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Purpose: Angiogenesis in tumors is imperative to tumor growth. Our previous studies revealed that herb-partitioned moxibustion 
(HPM) could delay colitis-associated cancer (CAC), but the mechanism of the effects on the angiogenesis remains largely undiscov-
ered. We aimed to investigate whether HPM delays CAC by inhibiting the angiogenesis with emergent three-dimensional (3D) 
imaging technologies.
Materials and Methods: The CAC model was induced by azoxymethane (AOM)/dextran sodium sulphate (DSS). The rats were 
randomly divided into normal, model and HPM groups. The tumorigenesis, number of tumors, and tumor diameter were observed. 
Immunohistochemistry or enzyme-linked immunosorbent assay (ELISA) was performed to assess the microvessel density (MVD), 
reactive oxygen species (ROS), hypoxia-inducible factor-1 alpha (HIF-1α), vascular endothelial growth factor A (VEGFA), vascular 
endothelial growth factor receptor 1 (VEGFR1), interleukin-6 (IL-6), interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF- 
α). The three-dimensional imaging of solvent-cleared organs with superior fluorescence-preserving capability (FDISCO) tissue 
clearing technique was used to clear colon tissues, and the platelet endothelial cells were stained and labelled with platelet endothelial 
cell adhesion molecule 1 (PECAM-1). Imaris software was used to perform 3D measurement and analysis of the colonic vascular 
architecture.
Results: The HPM group were found decreased in the colon tumor diameter, MVD, ROS, HIF-1α, VEGFA, VEGFR1, IL-6, IL-1β, 
and TNF-α in colon tissues compared with those in the model group. 3D imaging revealed that the number of vessels, number of 
branch points, and vessel branch level in the HPM group were lower than those in the model group. The number of branch points and 
vessel branch level were negatively correlated with the average vessel length.
Conclusion: HPM plays a role in inhibiting CAC angiogenesis. This study may provide new evidence at the macroscopic level of 
vascular architecture for HPM to inhibit the progression of CAC by FDISCO tissue clearing technique for 3D imaging.
Keywords: colitis-associated cancer, herb-partitioned moxibustion, tissue clearing technique, three-dimensional visualization, 
vascular architecture

Introduction
Colorectal cancer (CRC) is the third most common cancer with the second highest mortality rate.1 Colitis-associated 
cancer (CAC) is a subtype of CRC that can be developed from long-term inflammatory bowel disease (IBD).2,3 CAC 
tends to have a worse prognosis compared with more common polyp-induced CRC.4 How to reduce its morbidity, delay 
its progress and control its mortality have become hot and challenging topics for scholars to study.

Sustained angiogenesis is considered one of the fundamental features of the microenvironment in solid tumors. 
Vascular endothelial growth factor (VEGF) is identified as a critical factor promoting vascular permeability and 
angiogenesis.5 Within tumors, hypoxic regions arise due to rapid cell proliferation and insufficient vascular supply, 
compelling cancer cells to adapt through the activation of Hypoxia-inducible factor-1 alpha (HIF-1α).6 This 
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adaptation promotes angiogenesis by upregulating VEGF.7 The response of HIF-1α to hypoxia is related to the 
production of reactive oxygen species (ROS) induced by hypoxia.8,9 Angiogenesis and VEGF signaling might be an 
important link between inflammation and tumor development in CAC. Patients with CAC show activated VEGFR on 
intestinal epithelial cells, and blockade of VEGF function suppressed tumor development, inhibited tumor angiogen-
esis, and blocked tumor cell proliferation.10 HIF-1α and VEGFA expressions were increased in CAC mice.11 Studies 
have suggested that intracellular ROS accumulation increased the HIF-1α levels in CRC cells, and the ROS inhibitor 
can reverse elevation of HIF1-α.12 Additionally, ROS can activate HIF-1α by inhibiting prolyl hydroxylases.13

In recent years, tissue transparency technology has the advantage of high imaging depth, which has been used to 
study vascular structure at the macro level of tissues and organs. This technology can comprehensively and accurately 
reflect subtle changes in vascular architecture under physiological and pathological conditions in tissues and organs, 
enabling researchers to enter a new field of vessel imaging.14 However, no studies have been identified regarding three- 
dimensional (3D) vascular imaging of CAC. Current studies on vascular aspects of CAC models predominantly focus on 
indirect assessment of angiogenesis by detecting the expression of angiogenesis-related factors, such as VEGF, micro-
vessel density (MVD), HIF-1α, matrix metalloproteinase 10 (MMP 10), angiogenin 4 (Ang 4), or cyclooxygenase 2 
(COX2).15–17 Clinical studies on 3D vascular reconstruction in CRC predominantly utilize CT-based methodologies.18–21

