofluorescence staining
The expression of colon KDM4D and β-Catenin was 
observed by immunofluorescence staining. The sec-
tions were then deparaffinized and rehydrated. The anti-
gen retrieval solution was prepared with citric acid, and 
endogenous antibodies were inactivated with 3% H2O2 
solution and blocked with 3% BSA solution. A mixture of 
primary antibodies diluted in PBS (KDM4D, sc-393750, 
Santa Cruz, USA, 1:200; β-Catenin, GB15015, Service-
bio, China, 1:1000) was added and incubated overnight at 
4 °C in a wet box. The sections were subsequently incu-
bated with an Alexa Fluor 488-labeled goat anti-mouse 
IgG secondary antibody (GB25301, Servicebio), incu-
bated at room temperature for 50 min, and then washed 
with PBS. After drying, CY3-labeled goat anti-rabbit IgG 
secondary antibody (GB21303, Servicebio) was added, 
and the mixture was incubated at room temperature in 
the dark. DAPI staining solution was used to counter-
stain the nuclei. Images were captured using a fluores-
cence microscope and microscope slide scanner (NIKON 
ECLIPSE C1, Nikon; Pannoramic MIDI, 3DHISTECH).

RT‒qPCR
The expression levels of KDM4D and β-Catenin mRNAs 
in colon tumors were detected via RT‒qPCR. Total RNA 
was extracted via a TRIzol kit (15596018, Invitrogen, 
USA), and the RNA concentration was determined using 
RNA ultraviolet photometry. In this reaction system, the 
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RNA was reverse-transcribed into cDNA. The reaction 
mixture was prepared on ice (TB Green Premix Ex Taq 
10  µl + PCR forward primer 10  μm 0.4  µl + PCR reverse 
primer 10  μm 0.4  µl + cDNA 2  µl + ddH2O 7.2  µl). PCR 
was used for amplification. The program was set as fol-
lows: 95 °C for 30 s, 1 cycle; 95 °C for 5 s, 60 °C for 30 s, 
40 cycles; 95 °C for 5 s, 60 °C for 1 min, 95 °C for 1 cycle; 
and 50 °C for 30 s, 1 cycle. The amplification and melting 
curves were confirmed, the CT value of each sample was 
obtained, and the expression of mRNA was calculated 
using the 2−△△CT method. The primer sequences for 
KDM4D and β-Catenin are listed in Table S1.

Detection and analysis of LC‒MS lipid metabolism profiles
LC‒MS pseudotargeted metabolomic sequencing was 
used to semiquantitatively detect the expression levels of 
five categories (sterol lipids, fatty acids, glycerophospho-
lipids, glycerides, and sphingolipids) and 30 subcatego-
ries of lipid substances in the colons of the mice in each 
group. The chromatographic conditions were as follows: 
column temperature, 55 °C; mobile phase A, acetonitrile: 
water (60:40, v/v); mobile phase B, acetonitrile: isopro-
panol (10:90, v/v); flow rate, 0.35 mL/min; and injection 
volume, 5 µL. The Qtrap6500 plus mass spectrometry 
detection system (AB Sciex, USA) was used to perform 
high-throughput analysis of more than 1000 lipid sub-
stances in schedule-MRM mode. The mass spectrometry 
conditions were as follows: curtain gas, 40 psi; ion spray 
voltage, -4500/5500 V; source temperature, 400 °C; nebu-
lizing gas, 50 psi; and auxiliary heating gas, 55 psi. Qual-
ity control of the lipid sequencing data was performed 
(Supplementary Fig. S4). The lipid metabolism sequenc-
ing results were analyzed using bioinformatics methods 
such as principal component analysis (PCA), cluster 
analysis (volcano plot and heatmap), differentially abun-
dant metabolite screening, and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis.

Statistical analysis
Statistical analysis and visualization were performed 
using SPSS 26.0 and GraphPad 9.0. One-way ANOVA 
was used to analyze normally distributed data statisti-
cally. According to the homogeneity of variance results, 
the LSD method or Dunnett’s T3 method was used for 
intergroup tests. Nonparametric tests were used to ana-
lyze nonnormally distributed data. P < 0.05 was consid-
ered statistically significant.

