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ABSTRACT: Colon cancer is one of the most common malignant tumors worldwide and is associated with high 

morbidity and mortality. Conventional treatments are typically administered at advanced stages and often lead to severe 

adverse effects. Therefore, developing safe and effective nutritional interventions from natural food sources is of great 

importance for the prevention and management of colon cancer. Dairy-derived protein hydrolysates have received 

increasing attention as functional food components due to their biological activities and favorable safety profiles. In this 

study, lactoferrin (LF) was hydrolyzed using alkaline protease to obtain lactoferrin hydrolysate (LFH). LFH was 

administered to mice with azoxymethane/dextran sulfate sodium-induced colon cancer to evaluate its protective effects. 

LFH markedly alleviated colonic tissue injury, reduced serum levels of pro-inflammatory cytokines IL-1β, IL-6, and 

TNF-α, and decreased the expression of tumor markers CEA, CA19-9, as well as the proliferation marker Ki-67, thereby 

inhibiting tumor progression. At the molecular level, LFH downregulated key genes in the Wnt/β-catenin pathway, 

including c-Myc, β-catenin, and Cyclin D1. Furthermore, LFH upregulated pro-apoptotic genes Bax, caspase-9, caspase-

3, and p53, while downregulating anti-apoptotic genes Bcl-2 and Bcl-xl, suggesting enhanced apoptotic responses in 

tumor cells. LFH also significantly improved gut microbiota composition by reducing harmful bacteria such as Bacillus, 

Enterorhabdus, and Odoribacter, while increasing beneficial genera including Ruminococcus and 

Eubacterium_siraeum_group. Correspondingly, LFH elevated several gut microbial metabolites such as Chrysogine, 

Agmatine, 5′-Deoxy-5-Fluorocytidine, and Glutamyl-γ-Glutamate. Overall, this study provides new insights into the 

biological effects of LFH on colon cancer and supports its potential application in the development of LFH-based 

functional foods. 
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1. Introduction 

Colon cancer is one of the major malignant tumors worldwide and is characterized by high morbidity 

and mortality. According to the latest GLOBOCAN 2022 estimates from the International Agency for 

Research on Cancer (IARC) of the World Health Organization (WHO), colorectal cancer is the third most 

commonly diagnosed malignancy worldwide, with 1.93 million new cases and approximately 900,000 deaths 

reported in 2022. Although colorectal cancer includes both colon and rectal tumors, colon cancer accounts for 

a substantial proportion of the global disease burden. Current treatment strategies for colon cancer include 
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radiotherapy, chemotherapy, surgery, immunotherapy, and targeted therapy; however, these approaches are 

primarily applied in advanced stages and are often associated with severe adverse effects such as fatigue, 

alopecia, and hepatic or renal toxicity [1, 2]. Food-derived bioactive compounds—including polyphenols, 

polysaccharides, and protein peptides—have demonstrated therapeutic potential in alleviating gut-related 

disorders such as inflammatory bowel disease (IBD), colitis, and colon cancer [3-5]. Among these, protein 

peptides have shown notable promise in mitigating colon cancer. For example, walnut protein peptides induce 

apoptosis in colon cancer cells by activating cysteine-aspartic acid protease (caspase)-3, inhibit matrix 

metalloproteinase-9 (MMP9) to prevent metastasis, and suppress cell proliferation, thereby exerting anti-

colon-cancer effects [6]. Camel whey protein hydrolysates inhibit the growth of human colorectal cancer 

HCT116 cells by inducing G2/M cell cycle arrest. This effect is associated with decreased cyclin-dependent 

kinase 1 (CDK1) and Cyclin B1 expression, increased phosphorylated CDK1 (p-CDK1) and phosphorylated 

histone H3 (p-histone H3) levels, and modulation of cyclin-dependent kinase inhibitor 1 (p21) and tumor 

protein p53 (p53) [7]. In azoxymethane/dextran sulfate sodium (AOM/DSS)-induced mouse models, quinoa 

protein hydrolysate alleviates colon cancer by inhibiting histone deacetylase (HDAC1), regulating cancer-

related factors such as nuclear factor (NF)-κB, interleukin (IL)-6, IL-8, B-cell lymphoma 2 (Bcl-2), and 

caspase-3, and restoring gut microbial balance and short-chain fatty acid levels [8, 9]. These findings highlight 

the potential of food-derived protein peptides as nutritional interventions for colon cancer. 

Lactoferrin (LF) is an iron-binding glycoprotein widely distributed in mammalian milk and other 

secretions. It exhibits diverse biological functions, including antibacterial, antiviral, immunomodulatory, and 

anti-inflammatory activities [10, 11]. However, the relatively high molecular weight of intact LF may limit its 

bioavailability. In contrast, lactoferrin hydrolysate (LFH), produced through enzymatic hydrolysis, retains the 

essential bioactive domains of LF while exhibiting enhanced absorption, solubility, and bioavailability due to 

its reduced molecular size [12]. Previous studies have shown that LFH exerts antihypertensive and anti-

inflammatory effects by inhibiting angiotensin-converting enzyme (ACE) and regulating inflammation-

associated pathways [13]. LFH prepared from camel LF demonstrated ACE inhibitory activity up to 89.1%, 

significantly higher than that of native LF, suggesting enhanced antihypertensive potential [14]. In vivo, LFH 

inhibits ACE- and endothelin converting enzyme (ECE)-dependent vasoconstriction, thereby exerting 

antihypertensive effects in spontaneously hypertensive rats [15]. Despite these findings, its therapeutic efficacy 

against colon cancer has not been previously reported. 

