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High dietary methionine induces secondary bile acids dysmetabolism and 
promotes the development of colorectal cancer in mice
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ABSTRACT

Methionine, an essential amino acid, is abundant in animal protein. High dietary methionine intake is associated 
with the promotion of colorectal cancer (CRC); however, the mechanisms remain unclear. This study aimed to 
investigate the underlying mechanisms of high dietary methionine promoting CRC and evaluate the effect of 
high dietary methionine on healthy intestine. Our results demonstrated that high dietary methionine intake 
exhibited a higher incidence and invasion of tumors in azoxymethane/dextran sulfate sodium-induced mice. 
Meanwhile, the gut microbiota were disturbed, consequently fostering the metabolism of secondary bile acids. 
The contents of lithocholic acid and deoxycholic acid significantly increased (P < 0.01), which further activated 
the bile acid membrane receptors TGR5, and then the activated TGR5 promoted tumor proliferation through 
STAT3 and YAP pathways. Pseudo-germ-free mice validated the role of gut microbiota and secondary bile acids 
in promoting CRC by high dietary methionine. Notably, similar disturbances in gut microbiota and bile acid 
metabolism were observed in the intestine of healthy mice with high dietary methionine intake. In conclusion, 
dysregulation of bile acid metabolism and activation of the corresponding receptor TGR5 were mechanisms 
promoting CRC associated with high dietary methionine intake.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Dietary nutrition exerts crucial effects on health. Over the past few 

decades, epidemiological studies have suggested that dietary habits play an 

essential role in developing colorectal cancer (CRC) as a risk factor[1-3]. 

Methionine, as an essential amino acid, is a considerable component of 

dietary protein. As an important amino acid involved in one-carbon 

metabolism, methionine is essential for protein synthesis, sulfur 

metabolism, DNA, RNA, and histone methylation[4]. Animal-derived 

foods contain significantly higher amounts of methionine compared to 

plant-derived foods, including soybean products[5]. The methionine intake 

recommended by the WHO is 10.4 mg/(kg·day). The diet style dominated 

by animal-derived foods, such as the Western diet, tends to consume more 

than 2 times the recommended amount of methionine[6-7]. Recent study has 

shown that the daily methionine intake was around 17.6 mg/(kg·day)[8]. 

Besides, high protein intake is important for improving nutritional status 

indices in cancer patients due to the need to prevent weight and muscle 

loss[9]. However, high protein intake is commonly accompanied by excess 

methionine intake. Clarifying the effects of excess methionine on cancer 

patients is extremely important for the development of an appropriate 

dietary strategy. Recent studies have found that tumor cells are dependent 

on exogenous methionine uptake. Controlling methionine intake can 
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inhibit tumor progression and increase chemotherapy sensitivity[8,10]. At the 
same time, previous studies have found that methionine supplementation 
promotes CRC progression by promoting aberrant crypt proliferation and 
increasing gut-specific Cdx-1 expression[11]. However, as an important 
component of the tumor microenvironment, effector T cells are crucial for 
tumor immunity. Several studies have found that sufficient methionine 
plays a vital role in T cell activation and differentiation[12-13]. Therefore, the 
role and underlying mechanisms of methionine in tumor progression 
remain unresolved.

Studies have shown that the micromolecules produced by the 
metabolism of methionine have a profound impact on the cross-talk 
between gut microorganisms and their interactions with the host[14]. 
Accumulating evidence has indicated that dysbiosis of the gut microbiota 
is a considerable factor in the development of CRC[15]. Invasive bacterial 
biofilms were found in the colonic mucosa of approximately 50% of 
sporadic CRC patients and 13% of healthy control subjects. Numerous 
intestinal commensal bacteria promote CRC progression, including 
Streptococcus, Eubacterium, Clostridium, Bacteroides fragilis, 
Enterococcus faecalis, and Escherichia coli[16-19]. Moreover, an elevated 
level of commensal bacteria was noted in CRC patients compared with 
healthy volunteers[20]. Besides, gut microbial dysbiosis damages the 
intestinal barrier function, which increases intestinal permeability. 
Disruption of gut barrier integrity results in the translocation of bacteria or 
inflammatory molecules from the intestine, which can activate 
inflammation and enhance the initiation and advancement of CRC[21].