Results
Moxibustion suppresses AOM plus DSS-induced 
tumorigenesis in CAC mice
Intraperitoneal injection of AOM (10  mg/kg) combined 
with free access to DSS for three cycles led to weight loss, 
diarrhea, bloody stools, and prolapse in the mice. Gross 

observation and HE staining of the colon revealed tumor 
formation in the colonic mucosa and shortening of the 
colon (Supplementary Fig. S2). These results are consis-
tent with those of previous studies, indicating the suc-
cessful establishment of a mouse CAC model [20, 21]. We 
performed moxibustion on the Qihai (CV6) and bilat-
eral Tianshu (ST25) acupoints in the MOX group and 
an intraperitoneal injection of 5-c-8HQ in the KDM4D 
inhibitor 5-c-8HQ group (Fig.  1A-B). After the inter-
vention was completed, the colon tissues of the mice in 
each group were removed and longitudinally incised. The 
colonic mucosa of the mice in the NC group was intact, 
and no mucosal congestion, edema, ulcers, or tumor for-
mation was observed. Tumor formation was visible in 
the colons of the mice in the other groups (Fig. 1C). First, 
we observed the effects of moxibustion and 5-c-8HQ on 
tumorigenesis in mice with CAC. As shown in Fig. 1D-H, 
compared with those in the CAC group, the number of 
colon tumors, tumor load, and maximum tumor diameter 
in the MOX group were significantly lower (P < 0.05), and 
the colon length was significantly increased (P < 0.05). 
Compared with that in the CAC group, the tumor load 
in the 5-c-8HQ group was significantly lower (P < 0.01). 
HE staining revealed that after moxibustion and 5-c-
8HQ treatment, the typical pathological changes in the 
colon of CAC mice were alleviated, with improved gland 
arrangement and reduced infiltration of inflammatory 
cells (Fig. 1I). These results suggest that moxibustion and 
the KMD4D inhibitor can reduce the colonic tumor bur-
den in CAC mice and that moxibustion has advantages in 
reducing the number of colonic tumors and reducing the 
tumor size in CAC mice.

Moxibustion inhibits the expression of tumor proliferation 
proteins in CAC mice
We used immunohistochemical staining to observe the 
effects of moxibustion on the expression of PCNA, Ki67 
and IL-33 in the colon of CAC mice. Compared with 
those in the NC group, the AOD values of Ki67 and 
PCNA in the colons of the mice in the CAC group were 
significantly increased (P < 0.05). Compared with those in 
the CAC group, the AOD values of Ki67 and PCNA in 
the colons of the mice in the MOX and 5-c-8HQ groups 
were significantly lower (P < 0.05) (Fig. 2A-B. D-E). Under 
the stimulation of repeated drinking of DSS, the colon 
exhibited chronic inflammation. Compared with that in 
the NC group, the AOD value of IL-33 in the colon of 
the mice in the CAC group was significantly increased 
(P < 0.05). Compared with that in the CAC group, the 
AOD value of IL-33 in the colon of mice in the MOX and 
5-c-8HQ groups was significantly lower (P < 0.05) (Fig. 2C 
and F). These results suggest that moxibustion can inhibit 
the proliferation of CAC tumor cells and reduce intesti-
nal inflammation.
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Moxibustion reduces the coexpression of KDM4D and 
β-Catenin in the colons of CAC mice
To explore whether the effect of moxibustion to inhibit 
the proliferation of colon tumors in CAC mice is related 
to the regulation of KDM4D and β-Catenin expression, 
we detected the mRNA expression and protein coexpres-
sion of KDM4D and β-Catenin in the colons of the mice 
in each group. The immunofluorescence results revealed 
that the fluorescent signals of KDM4D and β-Catenin 
appeared mainly in the mucosal layer. Compared with 
that in the NC group, the fluorescence intensity of 
KDM4D and β-Catenin in the colon tissue of mice in 
the CAC group was greater in colon tumors with yellow 
fluorescent coexpression. Compared with those in the 
CAC group, the fluorescence intensities of KDM4D and 

β-Catenin in the colons of the mice in the MOX and 5-c-
8HQ groups were lower (Fig. 3A). The RT-qPCR results 
revealed that, compared with those in the NC group, 
the relative expression levels of KDM4D and β-Catenin 
mRNAs in the colon tumors of the mice in the CAC 
group were significantly greater (P < 0.05). Compared 
with those in the CAC group, the relative expression 
levels of KDM4D and β-Catenin mRNAs in the colon 
tumors of the mice in the MOX and 5-c-8HQ groups 
were significantly lower (P < 0.05) (Fig.  3B-C). These 
results suggest that moxibustion can reduce the colonic 
tumor burden and inhibit the expression of KDM4D and 
β-Catenin in the colon tumors of CAC mice (Fig. 3D).

Fig. 2 Effects of moxibustion on the expression of proliferation-related proteins and IL-33 in CAC tumors. A-C Ki67, PCNA and IL-33 expression in colon 
tumors (scale bars, 200 μm). D-F AOD values of Ki67, PCNA and IL-33 in colon tumors. n = 6, compared with the NC group, ***P<0.001; compared with the 
CAC group, ##P<0.01, ###P<0.001
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The effect of moxibustion on colonic lipid metabolism in 
CAC mice
To explore whether moxibustion affects colonic lipid 
metabolism in CAC mice, we performed LC-MS lipid 
metabolomic analysis of mouse colon tissues. PCA and 
heatmaps revealed differences in colonic lipid metabo-
lism among the WT-NC, WT-CAC, and WT-MOX 
groups (Fig. 4A-B). Differentially expressed lipid metabo-
lites between groups were screened using a fold change 
(FC) of > 1.2 or < 0.83 and P < 0.05. The results of the 
volcano plot revealed that, compared with those in the 
WT-NC group, 69 lipid metabolites were significantly 
upregulated in the colons of the WT-CAC group, while 
154 lipid metabolites were significantly downregulated. 
Compared with those in the WT-CAC group, 22 signifi-
cantly upregulated lipid metabolites and 17 significantly 
downregulated lipid metabolites were detected in the 
colons of the WT-MOX group (Fig. 4C-D).