In this study, colon cancer was induced in mice using the AOM/DSS model. By evaluating body weight 

changes, colon length, histopathological features, serum biochemical markers, and tumor-related indices, we 

examined the protective effects of LFH. We further analyzed the expression of genes related to the 

wingless/integration site β-catenin (Wnt/β-catenin) pathway and apoptosis, as well as alterations in gut 

microbiota and microbial metabolites, to clarify how LFH contributes to the alleviation of colon cancer. This 

study provides a theoretical basis for the development of LFH-based functional foods aimed at colon cancer 

prevention or relief. 
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2. Materials and methods 

2.1 Materials 

AOM was purchased from Sigma-Aldrich (St. Louis, MO, USA). DSS was obtained from MP 

Biomedicals Inc. (Irvine, CA, USA). LF (purity >98%) was sourced from Beston Global Food Company 

(Adelaide, Australia). Alkaline protease (≥200,000 U/g) was obtained from Beijing Solarbio Science & 

Technology Co., Ltd. (Beijing, China). Ki-67 antibody (GB121141), Cyclin D1 antibody (GB151372), β-

catenin antibody (GB12015), horseradish peroxidase (HRP)-labeled goat anti-mouse IgG (H+L) (GB23301), 

Cy3-labeled goat anti-rabbit IgG (H+L) (GB21303), Cy3-labeled goat anti-mouse IgG (H+L) (GB21301), 

3,3'-diaminobenzidine (DAB) chromogenic kit, EDTA antigen retrieval solution, bovine serum albumin 

(BSA), 4',6-diamidino-2-phenylindole (DAPI) staining solution, autofluorescence quencher, and fluorescence 

quencher were purchased from Wuhan Servicebio Technology Co., Ltd. (Wuhan, Hubei, China). 

Paraformaldehyde fixative, Trizol reagent, and RevertAid First Strand cDNA Synthesis Kit were obtained 

from Thermo Fisher Scientific (Waltham, MA, USA). 

2.2 Preparation of LFH 

LF was hydrolyzed using alkaline protease. LF powder was dissolved in deionized water, and alkaline 

protease was added at 5% (w/w). The mixture was incubated at 50℃ and pH 11.0 for 4 h with continuous 

stirring. Enzyme inactivation was performed by heating at 85℃ for 20 min. After centrifugation, the 

supernatant was collected, neutralized, freeze-dried, and stored for subsequent analysis. 

2.3 Construction of animal models and sample collection 

Male C57BL/6J mice (6-7 weeks old) were purchased from Hunan SJA Laboratory Animal Co., Ltd. 

(Changsha, Hunan, China) and housed in a specific-pathogen-free (SPF) facility under controlled 

environmental conditions (24-26℃, 50-60% humidity, 12 h light/dark cycle). Mice were allowed one week 

of acclimatization. All procedures were approved by the Laboratory Animal Welfare Ethics Review 

Committee of Southwest University (IACUC-20241125-09, Chongqing, China). 

The AOM/DSS-induced colon cancer model was established as previously described by Wei et al., with 

minor modifications [16]. A total of 24 mice were randomly assigned to three groups: control, AOM/DSS, and 

AOM/DSS+LFH (n = 8 per group). Mice in the control group received a single intraperitoneal injection of 

0.9% saline, followed by daily oral gavage of 0.9% saline and access to regular drinking water. Mice in the 

AOM/DSS group received a single intraperitoneal injection of AOM (10 mg/kgꞏbw). One week later, the mice 

were given 2% (w/v) DSS in their drinking water for one week, followed by two weeks of normal drinking 

water. This cycle was repeated three times, resulting in a 12-week experimental period. Mice in the 

AOM/DSS+LFH group underwent the same AOM/DSS induction protocol and additionally received a daily 

oral dose of LFH (400 mg/kgꞏbw) beginning on the day of AOM administration. Body weight was recorded 

weekly. At the end of the experiment, fecal, serum, and colonic tissue samples were collected and stored at -
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80℃. No animals died unexpectedly or failed to develop tumors; therefore, no subjects were excluded. 

Investigators responsible for sample analysis were blinded to group allocation. 

2.4 Pathological analysis of colonic tissue 

Colonic tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned. Hematoxylin 

and eosin (H&E) staining was performed following standard procedures. Morphological changes were 

observed and imaged using a light microscope (Olympus, Tokyo, Japan). 

2.5 Serum biochemical determination 

Serum biochemical markers were quantified using enzyme-linked immunosorbent assay (ELISA) kits 

(Jiangsu Meibiao Biotechnology Co., Ltd., Yancheng, China). A one-step sandwich ELISA based on a double-

antibody detection system was performed according to the manufacturer’s instructions. Microplate wells were 

pre-coated with capture antibodies specific for mouse IL-1β, IL-6, tumor necrosis factor (TNF)-α, 

arcinoembryonic antigen (CEA), and carbohydrate antigen 19-9 (CA19-9). Samples, standards, and HRP-

conjugated detection antibodies were added sequentially. After incubation and washing, tetramethylbenzidine 

(TMB) substrate was added. The HRP-catalyzed chromogenic reaction yielded a blue color, which turned 

yellow upon acidification. Absorbance was measured at 450 nm, and analyte concentrations were calculated 

from standard curves. 

2.6 Immunohistochemical analysis of Ki-67 

Immunohistochemistry was performed following a modified version of Liu’s method [17]. Paraffin-

embedded colonic tissue sections were incubated overnight at 4℃ with Ki-67 antibody (1:300), followed by 

incubation with HRP-labeled goat anti-mouse IgG (H+L) (1:200). DAB was used for chromogenic 

development, and hematoxylin was used for nuclear counterstaining. Ki-67-positive cells were observed using 

a microscope (Olympus, Tokyo, Japan). Quantification was performed with Image-Pro Plus 6.0 (Media 

Cybernetics Inc., USA), and the percentage of Ki-67-positive cells was calculated. 