Herb-partitioned moxibustion (HPM), as a type of moxibustion, can not only provide warm stimulation to acupoints, 
but also promote the transdermal absorption of herbs to enhance therapeutic effects. Study has found that HPM were one 
of the commonly used moxibustion methods for treating cancer-related diseases.22 HPM has been used for many years by 
our research team to treat IBD diseases.23–27 The traditional Chinese medicine ingredients in herbal cakes gently warm 
and tonify kidney yang, promote blood circulation and remove blood stasis, promote Qi and relieve pain, which can 
improve the symptoms of CAC patients. Current evidence indicates that in the early phase of CRC moxibustion 
combined with acupuncture, which is used as an effective adjuvant to conventional interventions (surgical resection, 
radiotherapy, and chemotherapy), can improve treatment efficacy, reduce adverse reactions, and promote recovery in 
patients; In the late phase of CRC, moxibustion combined with acupuncture can improve patients’ symptoms and their 
quality of life, and prolong their survival time.28,29 Studies have shown that HPM can delay the progression of colon 
tumors in CAC rats, and our previous research revealed that HPM can reduce the expression of VEGF in CAC rats.30–33 

However, there is limited understanding of angiogenesis in CAC, and even less is known regarding the effects of HPM 
therapy on vasculature of CAC.

In this study, we first investigated whether HPM inhibited the expression of angiogenesis-related markers (MVD, 
ROS, HIF-1α, VEGFA, and VEGFR1) and pro-inflammatory cytokines (interleukin-6 [IL-6], interleukin-1 beta [IL-1β] 
and tumor necrosis factor-alpha [TNF-α]). On the basis of confirming the effectiveness of HPM on angiogenesis, we 
explored the change of tumor vascular structure in 3D by three-dimensional imaging of solvent-cleared organs with 
superior fluorescence-preserving capability (FDISCO) and platelet endothelial cell adhesion molecule 1 (PECAM-1) 
staining. We found that HPM played a role in inhibiting the formation of branch blood vessels. Currently, there are few 
studies observing the effect of HPM on angiogenesis in CAC. This study may provide laboratory evidence to understand 
how HPM delays the progression of CAC.

Materials and Methods
Animals
Thirty-one male Sprague-Dawley rats with body weights of 100±20 g were provided by Shanghai Slack Laboratory 
Animal Limited Company. The rats were maintained at 18–22 °C with 50–70% humidity under a 12-h light/dark cycle 
environment. All experiments were conducted in accordance with the requirements of the Animal Ethics Committee of 
Shanghai University of Traditional Chinese Medicine (ethical approval number: PZSHUTCM2306050013). After one 
week of adaptive feeding, the rats were randomly divided into eleven normal rats and twenty model rats.
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Animal Model
CAC develops from long-term inflammation of IBD. The chemically induced models are the most commonly used 
method for CAC.34 Chemically inducible CAC models typically begin with the administration of a carcinogenic 
compound, such as azoxymethane (AOM). AOM administration seems to be important to the CAC induction method, 
since the carcinogenic effect is achieved with just one administration.34 Long-term chronic inflammation is induced by 
repeated cyclic stimulation of dextran sodium sulphate (DSS), resembling ulcerative colitis in humans.35 The dosage of 
AOM and DSS is based on continuous exploration by previous studies of other researchers and our pilot research. 
Tajasuwan L and other researchers used 15 mg/(kg·bw) of AOM to create the CAC model in rat.36–38 The concentration 
of the DSS was based on our previous research.31 Twenty model rats were received 2 mg/mL AOM (SigmaSigma- 
Aldrich, Saint Louis, USA) at a concentration of 15 mg/(kg·bw) by intraperitoneal injection. One week after the AOM 
injection, the treatment was followed by three cycles of inflammatory stimulation by drinking 4–3% DSS (MP 
Biomedicals, Illkirch, France). Each of the three DSS cycles lasted for 4 days and was followed by 17 days of regular 
water (Figure 1A). Eleven normal rats in the normal group were given regular water. Following model establishment, two 
animals were randomly selected from the normal rats and model rats to determine whether the model was successfully 
established by histopathological assessment of tumorigenesis.

Grouping and Intervention
Following successful model induction, the eighteen model rats were randomly allocated into a model group and an HPM 
group, with nine rats in each group. Bilateral Tianshu (ST25) and Qihai (CV6) acupoints were selected for HPM 
treatment in the HPM group. Tianshu (ST 25) is Front-Mu point of the large intestine, and Front-Mu points are often used 
to treat Fu-organ diseases. Therefore, Tianshu (ST 25) can regulate the intestines. Qihai (CV6) is the place where the 
innate Yuan Qi gathers. It can tonify the Yuan Qi, regulate Qi movement. Qihai (CV 6) is located in the lower abdomen 
near the intestines, which also has the effect of treating intestine disease. Thus, Tianshu (ST25) and Qihai (CV6) points 