The KEGG database was used for pathway enrich-
ment analysis of differentially expressed lipid metabolites 
between the groups. As shown in Fig. 4E and F, the main 
enriched KEGG pathways of differentially expressed lipid 

metabolites between the WT-NC and WT-CAC groups 
included basal cell carcinoma, the neurotrophin signal-
ing pathway, the adipocytokine signaling pathway, fat 
digestion and absorption, choline metabolism in cancer, 
lipid and atherosclerosis, the sphingolipid signaling path-
way, and glycerophospholipid metabolism. The KEGG 
pathways associated with the differentially expressed 
lipid metabolites between the WT-CAC and WT-MOX 
groups were enriched mainly for autophagy, choline 
metabolism in cancer, glycerophospholipid metabolism, 
and linoleic acid metabolism.

Next, we screened the lipid targets of moxibustion-
inhibiting CACs via Venn diagrams. Compared with 
those in the WT-NC group, 20 lipids were downregu-
lated in the WT-CAC group and upregulated in the colon 
of the WT-MOX group (Fig. 4G). Compared with those 
in the WT-NC group, five lipids were upregulated in the 
WT-CAC group but downregulated in the WT-MOX 
group (Fig.  4H). Among the 25 lipids at the intersec-
tion, 10 were significantly different between the groups 
(Fig. 4I).

Fig. 3 Effects of moxibustion on the protein and mRNA expression of KDM4D and β-Catenin in CAC tumors. A KDM4D and β-Catenin expression in colon 
tumors (scale bars, 50 μm); white arrows indicate the coexpression of KDM4D and β-Catenin. B-C Relative expression levels of KDM4D and β-Catenin 
mRNAs in colon tumors. D Graphical illustration of the overall effect of moxibustion on CAC mice. n = 6, compared with the NC group, ***P<0.001; com-
pared with the CAC group, ##P<0.01, ###P<0.001
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Fig. 4 (See legend on next page.)
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Compared with those in the WT-NC group, the lev-
els of sphingomyelin SM(d18:1/22:1), TAG56:7(18:0), 
TAG58:7(18:0), TAG55:1(16:0), TAG56:1(16:0), and 
TAG56:2(18:0) in the colons of the WT-CAC group 
were significantly lower (P < 0.05). Compared with those 
in the WT-CAC group, the contents of the above men-
tioned lipids were significantly greater in the WT-MOX 
group (P < 0.05). Compared with those in the WT-NC 
group, the levels of diacylglycerol DAG(16:0/22:3), phos-
phatidic acid PA(16:0/20:5), phosphatidylethanolamine 
PE(18:1/22:1), and SM(d18:1/26:0) in the colons of the 
WT-CAC group were significantly increased (P < 0.05). 
However, compared with those in the WT-CAC group, 
the contents of these lipids were significantly lower in 
the WT-MOX group (P < 0.05). These results suggest that 
lipids such as SM(d18:1/22:1) may be lipid metabolite 
targets for moxibustion to inhibit colon tumors in CAC 
mice.

Effect of kdm4d knockout on tumor proliferation in CAC 
mice
To explore the role of KDM4D in the proliferation of 
colon tumors in CAC mice, we constructed kdm4d 
knockout (kdm4d−/−) mice (Fig. 5A). After kdm4d, AOM 
combined with DSS induced colon tumor formation 
in the mice (Fig. 5B). Compared with those in the WT-
CAC group, the number of tumors and tumor load in the 
KO-CAC group were significantly lower (P < 0.05), while 
there were no statistically significant differences in colon 
length, maximum number of tumors, or average num-
ber of tumors (Fig. 5D-H). HE staining revealed that the 
degree of atrophy and fusion of colonic glands in the KO-
CAC group was greater than that in the WT-CAC group 
(Fig. 5C). Compared with those in the WT-CAC group, 
the AOD values of Ki67, PCNA, and IL-33 in the colon 
tumors of the mice in the KO-CAC group were signifi-
cantly lower (P < 0.05) (Fig. 5I-L). These findings suggest 
that kdm4d knockout can inhibit tumor proliferation and 
inflammation.