Recently, it has been revealed that bile acids play an important part 
in the control of CRC[22]. Primary bile acids are synthesized in the liver 
and excreted into digestive tract. Subsequently, primary bile acids are 
transformed into secondary bile acids by various reactions, including 
deconjugation and 7-dehydroxylation. Many intestinal bacteria have 
been involved in this process, mainly including Bacteroides, 
Clostridium, Enterococcus, Lactobacillus and Bifidobacterium[23-26]. 
Secondary bile acids, especially lithocholic acid (LCA) and deoxycholic 
acid (DCA), are more cytotoxic due to their strong hydrophobicity. They 
accelerate tumor progression by promoting mitochondrial damage and 
cell membrane disruption leading to increased levels of reactive 
oxygen[27-29]. In addition, recent studies have reported that bile acids can 
also act as signaling molecules by binding to bile acid receptors such as 
TGR5, which influence tumor proliferation by affecting the tumor 
initiation potential and epithelial mesenchymal transition process of 
tumor stem cells[30-31]. Thus, we hypothesized that excessive methionine 
intake may affect the development of CRC by influencing the gut 
microbiota and bile acid metabolism.

To verify whether high dietary methionine has the constitutive effect 
on intestinal tumorigenesis, azoxymethane/dextran sulfate sodium 
(AOM/DSS) -induced CRC mice model were used to evaluate mice’s 
carcinogenesis-related indicators after excessive methionine intake. In 
addition, the variations of bile acid metabolome and the corresponding 
recepter TGR5 were investigated to reveal the involved potential 
mechanisms. Taken together, it is important to clarify the effect of 
methionine on intestinal health for revealing the gastrointestinal toxicity 
of methionine and formulating clinical nutrition strategy.

2.　Materials and methods

2.1　Materials

All reagents and materials are shown in Supplementary Information.

2.2　Animals and experimental design

A total of 48 specific-pathogen-free (SPF) Balb/c mice (male, 
6 weeks old) were obtained from Charles River (Biotechnology 
Co., Ltd., Beijing, China). All animal experiments were approved 
by the Animal Care and Use Committee of Nankai University 
(permit number: SYXK 2019-0001). Mice were housed at (22 ± 2) ℃ 
with (50 ± 5)% relative humidity and a standard 12/12 h light/dark 
cycle. Food and water were provided ad libitum. The methionine 
doses used in the current study were based on those used in 
previous studies[32-37]. The experimental diets were purchased from 
Xietong Inc. (Nanjing, China). The ingredients of the experimental 
diets are provided in Table S1. Firstly, 48 mice were randomly 
divided into 4 groups: control group (0.86% methionine, CTRL), 
high methionine group (1.5% methionine, HM), AOM/DSS group 
(0.86% methionine, AOM/DSS), and high methionine + AOM/DSS 
group (1.5% methionine, HM + AOM/DSS), each group contained 
12 mice. Antibiotic mixtures were used to eliminate the effects of 
gut microbiota in AOM/DSS-treated CRC mice. Mice were given 
the antibiotic cocktail 7 days before the beginning of the 
experiment to ensure gut microbiota elimination and continued 
until the end of the experiment. The antibiotic cocktail was 
performed as previously described (1 g/L streptomycin, 0.5 g/L 
ampicillin, 1 g/L gentamicin and 0.5 g/L vancomycin) [38]. Then, 
16 mice were randomized into 2 groups (n = 8): control chow 
group (0.86% methionine, anti-MOD) and high methionine chow 
group (1.5% methionine, anti-HM).