Figure 1 The flow chart of this experiment. (A) Schematic diagram of the AOM/DSS-induced CAC model and interventions. (B) Illustration of herb-partitioned 
moxibustion. 
Abbreviations: AOM, azoxymethane; DSS, dextran sodium sulphate; CAC, colitis-associated cancer.
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have the effects of inspiring lower Jiao Yang Qi, raising the clear and lowering the turbid, tonifying the deficient. Tianshu 
(ST 25) and Qihai (CV 6), recognized as core therapeutic acupoints in the management of IBD, a chronic condition with 
established progression to CAC.23,25,39 Studies have found that HPM could relieve the clinical symptoms of patients with 
IBD and reduce the expression TNF-α, tumor necrosis factor receptor 1 (TNFR1), interleukin-2 (IL-2), lipopolysacchar-
ide (LPS), or anti-toll-like receptors 4 (TLR4) in intestinal mucosa.23,25,39 In addition, studies have found that HPM at 
Tianshu (ST25) and Qihai (CV6) can inhibit colon tumor proliferation in CAC rats, promote purinergic ligand-gated ion 
channel 7 receptor (P2X7R) and axis inhibitor (Axin) protein expression in colon tissue, meanwhile inhibit signal 
transducers and activators of transcription 3 (STAT3), nuclear factor kappa B p65 (NF-κB p65), proliferating cell nuclear 
antigen (PCNA), histone lysine demethylase 4D (KDM4D) and VEGF protein expression.32,33

The Tianshu (ST25) acupoint is located 5 mm on both sides of the rat navel, which is at the intersection of the upper 
2/3 and lower 1/3 of the line connecting the xiphoid process and the upper edge of the pubic symphysis on the midline of 
the abdomen; Qihai (CV6) acupoint is located on the median line of the rat’s abdomen, 12.5 mm below the rat navel.21–23 

The herbal powder formula used was as follows: Fuzi (radix Aconiti carmichaelii; 10 g, Sichuan, China), Rougui 
(Cinnamomum cassia Presl; 2 g, Guangxi, China), Danshen (radix Salviae miltiorrhizae; 3 g, Anhui, China), Honghua 
(Carthamus tinctorius L.; 3 g, Henan, China), and Muxiang (Saussurea costus; 2 g, Yunnan, China). The herb powder and 
an appropriate amount of yellow wine were mixed to make an herb mud. The herb mud was pressed into an herb cake 
with a diameter of 0.8 cm and a thickness of 0.4 cm using a mold and placed on the Tianshu (ST25) and Qihai (CV6) 
acupoints. Approximately 90 mg of Moxa cones were placed on the herb cakes (Figure 1B). Two moxa cones were 
ignited and allowed to burn at each acupoint, once daily for a total of 30 times. The rats in the normal and model groups 
only received the same amount of fixation as those in the HPM group without other interventions.

Sample Collection
After 30 days of intervention, the nine rats in each group were fasted for 24 h and anesthetized with 2% sodium 
pentobarbital [dose 40–50 mg/(kg·bw)]. One rat in each group was randomly selected for tissue transparency pretreat-
ment: Thoracotomy was performed for cardiac exposure following deeply anesthesia. Perfusion of phosphate-buffered 
saline (PBS, 1×) was conducted via the left atrial chamber until achieving complete hepatic blanching. The left atrium 
was slowly injected with 4% paraformaldehyde solution until the tail became stiff. The abdominal cavity was subse-
quently cut open, and 1 cm of the colon was cut. The colon was fixed in 4% paraformaldehyde for 3 days and then placed 
in PBS solution in a refrigerator at 4 °C for tissue transparency. After the necks of the remaining 24 rats were severed, 
and the colon from the pubic symphysis to the ileocecal area was removed. The number and length of colon tumors were 
measured. For hematoxylin-eosin (HE) staining and immunohistochemistry, an approximate 1 cm length of colon tissue 
(including the tumor) was fixed with 4% paraformaldehyde. For the enzyme-linked immunosorbent assay (ELISA), the 
colon tissues were cut into pieces, stored and prepared for use in a −80 °C freezer.

HE
HE staining was used to observe the histopathology of the colon tissue of the rats. The slices were routinely dewaxed. 
The sections were stained with hematoxylin for 2 min, rinsed with tap water for 10 min, differentiated with 1% 
hydrochloric acid alcohol for 2 s, rinsed with tap water for 5 min, and stained with eosin for 2 min. The sections 
were dehydrated in alcohol solutions (70%, 80%, 90% and 100%) separately for 2 s, and xylene I and II were soaked 
respectively for 15 min to make the sections transparent. Neutral gum was used for sealing.