β-Catenin expression in the colon is shown in Fig. 5M-
N. Immunofluorescence staining revealed that, compared 
with that in the WT-CAC group, the fluorescence inten-
sity of β-Catenin in the colons of the KO-CAC group was 
lower. Compared with that in the WT-CAC group, the 

relative expression level of β-Catenin mRNA in the colons 
of the mice in the KO-CAC group was significantly lower 
(P < 0.05). These results suggest that kdm4d−/− mice have 
significantly reduced β-Catenin expression in the colon. 
β-Catenin may be a key downstream signal of KDM4D.

The effect of moxibustion on tumorigenesis in kdm4d−/− 
knockout mice
To explore whether KDM4D is involved in the process 
by which moxibustion inhibits CAC tumor prolifera-
tion, we examined the regulatory effects of moxibustion 
on tumorigenesis in kdm4d−/− mice (Fig. 6A). As shown 
in Fig. 6B, in the KO-CAC and KO-MOX groups, AOM 
combined with DSS also led to the formation of colon 
tumors in the mice. Compared with those in the KO-NC 
group, the colon lengths of the mice in the KO-CAC 
group were significantly shorter (P < 0.01) (Fig. 6C). How-
ever, there were no statistically significant differences 
between the KO-MOX group and the KO-CAC group 
in terms of the number of tumors, tumor load, mean 
tumor size, maximum tumor diameter or colon length 
(Fig. 6C-G). HE staining revealed mild inflammatory cell 
infiltration and dysplasia in the colons of the mice in the 
KO-CAC and KO-MOX group (Fig.  6H). These results 
suggest that moxibustion did not significantly inhibit 
tumor proliferation in kdm4d−/− mice. KDM4D may act 
as a signaling molecule for moxibustion to inhibit the 
proliferation of CAC tumors in mice.

In kdm4d−/− mice, moxibustion does not reduce the 
expression of β-Catenin in CAC colonic tumors
The immunohistochemical results are shown in Fig. 7A-
C. Compared with those in the KO-NC group, the AOD 
values of Ki67, PCNA, and IL-33 in the colons of the 
mice in the KO-CAC group were significantly increased 
(P < 0.05) (Fig.  7D-F). Compared with those in the KO-
CAC group, the AOD values of Ki67, PCNA, and IL-33 
in the colons of the mice in the KO-MOX group were 
significantly lower (P < 0.05), suggesting that moxibustion 
could inhibit tumor cell proliferation and local inflamma-
tion in kdm4d−/− mice.

Immunofluorescence staining of colonic β-Catenin 
is shown in Fig. 8A. Compared with that in the KO-NC 
group, the fluorescence intensity of β-Catenin in the 

(See figure on previous page.)
Fig. 4 Effects of moxibustion on lipid metabolism in CAC tumors. A 3D-PCA diagram. B Heatmap of lipid metabolism in the three groups. C Volcano 
plot of differential lipids between the WT-NC group and the WT-CAC group. The red dots represent lipids upregulated in the WT-CAC compared with 
the WT-NC, and the blue dots represent lipids downregulated in the WT-CAC compared with the WT-NC. D Volcano plot of differential lipids between 
the WT-CAC group and the WT-MOX group. The red dots represent lipids upregulated in WT-MOX compared with WT-CAC, and the blue dots represent 
lipids downregulated in WT-MOX compared with WT-CAC. E KEGG enrichment pathway analysis of differential lipids between the WT-NC group and the 
WT-CAC group. F KEGG enrichment pathway analysis of differential lipids between the WT-CAC group and the WT-MOX group. G Venn diagram of lipids 
significantly downregulated in the WT-CAC group compared with the WT-NC group and significantly upregulated in the WT-MOX group compared with 
the WT-CAC group. H Venn diagram of lipids significantly upregulated in the WT-CAC group compared with the WT-NC group and significantly down-
regulated in the WT-MOX group compared with the WT-CAC group. I Box plot of differential lipids in the three groups of mice. n = 6, *P<0.05, **P<0.01, 
***P<0.001
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Fig. 5 (See legend on next page.)
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colons of the mice in the KO-CAC and KO-MOX group 
were greater. There was no difference in the fluorescence 
intensity of colon β-Catenin between KO-CAC and KO-
MOX groups. RT-qPCR results showed that the relative 
expression of colonic β-Catenin mRNA was significantly 
increased in mice in the KO-CAC group compared with 
KO-NC (P<0.05). While there was no significant dif-
ference in the relative expression of colonic β-Catenin 
mRNA in mice in the KO-CAC and KO-MOX groups 
(Fig. 8B). These results suggest that in kdm4d−/− mice, the 
effect of moxibustion on β-Catenin inhibition is reduced. 
KDM4D/β-Catenin may constitute a signaling pathway 
through which moxibustion inhibits the proliferation of 
CAC tumors.