2.7 Quantitative real-time PCR (qRT-PCR) 

Total RNA was extracted from colonic tissues using Trizol reagent and reverse transcribed into cDNA. 

Equal amounts of cDNA were used for qRT-PCR with SYBR Green Master Mix on a qRT-PCR detection 

system. PCR conditions were as follows: 95℃ for 20 s, 60℃ for 20 s, 72℃ for 30 s, repeated for 40 cycles. 

GAPDH served as the internal reference gene. Relative gene expression was calculated using the 2-△ △ CT. 

Primer sequences are listed in Supplemental Table 1. 
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Table 1. Differentially upregulated gut metabolites in azoxymethane/dextran sulfate sodium-induced mice treated 
with lactoferrin hydrolysate (LFH). 

Metabolite VIP value
Abundance of Model 

group 
Abundance of LFH 

group 
p value 

Chrysogine 4.4157 3.91 ± 0.16 5.07 ± 0.52 < 0.05 
5'-Deoxy-5-Fluorocytidine 3.8605 3.17 ± 0.50 4.31± 0.72 < 0.05 
Agmatine 3.7171 3.19 ± 0.41 4.34 ± 0.88 < 0.05 
4-[[1-(3-Chloro-4-Fluorobenzoyl)Piperidin-
3-Yl]Methoxy]-N-Propan-2-Ylbenzamide 

2.9275 4.98 ± 0.38 5.67 ± 0.41 < 0.05 

Glutamyl-Gamma-Glutamate 2.7752 4.77 ± 0.55 5.43 ± 0.19 < 0.05 
(2S,3S)-1-[[2-Methoxy-5-
(Trifluoromethoxy)Phenyl]Methyl]-2-
Phenylpiperidin-3-Amine 

2.6206 5.31 ± 0.33 5.88 ± 0.34 < 0.05 

Methylphenidate 2.527 4.52 ± 0.18 4.93 ± 0.11 < 0.05 
4-[5-(Benzenesulfonamido)-1-
Methylbenzimidazol-2-Yl]-N,N-
Diethylbenzamide 

2.5056 5.70 ± 0.32 6.24 ± 0.33 < 0.05 

Diferuloyl Putrescine 2.2934 6.52 ± 0.23 6.97 ±0.31 < 0.05 
N-Cyclopentyl-1-(4-
Ethoxyphenyl)Sulfonylpiperidine-4-
Carboxamide 

2.2092 4.48 ± 0.15 4.93 ± 0.41 < 0.05 

2.8 Immunofluorescence analysis 

After dewaxing, sections underwent antigen retrieval with EDTA buffer. Samples were blocked with 3% 

BSA for 30 min and incubated overnight at 4℃ with primary antibodies against Cyclin D1 (1:1000) or β-

catenin (1:600). After washing, sections were incubated for 1 h at 25℃ with the corresponding Cy3-labeled 

secondary antibodies (1:300). Nuclei were counterstained with DAPI, autofluorescence was quenched, and 

slides were mounted. Fluorescent images were captured using a Nikon Eclipse C1 microscope (Nikon 

Corporation, Tokyo, Japan), and fluorescence intensity was quantified using Image-Pro Plus 6.0 (Media 

Cybernetics, Bethesda, MD, USA). 

2.9 16S rRNA gene sequencing analysis 

Total DNA was extracted from fecal samples. The V3–V4 region of the 16S rRNA gene was amplified 

using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-

GGACTACHVGGGTWTCTAAT-3′). Sequencing was performed on an Illumina HiSeq 4000 platform 

(Illumina, San Diego, CA, USA). Raw reads were quality-filtered, merged based on overlapping regions, and 

denoised to obtain ASV representative sequences and abundance tables. Subsequent analyses and visualization 

were conducted using the Majorbio Cloud Platform (https://cloud.majorbio.com). 

2.10 Non-targeted metabolomics analysis of gut metabolites 

Fecal samples (50 ± 5 mg) were mixed with grinding beads and extracted with 400 μL of methanol-water 

(4:1, v/v). The mixtures were homogenized for 6 min at -10℃ (50 Hz), sonicated for 30 min at 5℃ (40 kHz), 

incubated at -20℃ for 30 min, and then centrifuged at 13,000 × g for 15 min at 4℃. The supernatant was 

evaporated under nitrogen, reconstituted in acetonitrile-water (1:1, v/v), ultrasonicated for 5 min, and 
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centrifuged again at 13,000 × g for 5 min. The final supernatant was transferred to LC-MS vials for subsequent 

analysis. 

Chromatographic separation was performed on an ACQUITY UPLC HSS T3 column (100 mm × 2.1 

mm, 1.8 μm). Mobile phase A consisted of 95% water and 5% acetonitrile (0.1% formic acid), and mobile 

phase B consisted of 47.5% acetonitrile, 47.5% isopropanol, and 5% water (0.1% formic acid). The injection 

volume was 3 μL, and the column temperature was 40℃. Data processing was conducted using Progenesis 

QI (Waters Corporation, Milford, USA). Mass detection, peak alignment, and metabolite identification were 

performed by matching MS and MS/MS spectra to metabolomics databases with a mass error threshold <10 

ppm. Identified metabolites were used for further statistical and pathway analyses. 

2.11 Statistical analysis 

Normality was assessed using the Shapiro-Wilk test, and homogeneity of variance using Levene’s test. 

One-way ANOVA followed by Tukey’s post-hoc test was performed using GraphPad Prism 8 (GraphPad 

Software, San Diego, CA, USA). Data are presented as mean ± standard deviation. A p-value <0.05 was 

considered statistically significant. 