ELISA
ELISA was used to detect the contents of ROS, IL-6, IL-1β and TNF-α (Mlbio, Shanghai, China) in the colon tissues of 
the rats. The proper amount of normal saline was added, then the tissue was mashed. Three thousand revolutions per min 
centrifuge for 10 min to remove the supernatant. According to the manufacturer’s protocol, the corresponding standard 
and sample were added to the standard well and sample well, respectively. The antibody, substrate and termination 
solution were added successively into the standard well and sample well, and the optical density (OD) value of each well 
was subsequently determined.
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Immunohistochemistry
The protein expression of cluster of differentiation 34 antigen (CD34), HIF-1α, VEGFA and VEGFR1 in the colon 
tissues was detected by immunohistochemistry. The paraffin-embedded sections were deparaffinized before heating with 
citrate buffer for high-temperature repair. The sections were incubated with 3% hydrogen peroxide at room temperature 
for 25 min, then washed with PBS. The tissue was uniformly covered with 3% BSA and incubated at room temperature 
for 30 min. Furthermore, each section was sequentially incubated with anti-CD34 (1:500, Abcam, Cambridgeshire, UK), 
anti-HIF-1α (1:100, Thermo Fisher Scientific, Waltham, USA), anti-VEGFA (1:200, Abcam, Cambridgeshire, UK), and 
anti-VEGFR1 (1:250, Abcam, Cambridgeshire, UK)] at 4 °C overnight, and washed with PBS. The sections were 
incubated with secondary antibody at room temperature for 50 min and then developed with 3, 3ʹ-Diaminobenzidine 
(DAB) solution for 5 min. Finally, the sections were counterstained with hematoxylin for 3 min, and dehydrated in 
graded ethanol. Three fields of each section were randomly photographed, and the images were imported into Image- 
PlusPro 6.0 software to calculate the positive target area and integrated optical density (IOD) of each image. The average 
optical density (AOD) is equal to IOD ÷ positive target area.

MVD
To calculate the MVD, areas with relatively high densities of CD34-positive cells and cell clusters were classified as “hot 
spots” relative to neighboring areas. Five fields with the highest number of microvessels or vascular “hot spots” were 
identified at low magnification (× 100). The number of microvessels or vascular in each “hot spots” field of view was 
manually calculated under medium magnification (× 200), and the average value was regarded as the value of the MVD.

FDISCO
The FDISCO process mainly includes perfusion, methanol-based bleaching, immunofluorescence, and tissue transpar-
ency. The perfusion operation process is detailed in the Sample Collection section. The methanol-based bleaching 
procedures were as follows: The colon tissues were shaken in PBS at room temperature for 30 min and the process was 
repeated 3 times. Subsequently, the tissues were dehydrated in graded methanol (20%, 40%, 60%, 80%, and 100%) with 
immersion in each concentration for 2 h. The tissues were then washed with 100% methanol for 1 h and then cooled at 4 
°C. The tissues were incubated overnight in 66% dichloromethane diluted with 33% methanol and under constant 
agitation at room temperature. The specimens were washed twice with 100% methanol at room temperature and then 
cooled at 4 °C. Depigmentation was achieved via overnight at 4°C in freshly prepared 5% hydrogen peroxide (30% H2O2 

: methanol = 1:5). Rehydration was performed through immersion in graded methanol (80%, 60%, 40%, and 20%) with 
each concentration for 1 h and then the tissues washed in PBS at room temperature for 1 h. Final procedure involved the 
samples were washed for 1 h twice in PTx.2 (each 1L of PTx.2 consisted of 100 mL of 10×PBS and 2 mL of TritonX- 
100) at room temperature.

The immunofluorescence procedures were as follows: The tissues were incubated in permeabilization solution (each 
500 mL permeabilization solution consisted of 400 mL PTx.2, 11.5 g glycine, and 100 mL dimethyl sulfoxide) at 37 °C 
for 1 day and then in blocking solution (each 50 mL blocking solution consisted of 42 mL PTx.2, 3 mL donkey serum, 
5 mL dimethyl sulfoxide) at 37 °C for 1 day. The anti-PECAM-1 (1:100, R&D Systems, Minnesota, USA) was incubated 
in PTwH (each 1 L PTwH consisted of 100 mL of 10 × PBS, 2 mL of Tween-20, 1 mL of 10 mg/mL heparin stock 
solution)/5% dimethyl sulfoxide/3% donkey serum at 37 °C for 3 days. The tissues were washed 4–5 times in PTwH for 
2 days. The secondary antibody was incubated in PTwH/3% donkey serum at 37 °C for 3 days. The tissues were washed 
4–5 times in PTwH for 2 days.