KDM4D/β-Catenin participates in the process of 
moxibustion to regulate lipid metabolism in the CAC colon
To observe the effect of KDM4D on colonic lipid metabo-
lism in CAC, sequencing data of colonic lipid metabolism 
in WT-NC, WT-CAC, and KO-CAC mice were analyzed. 
PCA and heatmap revealed differences in colonic lipid 
metabolism among the three groups (Fig. 9A and B). The 
volcano plot results revealed that, compared with those 
in the WT-CAC group, there were 74 significantly upreg-
ulated lipids and 46 significantly downregulated lipids in 
the KO-CAC group (Fig. 9C). The Venn diagram revealed 
that, compared with the WT-NC group, 72 lipids were 
downregulated in the WT-CAC group and upregulated 
in the KO-CAC group (Fig.  9D). Compared with the 
WT-NC group, 23 lipids were upregulated in the WT-
CAC group and downregulated in the KO-CAC group 
(Fig. 9E). Among the 95 above mentioned lipids, 40 were 
significantly different in both the WT-NC and WT-CAC 
groups and the WT-CAC and KO-CAC groups (Supple-
mentary Fig. S5). Compared with those in the WT-NC 
group, the contents of Cer(d20:1/24:0), Cer(d18:1/26:0), 
PC(18:1/22:3), SM(d18:1/14:1), SM(d18:1/26:0), and 
TAG52:0(18:0) lipids in the colons of the WT-CAC group 
were significantly greater (P < 0.05) and were signifi-
cantly lower in the KO-CAC group than in the WT-CAC 
group (P < 0.05). Compared with those in the WT-NC 
group, the contents of 19 lipids, including TAG50:6(20:4), 
TAG58:7(18:0), TAG48:2(18:0), and TAG46:1(16:0), were 
significantly lower in the WT-CAC group (P < 0.05), 
whereas the contents of these lipids in the KO-CAC 
group were significantly increased (P < 0.05). These 
results suggest that these 40 lipids may be potential lipid 

markers for the inhibition of CAC colon tumor prolifera-
tion by kdm4d knockout.

Next, we compared the effects of moxibustion on 
colonic lipid metabolism in kdm4d−/− mice. The volcano 
plots and heatmap did not show a clear trend of discrete 
lipid metabolites in the three groups of mice (Fig. 9F and 
G). These findings suggest that the regulatory effect of 
moxibustion on lipid metabolism in the CAC colon is 
partially impaired in kdm4d−/− mice.

To explore whether the effect of moxibustion on 
colonic lipid metabolism in CAC mice was related to 
the regulation of the KDM4D/β-Catenin signaling path-
way, we compared the potential lipid markers of moxi-
bustion and KDM4D in the regulation of CAC (Fig.  4I 
and Supplementary Fig. S5). The results revealed that 
both moxibustion and kdm4d knockout had consistent 
effects on TAG58:7(18:0) and SM(d18:1/26:0). Compared 
with that in the WT-NC group, the SM(d18:1/26:0) in 
the WT-CAC group was significantly greater (P < 0.05), 
and the SM(d18:1/26:0) in the WT-MOX and KO-CAC 
groups was significantly lower (P < 0.05) (Fig. 9H). Com-
pared with that in the WT-NC group, the content of 
TAG58:7 (18:0) in the WT-CAC group was significantly 
lower (P < 0.05), whereas the content of TAG58:7 (18:0) 
in the WT-MOX and KO-CAC groups was significantly 
greater (P < 0.05) (Fig. 9I). Spearman’s correlation analysis 
was subsequently performed on the expression levels of 
KDM4D and β-Catenin mRNAs and the TAG58:7(18:0) 
and SM(d18:1/26:0) contents. The results revealed a 
significant positive correlation between the content 
of SM(d18:1/26:0) and the mRNA expression levels of 
KDM4D and β-Catenin (P < 0.05) (Fig.  9J-K); there was 
a significant negative correlation between the content 
of TAG58:7(18:0) and the mRNA expression levels of 
KDM4D and β-Catenin (P < 0.05) (Fig.  9L-M). These 
results suggest that TAG58:7(18:0) and SM(d18:1/26:0) 
may be involved in the pathway by which moxibustion 
regulates the KDM4D/β-Catenin signaling pathway and 
inhibits the proliferation of CAC tumors (Fig. 9N).

Discussion
Inflammatory bowel disease (IBD), which includes 
ulcerative colitis and Crohn’s disease, is characterized 
by chronic recurrent intestinal inflammation. IBD is 
a known risk factor for CAC. In recent years, owing to 
the optimization of early diagnosis and treatment tech-
nologies for IBD patients, the incidence of CAC has been 