AOM/DSS induced the CRC model and the protocol is shown in 
Fig. 1A. On week 1, calculate the injection volume of AOM (1 mg/mL) 
to achieve a dose of 10 mg/kg (i.p.). Then, AOM/DSS-treated mice 
were given 3 cycles of 2.5% DSS for 7 days in weeks 2, 5, and 8. 
Meanwhile, the mice in CTRL group and HM group received the 
equivalent volume of water. Water intake in DSS treatment periods 
are provided in Supplementary Information. All mice were 
euthanized at the end of the experiment. After dissection, blood, 
spleen, and colon were collected. The spleen weight, length of the 
colon, and number of tumors were examined. The tumor-bearing 
colorectal tissues of the mice were fixed with 4% paraformaldehyde. 
The blood, remaining colorectal tissues and colonic contents were 
stored at −80 ℃ for further analysis.

2.3　Disease activity index (DAI) measurement

DAI was calculated weekly for each mouse according to the 
following criteria weight loss (0, no loss; 1, 1%–3% loss; 2, 3%–6% loss; 
3, 6%–9% loss; 4, > 9% loss); stool (0, normal; 2, loose stool; 4, diarrhea), 
and fecal blood (0, none; 2, blood visible in stool; 4, gross bleeding), as 
described previously[39].

2.4　 Hematoxylin-eosin (H&E) and immunohistochemistry 
(IHC) staining

Colon tissues were fixed in 4% paraformaldehyde and then 
dehydrated and paraffin-embedded. 4 μm sections of colon tissue 
segments were stained with H&E and IHC. The experimental procedures 
were shown in the Supplementary Information.
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2.5　Intestinal permeability assay

Fluorescein isothiocyanate (FITC) -dextran (MW = 4 kDa; Sigma-
Aldrich, MO, USA) was employed to assess intestinal permeability. 
Mice were given intragastric administration of 500 mg/mL of FITC-
dextran (0.3 mL) after 4-h fasting. Following a 90-min interval, mice 
were anesthetized with isoflurane and subjected to live imaging using the 
IVIS Spectrum system (Perkin Elmer, Waltham, Massachusetts, USA). 
After 4 h, all mice were sacrificed under anesthesia and the serum was 
collected for determination of fluorescence intensity. The fluorescence 
was measured using Tecan-Spark Multimode Microplate Reader 
(Tecan, Männedorf, Switzerland).

2.6　Gut microbiota analysis

The colonic content samples were used to extract microbial 
DNA using the E.Z.N.A.® soil DNA Kit according to the 
manufacturer’s instructions. The detailed procedures are shown in 
the Supplementary Information.

2.7　Bile acid analysis

Bile acids were extracted from feces and measured according to 
the published protocol[40-41]. Briefly, feces samples were collected and 
lyophilized. Freeze-dried feces samples were homogenized in water 
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and the homogenate was mixed with ice-cold methanol (1:3, V/V) to 
denature the protein. The mixture was then centrifuged at 12 000 × g 
at 4 ℃ for 10 min. The supernatant was collected and filtered using a 
0.22 μm nylon filter for UPLC-MS/MS analysis. The experimental 
procedures are shown in the Table S2.

2.8　Quantitative analysis of gene expression in colon tissue 
by reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted from colon tissue and then 
converted to cDNA for RT-qPCR analysis. The RT-PCR analysis 
was carried out using SYBR Green Master MIX on the CFX96 
RT-qPCR system of Bio-Rad. The housekeeping gene (β-actin) 
was used for normalization, the target genes were quantified by 
relative quantification (2–∆∆Ct). The gene-specific primers used in this 
study are provided in Table S3.

2.9　Quantification of cytokines in serum by ELISA

After the mice were euthanized, blood was collected followed by 
centrifugation at 3 000 × g for 15 min to collect the supernatant to 
obtain serum. The levels of tumor necrosis factor α (TNF-α) and 
interleukin 1β (IL-1β) in serum were assessed by commercial 
detection kits according to the manufacturer’s instructions.