The specific transparency procedures were as follows: The samples were dehydrated in graded methanol (20%, 40%, 
60%, 80%, and 100%) with each concentration for 1 h at room temperature. The specimens were then incubated in 66% 
dichloromethane diluted with 33% methanol under constant agitation at room temperature for 3 h. The tissues were 
incubated in 100% dichloromethane for 15 min and washed away the methanol for twice. The tissues were then 
incubated in dibenzyl ether. The tube should be almost completely filled with dibenzyl ether to prevent air from 
oxidizing the sample. Before imaging, the tube was inverted several times to mix the solution.
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Vascular Imaging and Vascular Architecture Analysis
The tissues were imaged using an LS18 light-sheet microscope. The original data obtained by the microscope were 
converted using LS18 ImageCombine software and then processed in Imaris 3D image processing software. The imaging 
parameters were X direction by 2 μm, Y direction by 2 μm, and Z direction by 5μm, with z-stack of 2.5μm. Semi 
automatic reconstruction of the vascular structure was performed through surface and filament trace function in Imaris. 
To analyze the blood architecture quantitatively, 5 cubes with no duplication were randomly cropped when the filament 
trace function was performed. The reconstructed colonic blood vessel measurements were automatically generated for 
analysis and comparison after the relevant operations were completed.

Statistical Analysis
Statistical analysis was performed by Statistical Product and Service Solutions (SPSS, version 26.0) software. If the 
measurement data conformed to a normal distribution, they were expressed as the mean ± standard deviation. One-way 
analysis of variance (One-way ANOVA) was used for comparisons among groups, with least significant difference (LSD) 
or Tamhane’s post-hoc test (LSD method for homogeneity of variance, Tamhane’s method for heterogeneity of variance). 
If the data did do not conform to a normal distribution, they were expressed as the median (quartile). The Kruskal–Wallis 
test was used for comparisons among groups, and p-values were adjusted for multiple testing using the Bonferroni 
correction. Count data were presented as numbers, and the Fisher’s exact test was used for comparison between groups. 
Spearman correlation analysis was calculated for the comparison between the number of branch points or vessel branch 
level data and the average vessel length data. Padj < 0.05 were considered as significant.

Results
CAC Model was Successfully Induced by AOM/DSS
The successful establishment of CAC model was confirmed through macroscopic tissue observation and histopatholo-
gical examination. The colons of the model rats formed tumors, with neoplastic lesions occupying approximately two- 
thirds of the distal colonic segment (Figure 2A). Histopathological evaluation via HE staining confirmed the formation of 
colon adenocarcinoma (Figure 2B).

HPM Ameliorated the AOM/DSS-Induced CAC in Rats
A reduction trend was observed in both overall tumorigenesis and the number of colonic tumors following HPM 
administration (Figure 3A–C). The colorectal tumor diameter in the HPM group was smaller than those in the model 
group (P < 0.05; Figure 3D). Histopathology revealed distinct morphological differences among groups (Figure 3E). The 
normal group displayed characteristic physiological architecture: clearly demarcated mucosal layers, structurally intact 
epithelium, and regularly aligned glandular units. The model group exhibited characteristic atypical hyperplasia: marked 
mucosal hyperplasia accompanied with substantial glandular atrophy, disorganized cellular stratification and significant 
cellular pleomorphism, nuclear hyperchromasia, increased nuclear-cytoplasmic ratio, interstitial congestion and edema, 
some glandular cavities highly dilated, and “co-wall” or “back-to-back” glands. HPM intervention attenuated these 
pathological changes, including relatively preserved glandular alignment, partial goblet cell disappearance, attenuated 
nuclear hyperchromasia, and reduced glanduloepithelial dysplasia.

HPM Attenuated Intestinal Angiogenesis and Inflammation in CAC Rats
To investigate whether HPM inhibited the expression of angiogenesis- and inflammation-related cytokine in CAC Rats, we 
further analyzed the expression levels of MVD, ROS, HIF-1α, VEGFA, VEGFR1, IL-6, IL-1β and TNF-α. The VEGF/VEGFR 
axis is indispensable in the process of angiogenesis in CAC. VEGF is expressed after the activation of HIF-1α in response to 
hypoxia and metabolic stress. VEGF also is mediated by IL-6. IL-1β and TNF-α exhibit increased synergistically with VEGF in 
CAC. Through immunohistochemistry (Figure 4A, C, D and E) and ELISA (Figure 4B), we found that the MVD, the contents of 
ROS, IL-6, IL-1β, TNF-α, and the expression levels of HIF-1α, VEGFA, VEGFR1 proteins in the model group were distinctly 
increased compared to the normal group (P < 0.001, P < 0.001, P < 0.001, P < 0.001, P < 0.001, P < 0.001, P < 0.01, P < 0.001), 
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and significant reductions in MVD, the contents of ROS, IL-6, IL-1β, TNF-α, and the expression levels of HIF-1α, VEGFA, and 
VEGFR1 proteins were observed in the HPM group compared to the model group (P < 0.05, P < 0.001, P < 0.01, P < 0.001, P < 
0.001, P < 0.001, P < 0.01, P < 0.001). These results indicated that HPM may attenuate intestinal angiogenesis and inflammation 
in CAC rats.

Colon Tissues were Rendered Visually Transparent After Clearing with FDISCO
To explore the 3D vascular structure of the tumors, we dissected part of the normal tissue in the normal group and the 
tumor tissues in the model and HPM groups. The tissues were cleared by FDISCO for 3D imaging (Figure 5).