(See figure on previous page.)
Fig. 5 Effects of kdm4d gene knockout on colon tumorigenesis in CAC mice. A Schematic protocol for the experiments. B Macroscopic observation of 
the colons of the mice in each group; the formation of colonic tumors is indicated by white arrows. C HE staining of the colons of the mice in each group 
(scale bars, 200 μm). D-H Comparison of colon length, tumor number, tumor load, mean tumor diameter and maximum tumor diameter. I Ki67, PCNA 
and IL-33 expression in colon tumors (scale bars, 200 μm). J-L AOD values of Ki67, PCNA and IL-33 in colon tumors. Mβ-Catenin expression in colon tu-
mors (scale bars, 50 μm). N represents the relative expression level of β-Catenin mRNA in colon tumors. n = 6, compared with the WT-CAC group, *P<0.05, 
**P<0.01, ***P<0.001
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decreasing annually, and the incidence of colorectal can-
cer in IBD patients is still higher than that in the general 
population [6]. CAC is the main cause of death and the 
reason for colectomy in IBD patients [22], accounting 
for 10–15% of the deaths in this population [23]. There-
fore, revealing the pathogenesis of CAC, slowing the pro-
gression of inflammation to cancer, and inhibiting the 

proliferation of CAC tumors are very important for the 
clinical management of CAC. In this study, we explored 
the effect of moxibustion on colon tumor proliferation in 
mice with CAC induced by AOM combined with DSS. 
IL-33 is an epithelial cell-derived cytokine that plays an 
important role in intestinal immunity [24]. The upregula-
tion of IL-33 expression was observed in colon tissues of 

Fig. 6 Effects of moxibustion on colon tumorigenesis in kdm4d−/− CAC mice. A Schematic protocol for the experiments. B Macroscopic observation of 
the colons of the mice in each group; the formation of colonic tumors is indicated by white arrows. C Comparison of colon length. D-G Comparison 
of tumor number, tumor load, mean tumor diameter and maximum tumor diameter. H HE staining of the colons of the mice in each group (scale bars, 
200 μm). n = 6, compared with the KO-NC group, **P<0.01
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both CRC and CAC mice and was positively correlated 
with tumor proliferation in CRC [25, 26]. We observed 
that moxibustion reduced the CAC tumor load and colon 
damage, inhibited the expression of the cell prolifera-
tion markers Ki67 and PCNA, and reduced the protein 
expression of the proinflammatory cytokine IL-33.

KDM4D has been proven to promote the occurrence 
and development of various digestive tract tumors [8, 9]. 
High expression of KDM4D in colorectal cancer metas-
tases indicates poor prognosis [27]. KDM4D can activate 
the Wnt/β-Catenin signaling pathway and promote the 
proliferation, migration, and invasion of CRC cells and 
the formation of colorectal tumors [11]. The results of 
this study revealed that moxibustion reduced the protein 
and mRNA expression of KDM4D and β-Catenin in CAC 
mice. These findings suggest that the inhibition of CAC 
tumor proliferation by moxibustion may be related to the 
inhibition of the KDM4D/β-Catenin signaling pathway.

Metabolic reprogramming refers to changes in meta-
bolic patterns in response to cellular energy require-
ments [28]. Metabolic reprogramming not only promotes 
the process of colon cancer transformation but also 
inevitably results in the process of colon cancer trans-
formation. Lipid metabolism affects various biologi-
cal processes, such as tumor cell growth, proliferation, 
migration, autophagy, and apoptosis [29]. In CRC, lipid 

metabolism is involved in processes such as cell sig-
nal transduction, proinflammatory signal transduction, 
disruption of energy homeostasis, and dysregulation of 
membrane homeostasis [30]. Metabolomics can be used 
to systematically detect changes in metabolites and iden-
tify new potential biomarkers [31]. In this study, LC-MS 
lipid metabolomics technology was used to semiquan-
titatively detect lipid substances in the colons of mice, 
which is helpful for understanding lipid metabolism in 
CAC and screening potential targets for moxibustion 
to inhibit CAC tumor proliferation. Compared with 
those in the WT-NC group, 69 lipids were significantly 
upregulated and 154 were significantly downregulated 
in the colons of the WT-CAC group, and lipid metabo-
lism homeostasis was widely disrupted. Compared with 
those in the WT-CAC group, 22 significantly upregulated 
lipids and 17 significantly downregulated lipids were 
detected in the colons of the WT-MOX group. Further 
comparison of the differential lipids in the three groups 
revealed that moxibustion modulated the levels of abnor-
mally altered TAG56:7 (18:0), TAG58:7 (18:0), TAG55:1 
(16:0), TAG56:1(16:0), TAG56:2 (18:0), SM (d18:1/26:0), 
SM(d18:1/22:1), DAG(16:0/22:3), PA(16:0/20:5) and 
PE(18:1/22:1) lipids in CAC.