3. Results 

3.1 LFH alleviates AOM/DSS-induced colon cancer in mice 

Body weight and colon length are important quantitative indicators for evaluating the progression of 

colon cancer. As shown in Figure 1A, mice in the AOM/DSS group exhibited significantly lower body weight 

compared with the control group at the end of the experiment (P < 0.05). LFH treatment did not significantly 

affect body weight relative to the AOM/DSS group (P > 0.05). Similarly, colon length was markedly reduced 

in the AOM/DSS group compared with the control group (Figure 1B; P < 0.05), whereas LFH administration 

did not produce a significant recovery in colon length (P > 0.05).  

To further assess the therapeutic potential of LFH, histopathological changes and serum pro-

inflammatory cytokines were examined. As shown in Figure 1C, colonic tissues from the control group 

displayed intact and well-organized crypt structures, abundant goblet cells, and preserved mucosal and 

muscular layers. In contrast, AOM/DSS-treated mice exhibited severe crypt loss, architectural distortion, 

goblet cell depletion, and prominent inflammatory cell infiltration. LFH treatment partially restored colonic 

structure, evidenced by more intact crypt architecture, increased goblet cell numbers, and reduced 

inflammatory infiltration compared with the AOM/DSS group. Consistent with these findings, serum levels 

of IL-1β, IL-6, and TNF-α were significantly elevated in AOM/DSS-treated mice by 1.38-, 1.48-, and 2.50-

fold, respectively, compared with the control group (Figures 1D–F; P < 0.05). LFH administration 

significantly reduced these cytokine levels by 1.28-, 1.44-, and 2.24-fold, respectively (P < 0.05). The serum 

tumor markers CEA and CA19-9 also increased significantly in the AOM/DSS group—by 1.67- and 1.32-

fold, respectively—relative to the control group (Figures 2A, B; P < 0.05). LFH treatment markedly decreased 

CEA and CA19-9 levels by 1.66- and 1.29-fold compared with the AOM/DSS group (P < 0.05). Ki-67, a 
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nuclear antigen associated with cell proliferation and tumor aggressiveness, was significantly elevated in 

AOM/DSS-treated mice, showing a 3.18-fold increase relative to controls (Figures 2D, E; P < 0.05). LFH 

treatment significantly reduced the number of Ki-67-positive cells by 1.94-fold (P < 0.05). 

Together, these results demonstrate that LFH mitigates AOM/DSS-induced colon cancer by improving 

colonic histopathology, reducing systemic inflammation, and suppressing abnormal cellular proliferation. 

 
Figure 1. Effects of lactoferrin hydrolysate (LFH) on body weight, colon index, and serum pro-inflammatory cytokines in 
azoxymethane/dextran sulfate sodium (AOM/DSS)-treated mice. (A) Weekly body-weight changes; (B) colon length; (C) 

histopathological staining of  colonic tissues; (D) serum interleukin (IL)-1β levels; (E) serum IL-6 levels; (F) serum tumor 
necrosis factor (TNF)-α levels. * indicates P < 0.05 compared with the control group; # indicates P < 0.05 compared with 

the model group; ns indicates no significant difference. 

 

Figure 2. Effects of lactoferrin hydrolysate (LFH) on tumor markers and cell proliferation in azoxymethane/dextran sulfate 
sodium (AOM/DSS)-treated mice. (A) Serum carcinoembryonic antigen (CEA) levels; (B) serum carbohydrate antigen 

(CA) 19-9 levels; (C) Ki-67 immunohistochemistry of colonic tissues; (D) quantification of Ki-67-positive cells. * indicates 
P < 0.05 compared with the control group; # indicates P < 0.05 compared with the model group. 
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3.2 LFH inhibits activation of the Wnt/β-catenin signaling pathway 

To evaluate whether LFH modulates the Wnt/β-catenin signaling pathway, the expression of key 

pathway-related genes was measured in colonic tissues. As shown in Figures 3A-C, AOM/DSS induction 

resulted in a significant upregulation of cellular myelocytomatosis oncogene (c-Myc), β-catenin, and Cyclin 

D1 compared with the control group (P < 0.05). LFH treatment markedly reduced the expression of these 

genes by 2.07-, 3.17-, and 2.56-fold, respectively (P < 0.05). 

 

Figure 3. Effects of lactoferrin hydrolysate (LFH) on the wingless/integration site β-catenin (Wnt/β-catenin) signaling 
pathway in azoxymethane/dextran sulfate sodium (AOM/DSS)-treated mice. (A) Relative expression of cellular 

myelocytomatosis oncogene (c-Myc); (B) relative expression of β-catenin; (C) relative expression of Cyclin D1; (D) 
immunofluorescence staining of Cyclin D1; (E) immunofluorescence staining of β-catenin; (F) relative fluorescence 

intensity of Cyclin D1; (G) relative fluorescence intensity of β-catenin. * indicates P < 0.05 compared with the control 
group; # indicates P < 0.05 compared with the model group. 
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Protein expression was assessed by immunofluorescence. As illustrated in Figures 3D–G, β-catenin and 

Cyclin D1 protein levels were significantly elevated in the AOM/DSS group relative to the control group (P 

< 0.05). LFH administration significantly decreased the fluorescence intensity of both proteins (P < 0.05), 

consistent with the qRT-PCR results. These findings indicate that LFH alleviates AOM/DSS-induced colon 

cancer, at least in part, by suppressing the Wnt/β-catenin signaling pathway. 

3.3 LFH regulates apoptosis-related genes in colonic tumor tissues 

To determine whether LFH influences apoptosis in tumor tissues, the mRNA expression of key apoptosis-

related genes was assessed in the colons of mice. As shown in Figure 4, AOM/DSS induction markedly 

decreased the expression of the pro-apoptotic genes Bcl-2-associated X protein (Bax), caspase-9, caspase-3, 

and p53 compared with the control group (P < 0.05). LFH administration significantly restored the expression 

of all four genes (P < 0.05). Conversely, the expression of the anti-apoptotic genes Bcl-2 and B-cell 

lymphoma-extra large (Bcl-xl) was significantly elevated following AOM/DSS induction (P < 0.05). LFH 

treatment reversed this trend, leading to a significant reduction in Bcl-2 and Bcl-xl expression (P < 0.05). 