3D Structure of Colon Tumors
Through the original signal presentation of the colon tissue, it could be observed that there was larger tumor tissue in the 
colon lumen of the model group, and relatively smaller tumor tissue in the colon lumen of the HPM group. After surface 
signal processing in Imaris 3D image software, tumors were more visible (Figure 6).

Figure 2 CAC model was successfully induced by AOM/DSS. (A) Representative images of the colonic tissue at model validation. (B) Representative images of HE staining 
in the normal and model rats. Scale bar: 100 µm. 
Abbreviations: N, normal rat; M, model rat; CAC, colitis-associated cancer; AOM, azoxymethane; DSS, dextran sodium sulphate; HE, hematoxylin-eosin.
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HPM Recovered 3D Vascular Architecture in CAC Rats
To explore the 3D vascular architecture, we calculated the spatial parameters of vessels, including number of vessels, 
average vessel diameter, average vessel length, number of branch points, and vessel branch level. Compared with the 
normal group, the model group exhibited an increased number of colonic vascular branches with disorganized morphol-
ogy and a reticular distribution pattern. In contrast to the model group, the HPM group showed a reduction in branched 
vessels, which were predominantly arranged in a linear configuration (Figure 7A). The number of blood vessels, number 

Figure 3 HPM ameliorated the AOM/DSS-induced CAC in rats. (A) Representative images of the colonic tissue at sacrifice. (B) Tumorigenesis in the colons of the normal, 
model and herb-partitioned moxibustion groups. (C) Number of tumors in the colons of the normal group, model and herb-partitioned moxibustion groups. (D) Tumor 
diameter in the colons of the normal group, model and herb-partitioned moxibustion groups. (E) HE staining in the colons. Scale bar: 100 µm. Statistical significance was 
determined by Fisher’s exact test or One-way ANOVA (n=8), *P < 0.05, ***P < 0.001 (M vs N); #P < 0.05 (HPM vs M). 
Abbreviations: N, normal group; M, model group; HPM, herb-partitioned moxibustion group; AOM, azoxymethane; DSS, dextran sodium sulphate; CAC, colitis-associated 
cancer; HE, hematoxylin-eosin; One-way ANOVA, one-way analysis of variance.
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Figure 4 HPM Attenuated Intestinal Angiogenesis and Inflammation in CAC Rats. (A) Comparison of MVD in the colons. (B) Contents of ROS, IL-6, IL-1β and TNF-α in the 
colons. (C–E) Immunohistochemical observation of the HIF-1α, VEGFA, VEGFR1 protein expression. Scale bar: 100 µm. Statistical significance was determined by One-way 
ANOVA (n=8), **P < 0.01, ***P < 0.001 (M vs N); #P < 0.05, ##P < 0.01, ###P < 0.001 (HPM vs M). 
Abbreviations: N, normal group; M, model group; HPM, herb-partitioned moxibustion group; MVD, microvessel density; ROS, reactive oxygen species; IL-6, interleukin-6; 
IL-1β, interleukin-1 beta; TNF-α, tumor necrosis factor-alpha; HIF-1α, hypoxia-inducible factor-1 alpha; VEGFA, vascular endothelial growth factor A; VEGFR1, vascular 
endothelial growth factor receptor 1; One-way ANOVA, one-way analysis of variance; AOD, average optical density.
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of branch points, and vessel branch level in the model group were increased as compared to the normal group (P < 0.01, 
P < 0.001, P < 0.001), and those in the HPM group were decreased compared to the model group (P < 0.01, P < 0.001, 
P < 0.01; Figure 7A, D and E). The average vessel diameter in the model group showed decreased compared to the 
normal group (P < 0.05), whereas there was no significant difference between the HPM group and the model group (P > 
0.05; Figure 7B). The average vessel length in the model group was decreased compared to the normal group (P < 0.01), 
and those in the HPM group had an increasing trend, but the difference was not statistically significant compared with the 
model group (P > 0.05; Figure 7C).

Figure 5 Brightfield images of colon tissues before and after tissue clearing. 
Abbreviations: N, normal group; M, model group; HPM, herb-partitioned moxibustion group.