There are several triacylglycerols (TAGs) among the 
above 10 lipids that may be associated with the inhibition 

Fig. 7 Effects of moxibustion on the expression of proliferation-related proteins and IL-33 in the CAC tumors of kdm4d−/− mice. A-C Ki67, PCNA and IL-33 
expression in colon tumors (scale bars, 200 μm). D-F AOD values of Ki67, PCNA and IL-33 in colon tumors. n = 6, compared with the KO-NC group, *P<0.05, 
**P<0.01, ***P<0.001; compared with the KO-CAC group, P<0.05, ##P<0.01

 



Page 14 of 18Li et al. Cancer Cell International          (2025) 25:173 

of colon tumor proliferation in CAC mice by moxibus-
tion. TAGs store high levels of metabolic energy. Dietary 
TAG is hydrolyzed and esterified in the intestine, com-
bines with cholesterol and proteins in the form of chylo-
microns, and is ultimately released into the bloodstream 
[32]. Currently, the role of TAG in CAC is unclear. Some 
studies have shown that changes in TAG content can be 
used to distinguish CAC tumor tissues from nonlesioned 
tissues. Compared with normal adjacent tissues, CAC 
tumor tissues present decreased TAG levels [33, 34]. This 
decrease may be related to the increased demand for 
energy production and cell membrane lipids owing to the 

rapid proliferation of tumor cells. In this study, moxibus-
tion also restored the levels of TAG56:7 (18:0), TAG58:7 
(18:0), TAG55:1 (16:0), and TAG56:2 (18:0) in CAC mice. 
These findings suggest that moxibustion can reduce the 
demand for TAG as an energy substrate in mice with 
CAC.

KEGG results revealed that WT-NC and WT-CAC 
differential lipids and WT-CAC and WT-MOX differ-
ential lipids were enriched for choline metabolism in 
cancer and glycerophospholipid metabolism. There is 
a close relationship between choline metabolism and 
CRC, and the active proliferation of tumor cells requires 

Fig. 8 Effects of moxibustion on the protein and mRNA expression of β-Catenin in the CAC tumors of kdm4d−/− mice. Aβ-Catenin expression in colon 
tumors (scale bars, 50 μm). B. The relative expression level of β-Catenin mRNA in colon tumors. n = 6, compared with the KO-NC group, *P<0.05
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the conversion of large amounts of choline into phos-
phatidylcholine for cell membrane synthesis [35]. The 
CRC gut microbiome contains an abundance of choline-
degrading genes (cutC and cutD) [36]. Aberrant cho-
line metabolism in tumors is accompanied by elevated 

levels of the choline metabolites choline phosphate and 
glycerophosphocholine, which may serve as markers of 
metabolic reprogramming in cancer [35]. However, the 
glycerophospholipid metabolic pathway is a conserved 
metabolic pathway in humans and mice, and activation of 

Fig. 9 Consistent effects of moxibustion and kdm4d−/− on colonic lipid metabolism in CAC. A 3D-PCA diagram of the WT-NC, WT-CAC and KO-CAC 
groups. B Heatmap of differential lipids in the colons of the WT-NC, WT-CAC, and KO-CAC. C Volcano plot of colonic differential lipids between the WT-
CAC group and the KO-CAC group. The red dots represent lipids upregulated in the KO-CAC group compared with the WT-CAC group, and the blue dots 
represent lipids downregulated in the KO-CAC group compared with the WT-CAC group. D Venn diagram of lipids significantly downregulated in the WT-
CAC group compared with the WT-NC group and significantly upregulated in the KO-CAC group compared with the WT-CAC group. E Venn diagram of 
lipids significantly upregulated in the WT-CAC group compared with the WT-NC group and significantly downregulated in the KO-CAC group compared 
with the WT-CAC group. F 3D-PCA diagram of the KO-NC, KO-CAC and KO-MOX groups. G Heatmap of differential lipids in the colons of the KO-NC, KO-
CAC, and KO-MOX groups. H Comparison of SM (d18:1/26:0) content in the colons of the mice. I Comparison of TAG58:7(18:0) content in the colons of 
the mice. J Spearman’s correlation analysis between SM(d18:1/26:0) and KDM4D mRNA. K Spearman’s correlation analysis between SM(d18:1/26:0) and 
β-Catenin mRNA. L Spearman’s correlation analysis between TAG58:7(18:0) and KDM4D mRNA. M Spearman’s correlation analysis between TAG58:7(18:0) 
and β-Catenin mRNA. N Graphical example of how moxibustion affects colon KDM4D/β-Catenin and lipid metabolism. n = 6, *P<0.05, **P<0.01, ***P<0.001

 



Page 16 of 18Li et al. Cancer Cell International          (2025) 25:173 

the glycerophospholipid metabolic pathway accelerates 
the progression of CRC and CAC [37], which may also 
serve as a biomarker for monitoring CRC patients [38]. 
The abovementioned studies suggest that choline metab-
olism and glycerophospholipid metabolism play a role in 
the reprogramming of lipid metabolism in colon carcino-
genesis and that the modulatory effects of moxibustion 
in CAC mice may be related to choline metabolism and 
glycerophospholipid metabolism.