These findings indicate that AOM/DSS disrupts the normal apoptotic regulatory network, enabling tumor cells 

to evade apoptosis and proliferate. LFH counteracts this dysregulation by modulating apoptosis-related gene 

expression, thereby promoting apoptotic activity in colonic tumor tissues. 

 

Figure 4. Effects of lactoferrin hydrolysate (LFH) on apoptosis-related gene expression in azoxymethane/dextran sulfate 
sodium (AOM/DSS)-treated mice. (A) Relative expression of Bcl-2-associated X protein (Bax); (B) relative expression of 

B-cell lymphoma 2 (Bcl-2); (C) relative expression of B-cell lymphoma-extra large (Bcl-xl); (D) relative expression of 
cysteine-aspartic acid protease (caspase)-9; (E) relative expression of caspase-3; (F) relative expression of tumor protein 
p53 (p53). * indicates P < 0.05 compared with the control group; # indicates P < 0.05 compared with the model group. 
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3.4 Effects of LFH on the gut microbiota of AOM/DSS-induced colon cancer mice 

To evaluate the impact of LFH on gut microbiota in AOM/DSS-induced colon cancer mice, both α-

diversity and β-diversity analyses were performed. As shown in Figures 5A–D, α-diversity indices (Ace, Chao, 

and Shannon) were significantly reduced in the AOM/DSS group relative to the control group (P < 0.05), 

indicating a marked decline in microbial richness and diversity. LFH treatment significantly restored these 

indices (P < 0.05). For the Simpson index, AOM/DSS induction resulted in a slight but nonsignificant 

decrease (P > 0.05), and LFH administration led to a nonsignificant upward trend (P > 0.05). As shown in 

Figure 5E, β-diversity analysis revealed clear separation between the Control and AOM/DSS groups, 

indicating substantial structural shifts in microbial communities. LFH treatment partially shifted the microbial 

profile away from the AOM/DSS group, demonstrating distinct clustering among the three groups. 

 
Figure 5. Effects of lactoferrin hydrolysate (LFH) on gut microbiota diversity in azoxymethane/dextran sulfate sodium 

(AOM/DSS)-treated mice. (A) Ace index; (B) Chao index; (C) Shannon index; (D) Simpson index; (E) Principal 
coordinates analysis (PCoA) plot of gut microbiota. * indicates P < 0.05 compared with the control group; # indicates P < 

0.05 compared with the model group; ns indicates no significant difference. 
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At the phylum level (Figure 6A), Firmicutes and Bacteroidota were the dominant taxa in all groups. The 

Firmicutes/Bacteroidota ratios in the Control, AOM/DSS, and AOM/DSS+LFH groups were 1.28 ± 0.45, 

1.68 ± 0.67, and 1.30 ± 0.70, respectively, with significant differences among groups (P < 0.05; Figure 6B). 

At the genus level (Figures 6C and 6D), AOM/DSS induction significantly increased the abundance of 

Bacillus, Turicibacter, Enterorhabdus, Odoribacter, Clostridium_sensu_stricto_1, and Romboutsia (P < 

0.05), while significantly reducing Ruminococcus, Akkermansia, Allobaculum, and 

Eubacterium_siraeum_group (P < 0.05). LFH treatment reduced the abundance of Bacillus, Enterorhabdus, 

Odoribacter, and Romboutsia, while increasing the abundance of Ruminococcus, Akkermansia, and 

Eubacterium_siraeum_group. Linear discriminant analysis effect size (LEfSe) analysis (Figure 6F) further 

showed that Ruminococcus, Akkermansiaceae, Eubacterium_siraeum_group, and Allobaculum were enriched 

in the control group, whereas Bacillus, Odoribacter, and Enterorhabdus were enriched in the AOM/DSS 

group. Turicibacter and Clostridium_sensu_stricto_1 were characteristic taxa in the AOM/DSS + LFH group. 

 
Figure 6.Effects of lactoferrin hydrolysate (LFH) on gut microbiota composition at the phylum and genus levels in 
azoxymethane/dextran sulfate sodium (AOM/DSS)-treated mice. (A) Relative abundance at the phylum level; (B) 

Firmicutes/Bacteroidota ratio, * indicates P < 0.05 compared with the control group; # indicates P < 0.05 compared with 
the model group; (C) relative abundance at the genus level; (D) significantly different genera, * P < 0.05, ** P < 0.01; (E) 

Linear discriminant analysis (LDA) discriminant bar chart. 
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To explore associations between gut microbiota and disease-related indicators, the top 30 genera were 

correlated with physiological parameters, serological markers, and gene-expression profiles (Figure 7). 

Notably, TNF-α, IL-6, and IL-1β were positively correlated with Bacillus and Odoribacter, and negatively 

correlated with Ruminococcus. Tumor markers CEA and CA19-9 showed positive correlations with 

Enterorhabdus, but negative correlations with Ruminococcus, Eubacterium_siraeum_group, and 

Lachnospiraceae_NK4A136_group.  Key oncogenic genes (c-Myc, Cyclin D1, and β-catenin) showed a 

positive correlation with Odoribacter and a negative correlation with Ruminococcus. The anti-apoptotic genes 

(Bcl-2 and Bcl-xl) were positively correlated with Enterorhabdus and Prevotellaceae_NK3B31_group, and 

negatively correlated with Ruminococcus. The pro-apoptotic genes (Bax and p53) exhibited positive 

correlations with Ruminococcus, but negative correlations with Bacillus, Odoribacter, and Enterorhabdus. 