2.10　Western blot analysis

Proteins were extracted from colon tissue followed by 
homogenized in RIPA solution with 1% protease inhibitor (HY-K0010) 
and 1% phosphatase inhibitor (HY-L081; MedChemExpress, Shanghai, 
China). Protein concentrations were quantified by the PierceTM BCA 
protein assay kit (#23227; Thermo Fisher Scientific, MA, USA). The 
samples preparation, experimental procedures, and antibodies used in 
this study are shown in the Supplementary Information.

2.11　Statistical analysis

The SPSS v. 26 software was used for conducting one-way 
ANOVA and post Hoc Multiple Comparisons LSD or Dunnett’s T3 
test when the quantitative data were normally distributed for all 
analysis. Otherwise, statistical analysis was performed by Kruskal-
Wallis Test, P < 0.05 is considered statistically significant. Data for 
independent experiments are presented as means ± standard error 
mean (SEM).

3.　Results

3.1　 Effect of high dietary methionine on physiological 
indexes of AOM/DSS-induced CRC mice

Similar to colitis associated CRC patients, AOM/DSS-treated 
mice showed obvious symptoms such as the loss of body weight, 
diarrhea, bloody stool, and colon atrophy. Body weight changes 
were shown in Fig. 1B, as indicated by significantly decreased 
body weight during 3 cycles of DSS treatment. High methionine 
intake effectively increased DSS-induced weight loss during the 

experiment. However, the administration of high methionine diet 
alone to mice without AOM/DSS-treated did not induce changes 
in body weight. Meanwhile, no significant differences were 
found among all groups regarding food intake and water intake 
(Figs. 1C and S1). Notably, compared with AOM/DSS group, 
HM + AOM/DSS group showed a higher DAI score, leading to 
mortality in 42% in comparison with 8% of the AOM/DSS group 
(Figs. 1D and E).

3.2　High dietary methionine promoted athological symptoms 
and colonic inflammation of AOM/DSS-induced CRC mice

As shown in Figs. 2A and B, the depletion of AOM/DSS damages 
the colonic tissue, and the derived cumulative pro-inflammatory 
response is manifested by increased splenic metabolic rate and 
accumulation of immune cells, leading to splenomegaly. In addition, 
colon tissue samples were homogenized and RNA was extracted to 
assess the relative expression of proinflammatory cytokines IL-1β and 
TNF-α. As shown in Fig. 2C, similar changes were found in AOM/
DSS group and HM + AOM/DSS group. Compared with the CTRL 
group, IL-1β (P = 0.073) and TNF-α (P < 0.01) were increased in 
AOM/DSS-treaded group. However, compared with AOM/DSS 
group, HM + AOM/DSS group showed a significant increase in the 
relative mRNA expression of TNF-α (P < 0.05). Consistently, the 
formation of IL-1β and TNF-α (P < 0.01) in serum were significantly 
accumulated in AOM/DSS-treated mice. Excessive methionine 
intake significantly increased the forming of the inflammatory 
cytokines. Notably, the administration of high methionine diet alone 
to mice without AOM/DSS intervention did not induce changes in 
the above indices.

To further analyze colon tissue damage, colon tissues were 
analyzed histologically using the H&E method (Fig. 2D). Colon 
tissues in the CTRL group appeared normal, as indicated by the 
presence of an intact colonic mucosa and well-organized glandular 
cells within the crypts, while high methionine diet alone did not cause 
an obvious infiltration of inflammatory cell. Colon tissues exhibited 
inflammatory signs, such as surface epithelium erosion, crypt 
destruction, destroyed muscular, infiltrating immune cells, mucosae, 
and submucosa edema in the AOM/DSS-treated group. Furthermore, 
these inflammatory signs were exacerbated when mice were given a 
high methionine diet.