Next, we explored the relationship between the 
KDM4D/β-Catenin pathway and the inhibition of CAC 
tumor proliferation by moxibustion in kdm4d-/- mice. 
The results showed that after kdm4d knockout, the 
tumor number and load in CAC mice were significantly 
reduced, which is consistent with the findings of previ-
ous studies [10]. Additionally, the expression levels of 
PCNA, Ki67, and IL-33 and the fluorescence intensity of 
β-Catenin in the colons of KO-CAC mice were reduced. 
However, in kdm4d knockout mice, the effect of moxi-
bustion in inhibiting tumor proliferation was affected to a 
certain extent. Moxibustion failed to significantly reduce 
the number and burden of tumors in CAC mice and 
had no significant effect on β-Catenin expression. These 
results show that activation of the KDM4D/β-Catenin 
signaling pathway plays an important role in promoting 
CAC tumor proliferation. The inhibition of KDM4D/β-
Catenin signaling may be one of the mechanisms by 
which moxibustion inhibits CAC tumor proliferation.

The lipid metabolism pathway in tumor cells is regu-
lated by multiple signaling pathways, such as the Wnt, 
Notch, Hippo, and Hedgehog pathways. In CRC, a high-
fat diet and dysregulated Wnt/β-Catenin signaling path-
way could change the intestinal bile acid profile, activate 
the farnesoid X receptor (FXR), and drive the malignant 
transformation of Lgr5-expressing cancer stem cells, 
thereby promoting progression from adenoma to adeno-
carcinoma [39]. Therefore, it is important to explore the 
interaction between the KDM4D/β-Catenin signaling 
pathway and lipid metabolism to understand the patho-
genesis of CAC.

An analysis of the changes in colonic lipids in the 
WT-NC, WT-CAC, and KO-CAC groups revealed the 
influence of KDM4D on colonic lipid metabolism in CAC 
mice. Compared with those in the other two groups, 40 
lipids were significantly upregulated or downregulated 
in the WT-CAC. Specifically, compared with those in 
the WT-CAC group, there was a significant increase in 
various glycerides (specifically triacylglycerols) and a sig-
nificant decrease in various sphingolipids (specifically 
ceramides) in the colons of the mice in the KO-CAC 
group. In the colons of kdm4d-/- mice, the levels of vari-
ous long-chain polyunsaturated triacylglycerols were 
also significantly increased. These findings suggest that 
knockout of the kdm4d gene may have a similar effect 

to that of moxibustion in terms of reducing the energy 
demand required for colon tumor proliferation in CAC. 
However, in the three groups of kdm4d-/- mice, we did 
not observe an obvious discrete trend in the lipid levels. 
The regulatory effect of moxibustion on lipid metabolites 
in CAC mice was weakened by kdm4d knockout. kdm4d 
may be a key moxibustion gene affecting lipid metabo-
lism in CAC.

To explore the relationship between moxibustion inhi-
bition of the KDM4D/β-Catenin signaling pathway and 
lipid metabolism, we compared 10 lipid markers of moxi-
bustion and 40 lipid markers in kdm4d knockout mice. 
The results showed that moxibustion and kdm4d-/- had 
consistent effects on TAG58:7(18:0) and SM(d18:1/26:0) 
levels. The results revealed a significant correlation 
between the contents of SM (d18:1/26:0) and TAG58:7 
(18:0) and the mRNA expression levels of KDM4D and 
β-Catenin. Sphingomyelin (SM) is a major component 
of various biological membranes and is involved in regu-
lating cell membrane stability and secretory activity. SM 
can promote the development and progression of mul-
tiple cancers by regulating cell proliferation and migra-
tion [40]. Conversely, the inhibition of SM synthesis 
inhibits CRC metastasis [41]. These findings indicate that 
SM(d18:1/26:0), a lipid metabolite, may be closely related 
to the regulation of the KDM4D/β-Catenin signaling 
pathway and the inhibition of CAC tumor proliferation.

Conclusions
This is the first study to report the mechanism by which 
moxibustion inhibits the proliferation of CAC tumors 
from the perspectives of KDM4D and lipid metabolism. 
In this study, we observed that moxibustion inhibited the 
proliferation of CAC tumors and the expression of colon 
KDM4D and β-Catenin. Abnormal lipid metabolism was 
observed in the colon of CAC mice. Kdm4d may be one 
of the key genes that regulates lipid metabolism in the 
CAC colon. Moxibustion can inhibit abnormal activation 
of the KDM4D/β-Catenin signaling pathway and regulate 
lipid substances such as sphingomyelin SM(d18:1/26:0) 
to inhibit tumor proliferation in CAC mice.
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observation of the colons of NC and CAC mice; the formation of colonic 
tumors is indicated by white arrows. B Histopathological examination of 
mouse colon tissues (left scale bars, 500 μm; right scale bars, 100 μm). Fig-
ure S4 Quality assessment of the lipid pseudotargeted lipid metabolomics 
data. A 2D-PCA diagram. B 3D-PCA diagram. C QC-corrplot plot. D NEG 
chromatograms of OC samples. E POS chromatograms of the QC samples. 
Figure S5 Box plots of differential lipids in the WT-NCWT-CAC and KO-CAC 
groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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