Figure 6 3D imaging of colon tissues by surface. The top part is the original signal and the bottom part is the surface signal. Scale bar: 700 µm. 
Abbreviations: N, normal group; M, model group; HPM, herb-partitioned moxibustion group; 3D, three-dimensional.
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Figure 7 The effect of HPM on 3D vascular architecture in CAC rats. (A) Representative 3D images of number of vessels. The left side is the original signal and the right side is the 
filament signal. (B) Representative 3D images of average vessel diameter. (C) Representative 3D images of average vessel length. (D) Representative 3D images of number of branch 
points (blue spheres represent four branches, and Orange spheres represent three or two branches). (E) Representative 3D images of vessel branch level. (F) Association of the number 
of branch points and vessel branch level with the average vessel length. Scale bar: 100 µm. Statistical significance was determined by One-way ANOVA or Kruskal–Wallis test (n=5); 
Spearman correlation analysis was calculated for the comparison between the number of branch points, vessel branch level data and the average vessel length data (n=5). *P < 0.05, **P < 
0.01, ***P < 0.001 (M vs N); ##P < 0.01, ###P < 0.001 (HPM vs M). 
Abbreviations: N, normal group; M, model group; HPM, herb-partitioned moxibustion group; 3D, three-dimensional; CAC, colitis-associated cancer; one-way ANOVA, one-way 
analysis of variance.
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To investigate the potential association between the average vascular length and vessel branch characteristics, we 
further conducted correlation analyses between the vessel branch characteristics (the number of branch points, and vessel 
branch level) and average vessel length. Quantitative analysis revealed strong inverse correlations, with Spearman’s rank 
coefficients of r =−0.950 for the number of branch points and average vessel length, and r=−0.885 for the vessel branch 
level and average vessel length. Therefore, both the vessel branch points and vessel branch level were negatively 
correlated with the average vessel length (P < 0.001, P < 0.001; Figure 7F).

Discussion
Through our sustained investigation into HPM for IBD, we have identified that HPM as a viable complementary and 
alternative therapeutic approach had certain advantages and effects in treating IBD.24,25,27,40,41 HPM is a type of 
moxibustion, which moxa cones are burned to warm up herb cakes to stimulate acupoints. In recent years, we have 
explored whether HPM has a role in CAC. In this study, we found that HPM showed significant advantages in reducing 
tumor size, which is similar to our previous researches.31,33

Tumor angiogenesis is the process of the formation of new blood vessels in the tumor to obtain sufficient oxygen and 
nutrients during tumor growth. The formation of neovasculature in tumors not only provides nutritional support for the 
sustained growth of tumors, but also is the pathway for the metastasis of tumor cells, which play important roles in both 
tumor growth and metastasis.42,43

The angiogenesis status in neoplastic tissues was assessed through MVD quantification by CD34 immunohistochem-
istry. In this study, the results indicated that the MVD increased in the model group and decreased in the HPM group. 
These findings revealed that HPM could reverse the elevated MVD in CAC. VEGF, one of the most important growth 
factors in promoting angiogenesis, primarily stimulates vascular endothelial cell proliferation and mediates lumen 
formation. Relevant studies have shown that VEGF expression is significantly elevated in patients with colon 
cancer.44,45 Our results also indicated a significant increase of VEGF expression in the model group, HPM attenuated 
its expression. Meanwhile, the enhancement of the glycolytic pathway in tumor tissues, the degeneration of mitochon-
drial function and the rapid proliferation of tumor cells result in an anoxic environment.46 The glycolytic pathway 
activates the production of ROS.47 The excessive production of ROS is strongly implicated in the pathological 
progression from ulcerative colitis to CRC.48 In our study, we observed HPM can reduce ROS levels, consistent with 
the findings of Wang X reported that HPM decreased ROS content in CAC mice.49 ROS generated at mitochondrial 
complex III stabilizes HIF-1α during hypoxia.50 The accumulation of HIF-1α activates VEGF and its receptor, thereby 
increasing the vascular permeability and promoting the formation of nodular vascular buds by vascular endothelial 
cells.7,51 In this study, it was found that the expressions of HIF-1α, VEGFA, and VEGFR1 were increased after modeling, 
accompanied by a decline in HPM group. CAC is a typical model of the pathological process of colitis-induced 
carcinoma. To elucidate whether HPM inhibition of angiogenesis was linked to inflammatory responses, we quantified 
key pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α). Our findings revealed that HPM could inhibit the expression 
of IL-6, IL-1β, and TNF-α. Study found that VEGF was mediated by the proinflammatory cytokine IL-6, which has been 
shown to be a strong promoter of tumor growth in CAC.52 Furthermore, both IL-1β and TNF-α exhibited synergistic 
upregulation with VEGF expression in CAC.53,54 Therefore, our study suggests a potential inflammatory-angiogenic 
coupling mechanism that may be targeted by HPM, which needs to be further studied in the future.

With the continuous development and optimization of big data acquisition, processing systems and computer 
reconstruction technologies, tissue and organ imaging has developed from traditional two-dimensional tissue sections 
to three-dimensional imaging applications.55 Emerging tissue clearing techniques have been able to reconstruct complex 
network structures of large tissues or individual organs, enabling the study of 3D vascular structures at the macroscopic 
level and fully reflecting subtle changes in the structure of body tissues and organs.