Among the taxa analyzed, Bacillus, Odoribacter, Enterorhabdus, Ruminococcus, 

Eubacterium_siraeum_group, and Lachnospiraceae_NK4A136_group each showed significant correlations 

with five or more colon-cancer-related indicators. Taken together, these findings suggest that Bacillus, 

Enterorhabdus, and Odoribacter—substantially enriched after AOM/DSS induction and strongly associated 

with adverse physiological indicators—may function as harmful bacteria contributing to tumor progression. 

In contrast, Ruminococcus and Eubacterium_siraeum_group, which were markedly reduced by AOM/DSS 

but restored after LFH treatment, and which correlated negatively with inflammation and tumor markers, may 

serve as beneficial taxa mediating the protective effects of LFH on colon cancer. 

 

Figure 7. Correlation analysis of relative gut microbial abundance with colon cancer-related parameters. * P < 0.05, ** P < 
0.01, *** P < 0.001. 

3.5 The effect of LFH on gut metabolites in mice with colon cancer 

To evaluate metabolic alterations associated with LFH treatment, multivariate statistical analyses were 

performed on fecal metabolites. As shown in Figure 8A, partial least squares discriminant analysis (PLS-DA) 
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revealed a clear separation between the Control and AOM/DSS groups, indicating substantial metabolic 

disturbances induced by AOM/DSS. Following LFH administration, the AOM/DSS+LFH group also 

separated distinctly from the AOM/DSS group, suggesting that LFH exerted a marked regulatory effect on 

gut metabolism. The validity of the PLS-DA model was confirmed by permutation testing (Figure 8B), in 

which the Q² regression line intercepted below 0.05 on the Y-axis, demonstrating the absence of model 

overfitting. 

 

Figure 8. Effects of lactoferrin hydrolysate (LFH) on gut metabolites in azoxymethane/dextran sulfate sodium 
(AOM/DSS)-treated mice. (A) Partial least squares-discriminant analysis (PLS-DA) score plot; (B) PLS-DA permutation 
test; (C) volcano plot of differential metabolites (Model vs Control); (D) volcano plot of differential metabolites (LFH vs 
Model); (E) correlation analysis between gut microbiota and differential metabolites. * P < 0.05, ** P < 0.01, *** P < 

0.001. 
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Volcano plot analysis (Figures 8C and 8D) identified differential metabolites between groups. Relative 

to the control group, the AOM/DSS group exhibited 57 significantly upregulated and 130 significantly 

downregulated metabolites. Compared with the AOM/DSS group, LFH treatment resulted in 92 significantly 

upregulated and 89 significantly downregulated metabolites. Based on the criteria of VIP > 1 and P < 0.05, 

the ten most strongly upregulated metabolites in the AOM/DSS+LFH group were identified (Table 1), 

including Chrysogine, 5′-Deoxy-5-Fluorocytidine, Agmatine, Glutamyl-Gamma-Glutamate, and several 

additional small-molecule compounds. 

To further identify microbiota-associated metabolites influenced by LFH, correlations between the ten 

most upregulated metabolites and five key bacterial genera were analyzed (Figure 8E). Several metabolites—

such as (2S,3S)-1-[[2-Methoxy-5-(Trifluoromethoxy) Phenyl] Methyl]-2-Phenylpiperidin-3-Amine, 4-[5-

(Benzenesulfonamido)-1-Methylbenzimidazol-2-yl]-N,N-Diethylbenzamide, Diferuloyl Putrescine, and 4-

[[1-(3-Chloro-4-Fluorobenzoyl)Piperidin-3-yl]Methoxy]-N-Propan-2-ylbenzamide—showed significant 

positive correlations with Ruminococcus and Eubacterium_siraeum_group. Chrysogine was also positively 

correlated with these two taxa, while 5'-Deoxy-5-Fluorocytidine, Agmatine, Glutamyl-Gamma-Glutamate, 

Methylphenidate, and N-Cyclopentyl-1-(4-Ethoxyphenyl)Sulfonylpiperidine-4-Carboxamide were positively 

correlated with Eubacterium_siraeum_group alone. In contrast, several metabolites displayed significant 

negative correlations with harmful taxa. For example, 5′-Deoxy-5-Fluorocytidine and Agmatine were 

negatively correlated with Enterorhabdus and Bacillus. Glutamyl-Gamma-Glutamate and Chrysogine showed 

negative correlations with Odoribacter and Enterorhabdus, while Methylphenidate and 4-[[1-(3-Chloro-4-

Fluorobenzoyl)Piperidin-3-yl]Methoxy]-N-Propan-2-ylbenzamide were negatively correlated with 

Enterorhabdus and Odoribacter, respectively. Overall, five metabolites—Chrysogine, Agmatine, 5′-Deoxy-

5-Fluorocytidine, Glutamyl-Gamma-Glutamate, and 4-[[1-(3-Chloro-4-Fluorobenzoyl)Piperidin-3-

yl]Methoxy]-N-Propan-2-ylbenzamide—showed significant correlations with at least three bacterial genera, 

suggesting that they may represent key microbial metabolites associated with the beneficial effects of LFH. 

4. Discussion 

In the AOM/DSS-induced mouse model of colon cancer, chronic inflammation and tumorigenesis jointly 

exert profound effects on colonic structure and function. A key pathological feature is the disruption of crypt 

architecture, which compromises intestinal homeostasis and promotes adenoma formation and progression 
[18]. Consistent with previous reports, the AOM/DSS group in this study displayed substantial crypt loss, 

architectural distortion, reduced goblet cells, and marked inflammatory infiltration. LFH administration 

mitigated these histopathological alterations, as evidenced by improved crypt integrity, increased goblet cell 

numbers, and reduced inflammatory cell infiltration, suggesting that LFH can attenuate AOM/DSS-induced 

colonic injury. Pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α are major mediators of chronic 

inflammation and are closely associated with the development of inflammation-driven colorectal cancer [19]. 