3.3　 High dietary methionine promoted tumorigenesis of 
AOM/DSS-induced CRC mice

As shown in Figs. 3A-C, AOM/DSS-treated mice showed 
colon atrophy, dysplasia, and neoplasia. The location of tumors 
was mostly in the distal parts of the colon, which is similar to the 
clinical CRC patients. All of the AOM/DSS-treated mice 
developed tumors after 3 DSS cycles. Compared with AOM/DSS 
group, the total number of tumors was significantly larger 
(P < 0.05) and the colon length was shorter in HM + AOM/DSS 
group. Moreover, the expression of tumor stem cell signature 
genes in colon tumor tissue was also significantly increased in the 
HM + AOM/DSS group (Fig. 3D, P < 0.05). To demonstrate the 
proliferation of tumor cells, the expression of proliferative protein 
Ki67 was analyzed by IHC staining. As shown in Fig. 3G, the 
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number of cells in the active proliferation increased significantly 

after the AOM/DSS treatment. Furthermore, high methionine diet 

promoted the expression of Ki67 in the HM + AOM/DSS group 

compared to the AOM/DSS group (Fig. 3E, P < 0.05). At the same 

time, we analyzed the expression of vimentin, a marker of 

epithelial-mesenchymal transition in colon tissue. The expression 

of vimentin was significantly increased after AOM/DSS treatment 

(Fig. 3G). The high methionine diet further promoted the 

expression of Vimentin, implying that the tumors were more 

aggressive (Fig. 3F, P < 0.05). In conclusion, high methionine 

diet advance the development of colorectal carcinogenesis in 

AOM/DSS-treated CRC.

3.4　High dietary methionine exacerbated intestinal epithelial 
damage of AOM/DSS-induced CRC mice

AOM/DSS treatment induced harm to intestinal epithelial cells 
and cause colitis. To evaluate the integrity of the intestinal barrier, an 
intestinal epithelial assay using FITC-dextran was conducted. As 
shown in Fig. 4A, AOM/DSS disrupts the integrity of the intestinal 
barrier in mice using imaging of FITC-dextran leakage. However, 
mice fed with high methionine diet had significantly increased 
intestinal permeability and doubled plasma FITC-conjugated dextran 
levels compared to the AOM/DSS group. However, high methionine 
diet did not significantly disrupt intestinal barrier integrity in mice 
without AOM/DSS treatment. The tight junction protein occludin and 
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ZO-1 immunostaining has been used to mark the integrity of the 
colon barrier (Figs. 4B and C). There was no significant difference in 
the expression of occludin and ZO-1 between CTRL group and HM 
group. However, the expression of occludin and ZO-1 were 

significantly decreased after AOM/DSS treatment, and the high 
methionine diet exacerbated intestinal epithelial damage. These data 
demonstrated that a high methionine diet could aggravate the 
intestinal barrier dysfunction induced by AOM/DSS.
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3.5　 High dietary methionine promoted gut microbiota 
dysbiosis in AOM/DSS-induced CRC mice

We next explored the effect of the high methionine diet on gut 
microbiota composition. 16S rDNA sequencing was applied to 
investigate the structure of microoganisms in previous studies[42-43]. 
Effect of high methionine diet on the composition of gut microbiota 
was shown in Fig. S2. In this study, 16S rDNA results showed that 
AOM/DSS treatment decreased bacterial diversity (Sobs and Shannon 
indices), compared with the CTRL group. High methionine diet 
significantly affected α-diversity, leading to reduced Sobs and Shannon 
effective diversity in AOM/DSS-treated mice (Figs. 5A and B). 
β -Diversity was estimated using the principal co-ordinates analysis 
(PCoA), which revealed that samples clustered by diets and 
treatments (Fig. 5C). The PCoA plot showed the distinct separation of 
samples into 4 distinct clusters, which indicated that the high 
methionine diet and AOM/DSS treatment both had a significant effect 