In recent years, tissue optical cleaning techniques have been developed by introducing various chemical agents and 
tools to reduce scattering and improve the depth of light penetration.56,57 Numerous tissue-clearing methodologies have 
been established, with common hydrophilic cleaning methods including clear, unobstructed brain/body imaging cocktails 
and computational analysis (CUBIC), scale method with sorbitol (ScaleS), and clearT. There are also many organic 
hydrophobic cleaning methods such as three-dimensional imaging of solvent-cleared organs (3DISCO), immunolabeling- 
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enabled DISCO (iDISCO), FDISCO, and fluorescence-enabled clearing with benzyl alcohol/benzyl benzoate 
(FluoClearBABB).58 The third type of clearing method includes hydrogel-based clearing methods such as clear lipid- 
exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ-hybridization-compatible tissue-hydrogel 
(CLARITY), and system-wide control of interaction time and kinetics of chemicals (SWITCH). Hydrophilic cleaning 
methods can better retain protein-based fluorescence, and organic hydrophobic cleaning methods can provide good 
clearance speed.59

In accordance with the regulatory effects of HPM on the MVD and vascular-related factors, we further used tissue 
transparency and 3D imaging technology to observe the structure of blood vessels to determine whether HPM affects on 
the vascular structure of CAC. In this study, an advanced optical clearing method FDISCO, based on 3DISCO, was used 
to observe the vascular architecture. FDISCO overcomes the shortcomings of 3DISCO, which involves rapid internal 
fluorescence quenching, and is often used in the presentation of vascular structures.58 FDISCO has the advantages of 
rapid processing time, high level of fluorescence preservation, and strong tissue removal ability.60 Therefore, we used the 
FDISCO tissue clearing technique to make the tissues transparent, and the 3D imaging to observe the vascular 
architecture. Intuitive quantitative research could reveal the rule of the blood supply of colon tumor, and describe and 
estimate the colon tumor blood supply from another perspective.

First, primary analysis utilizing the surface function in Imaris revealed the size of colon tumors in the HPM group 
was reduced compared to the model group. The colonic vasculature was subsequently intercepted by “Crop” module 
within the Imaris software, and the parts of the blood vessels were enlarged. Through the original signal and the filament 
signal, we observed that the colonic blood vessels in the model group exhibited an increased number of colonic vascular 
branches with disorganized morphology and a reticular distribution pattern compared to the normal group. The HPM 
group showed a reduction in branched vessels, which were predominantly arranged in a linear configuration compared to 
the model group. The findings of this study were consistent with previous research indicating that tumor vascular 
structures are disordered, with abnormal structures of blood vessels and increased abnormal branching.61,62

Then, we further statistically analyzed the number of vessels, average vessel diameter, average vessel length, number 
of branch points, and vessel branch level. Compared with the normal group, the number of vessels in the model group 
increased, indicating increased blood supply in CAC. HPM played an inhibitory effect on blood supply. These findings 
are consistent with the results of the MVD and angiogenesis-related cytokine in this study. Our study revealed that 
compared to the normal group, the model group exhibited a significant increase in both the number of branch points and 
vessel branch level, while marked reductions in average vessel diameter and length. Meanwhile, both vessel branch point 
and vessel branch level demonstrated a negative correlation with average vessel length, suggesting that the more vessel 
branches, the shorter vessel length. These findings are similar to Less JR reported a pattern in the vascular architecture of 
mammary carcinoma where longer blood vessels have fewer branches.63 In tumors, blood vessel formation and 
development occur in a poorly regulated, chaotic manner. In this context, the concept of “vascular normalization” has 
been established.64 Research has shown that anti-angiogenic therapy could “normalize” the vascular architecture of 
tumor, thereby improving their pathological condition and increasing their sensitivity to chemoradiotherapy.65 We found 
that HPM played a role in reducing blood vessel branches and had a tendency to make blood vessels longer, but it had no 
obvious regulatory effect on the average vessel diameter. This may provide insights into the combined application of 
HPM and anti-angiogenic agents in CAC treatment, particularly molecular-targeted drugs against VEGF/VEGFR path-
ways such as bevacizumab or regorafenib.

This study represents a preliminary exploration into the effects of HPM on the vasculature of CAC. Several 
limitations should be acknowledged in this study, primarily the relatively small sample size, the reliance on a single 
animal model, and lack of dose–response characterization of HPM, which may affect the generalizability of the findings. 
Future research can be built upon these findings to conduct more deeper, larger sample size studies in conjunction with 
chemotherapy, radiotherapy or angiogenesis inhibitors (such as VEGF inhibitors).

Conclusion
In summary, we found that HPM may play a role in reducing the blood supply to tumors and normalizing the chaotic 
tumor vascular system by reducing the formation of branch blood vessels in a CAC model. Our findings may offer 
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a promising new avenue for the clinical treatment of CAC. However, this study has certain limitations, including a small 
sample size and the use of a single animal model. We will further study whether HPM can be used as a complementary 
therapy for chemotherapy, radiotherapy, or anti-angiogenic agents to improve their efficacies in the future, thereby 
providing novel perspectives for developing combined therapeutic strategies in clinical management of CAC.
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