Their elevated expression in AOM/DSS-induced models is recognized as a critical contributor to tumor 

progression, and reducing these cytokines can alleviate inflammatory responses and suppress disease 
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development [20]. In agreement with earlier findings, LFH treatment markedly decreased serum IL-1β, IL-6, 

and TNF-α levels, indicating a significant anti-inflammatory effect that may contribute to its protective role 

in colon cancer. Tumor markers play an important role in the early screening, auxiliary diagnosis, prognosis 

assessment, therapeutic evaluation, and recurrence monitoring of colon cancer [21]. Among them, CEA is one 

of the most widely applied clinical markers. An elevated serum CEA concentration is often closely associated 

with the presence, progression, and even recurrence of tumors, and is therefore commonly used for monitoring 

colon cancer [22]. CA19-9, a high-molecular-weight mucin-associated polysaccharide antigen, is also widely 

expressed in gastrointestinal tumors and serves as an important indicator in their clinical evaluation [23]. 

Previous studies showed that AOM/DSS induction elevates serum CEA and CA19-9, while therapeutic 

interventions can reduce their levels [24-26]. Similarly, LFH significantly lowered both CEA and CA19-9 

compared with the AOM/DSS group, further supporting its role in attenuating tumor development. The 

dysregulation of cell-cycle control is one of the core molecular mechanisms underlying the initiation and 

progression of malignant tumors. It is characterized by sustained activation of proliferative signaling pathways 

and impaired cell-cycle checkpoints [27]. Compared with normal cells, tumor cells exhibit uncontrolled 

proliferative behavior, and various molecular markers are used to detect and evaluate this abnormal 

proliferative state [28]. Ki-67 is a nuclear antigen associated with cell proliferation and is aberrantly expressed 

in numerous tumors and precancerous lesions. Its expression level reflects the proliferative activity of tumor 

cells and is closely associated with tumor initiation, progression, metastatic potential, and treatment response. 

An elevated Ki-67 index indicates enhanced proliferative capacity of colon cancer cells, thereby contributing 

to cancer progression [29, 30]. Previous studies have shown that Ki-67 expression is significantly reduced after 

therapeutic intervention in colon cancer models [30], and inhibiting Ki-67 expression has been reported to exert 

antitumor effects [31]. Consistent with these findings, LFH administration markedly reduced the number of Ki-

67–positive cells in AOM/DSS-induced mice compared with the model group, suggesting that LFH effectively 

suppresses malignant proliferation in tumor tissues. In summary, LFH alleviates AOM/DSS-induced colon 

cancer by mitigating pathological damage, reducing the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α, 

lowering the serum tumor markers CEA and CA19-9, and suppressing aberrant cellular proliferation—as 

evidenced by decreased Ki-67 expression. 

The Wnt signaling pathway is a complex and highly conserved regulatory system throughout biological 

evolution. Among its branches, the Wnt/β-catenin signaling cascade plays a crucial role in maintaining cellular 

homeostasis and is also widely implicated in the initiation and progression of various cancers [32, 33]. Under 

cancerous conditions, the β-catenin–regulated Wnt pathway becomes aberrantly activated, leading to impaired 

phosphorylation and degradation of β-catenin. Consequently, β-catenin accumulates in the cytoplasm, 

translocates into the nucleus, and binds to transcription factors of the TCF/LEF family, thereby promoting the 

transcription of downstream oncogenic targets such as c-Myc and Cyclin D1. These events collectively 

regulate cell proliferation, differentiation, migration, and apoptosis [34, 35]. In the present study, AOM/DSS 

induction markedly upregulated key genes and downstream effectors of this pathway, including c-Myc, β-
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catenin, and Cyclin D1. LFH treatment significantly reduced their expression, suggesting that LFH may exert 

protective effects against AOM/DSS-induced colon cancer by suppressing aberrant activation of the Wnt/β-

catenin axis.  

Cell apoptosis is an essential physiological process that removes abnormal or damaged cells, thereby 

preventing tumor development [36]. Growing evidence indicates that promoting apoptosis represents a major 

anticancer strategy for numerous therapeutic compounds [37, 38]. Apoptosis involves both intrinsic and extrinsic 

pathways, among which the intrinsic mitochondrial pathway plays a central role in suppressing colon cancer 

progression [39]. This pathway is primarily regulated by the p53/caspase axis and the Bcl-2 protein family. As 

a key tumor suppressor, p53 initiates apoptosis by activating transcription of pro-apoptotic genes such as Bax 

while repressing anti-apoptotic genes including Bcl-2 [40], and also triggers the downstream caspase cascade 
[41]. In colon cancer, impairment of p53 function frequently contributes to apoptotic escape [42]. Within the 

mitochondrial pathway, the balance between pro-apoptotic Bax and anti-apoptotic Bcl-2 and Bcl-xl 

determines whether cells undergo apoptosis [43, 44]. Bax facilitates mitochondrial membrane permeabilization 

and release of apoptogenic factors [45], whereas Bcl-2 and Bcl-xl counteract apoptosis by inhibiting Bax 

activity [46]. An increase in Bax accompanied by a decrease in Bcl-2/Bcl-xl is widely recognized as a hallmark 

of intrinsic apoptotic pathway activation [47].Caspase-9 acts as the initiator caspase of the intrinsic apoptotic 

pathway [48]. It can be activated either through p53-mediated signaling or by cytochrome c released from 

mitochondria [49, 50]. Activated caspase-9 subsequently triggers the downstream executioner caspase-3 [48, 49], 

which cleaves multiple intracellular substrates to complete the programmed cell death process [48, 51]. 

Accordingly, evaluating the expression of these apoptosis-related genes provides meaningful insight into 

intrinsic apoptotic pathway activation. Previous research has shown that upregulation of Bax accompanied by 

downregulation of Bcl-2 and Bcl-xl activates the mitochondrial apoptotic pathway, leading to caspase-9 

activation and subsequent caspase-3-mediated execution of apoptosis [52]. Consistent with previous findings, 

LFH treatment significantly increased Bax expression while decreasing Bcl-2 and Bcl-xl levels in AOM/DSS-

induced colon cancer mice, suggesting reduced apoptotic resistance in tumor cells. Furthermore, LFH 

enhanced the expression of p53, caspase-9, and caspase-3, providing additional evidence that LFH promotes 

activation of the intrinsic apoptotic pathway in colonic tissues. 

The human gastrointestinal tract contains a complex and diverse microbial community that plays a central 

role in host health and gut immune regulation. Disruption of gut microbial homeostasis can alter the intestinal 

microenvironment and contribute to gastrointestinal diseases, including colon cancer [16]. Increasing evidence 

suggests that gut microbiota dysbiosis facilitates colon cancer progression, whereas specific dietary 

components may alleviate colon cancer by modulating microbial composition [8, 53]. In this study, LFH 

treatment markedly increased Ace, Chao, and Shannon diversity indices. β-diversity analysis further 

demonstrated significant differences among groups, indicating that LFH effectively reshaped the gut microbial 

structure disrupted by AOM/DSS induction. This finding aligns with previous reports showing that quinoa 

peptides improved gut microbial profiles in colon cancer models [8]. At the phylum level, changes in the 
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Firmicutes/Bacteroidetes ratio are closely linked to intestinal inflammation and inflammation-associated 

colorectal cancer, while restoring this ratio may help suppress colorectal tumorigenesis [54]. Similar to findings 

with Sparassis latifolia, which lowered this ratio and alleviated colon cancer symptoms [16], LFH reduced the 

elevated Firmicutes/Bacteroidetes ratio observed in AOM/DSS mice, implying that modulating microbial 

balance may contribute to its protective effects. Further analysis at the genus level revealed notable shifts. 

Bacillus has been reported to secrete toxins that facilitate carcinogenic processes [55]; Enterorhabdus is 

associated with tumor growth [56]; and Odoribacter is a key taxon linked to colorectal adenoma/carcinoma 

microbiota [57]. In contrast, Ruminococcus is involved in short-chain fatty acid production [58], which 

suppresses inflammatory cytokine expression and promotes mucosal repair through inhibition of NF-κB 

pathway activation [59]. The Eubacterium_siraeum_group is recognized as a beneficial genus with protective 

roles in DSS-induced colitis [60]. Consistent with these findings, AOM/DSS induction in the present study 

significantly increased Bacillus, Enterorhabdus, and Odoribacter abundance, while decreasing Ruminococcus 

and Eubacterium_siraeum_group. LFH treatment partially restored these beneficial taxa to levels comparable 

to the control group. Importantly, Bacillus, Odoribacter, Enterorhabdus, Ruminococcus, and 

Eubacterium_siraeum_group were significantly correlated with at least five colon cancer–related 

physiological indicators, highlighting their functional relevance. These observations suggest that Bacillus, 

Enterorhabdus, and Odoribacter may serve as harmful bacteria contributing to AOM/DSS-induced colon 

cancer, whereas Ruminococcus and Eubacterium_siraeum_group may exert protective roles associated with 

LFH treatment. Microbial alterations were accompanied by marked shifts in gut metabolites. Metabolomic 

analysis allows identification of compounds associated with specific physiological or pathological states, 

advancing understanding of disease mechanisms. Chrysogine has been reported to disrupt tumor cell energy 

metabolism with potential antitumor activity [61, 62]. 5′-Deoxy-5-Fluorocytidine is a prodrug converted into 5-

fluorouracil, a well-established chemotherapeutic agent that inhibits thymidylate synthase, induces nucleotide 

imbalance, and causes DNA damage responses, thereby suppressing tumor cell growth [63]. Agmatine inhibits 

tumor cell proliferation by down-modulating growth-promoting signaling pathways and activating apoptosis-

associated proteins [64]. Glutamyl-gamma-glutamate has been shown to inhibit tumor growth by activating 

TLR4-dependent immune pathways [65]. In this study, LFH significantly increased the abundance of 

Chrysogine, Agmatine, 5′-Deoxy-5-Fluorocytidine, and Glutamyl-Gamma-Glutamate, all of which exhibited 

strong correlations with key gut bacterial genera. These findings suggest that LFH may alleviate colon cancer 

through coordinated modulation of both gut microbiota and their metabolites. Future studies are warranted to 

validate the roles of these key bacteria and metabolites in LFH-mediated protection using targeted cellular and 

animal experiments. 

5. Conclusions 

This study systematically investigated the alleviating effects of LFH on colon cancer using an 

AOM/DSS-induced mouse model. The findings demonstrated that LFH improved the histopathological 

morphology of colonic tissue, significantly reduced serum inflammatory cytokine levels, and inhibited the 
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abnormal cell proliferation induced by AOM/DSS, thereby exerting a notable protective effect against colon 

cancer. These beneficial effects appeared to be associated with the modulation of the Wnt/β-catenin signaling 

pathway and the regulation of apoptosis-related gene expression, which together contributed to enhanced 

apoptotic responses in tumor tissues. Moreover, LFH markedly influenced key gut microbial taxa and their 

associated metabolites, and these alterations showed significant correlations with its anti-colon cancer effects. 

In summary, this work provides new insights into how LFH may alleviate colon cancer and supports its 

potential application in the development of functional foods. 
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