on the composition of the gut microbiome. To determine whether 
observed differences in diversity levels were associated with changes in 
specific microbes, we tested differences in taxonomic groups and 
individual operational taxonomic units (Figs. 5D-F). At the phylum 
level, AOM/DSS treatment increased the relative abundance of 
Verrucomicrobiota. Interestingly, when mice were fed high methionine 
chow, their gut microbiome changed dramatically. Compared with 
CTRL group, the HM group decreased Bacteroidota (P < 0.05). At the 
genus level, AOM/DSS treatment decreased the relative abundance 
of Lachnospiraceae, Colidextribacter, Anaerotruncus, Oscillibacter, 
Bilophila, Lachnoclostridium, and Muribaculum, but increased the 
relative abundance of Lactobacillus, Erysipelatoclostridium and 
Eubacterium compared to CTRL group (P < 0.05). Compared with 
AOM/DSS group, the HM + AOM/DSS group decreased Alistipes, 
Eubacterium and Bacteroides, but increased the relative abundance of 
Faecalibaculum, Enterococcus, Clostridium, Streptococcus and 
Escherichia-Shigella at the genus level (P < 0.05, Figs. 5E and F). 

Group

Group

Group

R
el

at
iv

e 
ZO

-1
 m

R
N

A
 le

ve
ls

A Epi-fluorescence **1 000

4 
kD

a 
FI

TC
 d

ex
tra

n
in

 se
ru

m
 (n

g/
m

L)2.0

*
800

600

1.5 400

200

1.0 0

CTRL HM AOM + DSS HM + AOM/DSS
CTRL

AOM/D
SS

HM + AOM/D
SS

HM

CTRL

AOM/D
SS

HM + AOM/D
SS

HM

CTRL

AOM/D
SS

HM + AOM/D
SS

HM

50 μm

50 μm 50 μm 50 μm 50 μm

50 μm 50 μm 50 μm

B

C

**

CTRL HM AOM/DSS HM + AOM/DSS

CTRL HM AOM/DSS HM + AOM/DSS

1.5 **

1.0

O
cc

lu
di

n
ZO

-1

*
0.5

0.0R
el

at
iv

e 
oc

lu
di

n 
m

R
N

A
 le

ve
ls

**1.5
*

1.0

0.5

0.0

Fig. 4　Evaluation of barrier function in AOM/DSS-induced mice. (A) Fluorescence intensity of FICT-Dextran in living imaging and serum. (B) Representative 
IHC images of colon tissue staining occludin and the relative expression of occludin in colon tumor tissue. (C) Representative IHC stain images of colon tissue 

staining ZO-1 and the relative expression of ZO-1 in colon tumor tissue. Data are shown as means ± SEM. *P < 0.05, **P < 0.01.

7



W.H. Li et al. / Food Science and Human Wellness 14  (2025) 9250237

Taken together, these observations suggest that AOM/DSS treatment and 

methionine supplementation significantly affect the gut microbial 

composition and structure. In addition, we found that microorganisms with 

increased relative abundance in the HM + AOM/DSS group (such as 

Enterococcus and Clostridium) have the function of bile acid metabolism. 

Therefore, we calculated the abundance of microorganisms containing bile 

salt hydrolase (including Lactobacillus, Enterococcus, Clostridium, 

Bacteroides and Coriobacteriaceae). Compared with the AOM/DSS group, 

the relative abundance of microorganisms containing bile salt hydrolase in 

the HM + AOM/DSS group was higher (P = 0.05, Fig. S3).
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3.6　High dietary methionine promoted bile acid dysmetabolism 
in AOM/DSS-induced CRC mice

Analysis of gut microbial results revealed significant changes in a 
variety of bacteria involved in bile acid metabolism. Subsequently, 
we performed the metabolomic analysis of bile acids to elucidate how 
excessive methionine intake affects the metabolism of bile acids, 
including primary and secondary bile acids. Compared with the 
CTRL group, AOM/DSS and HM + AOM/DSS groups both had 
considerably greater levels of conjugated bile acids and a 
significantly lower ratio of unconjugated to conjugated bile acids 
(Fig. 6A). Following this, we discovered significant differences in 
the distribution of primary vs. secondary bile acid content, with the 
AOM/DSS intervention leading to a higher primary/secondary bile 
acid ratio in the mouse feces (Fig. 6B). These results showed that 
AOM/DSS treatment resulted in a decrease in gut microorganisms 
linked to metabolic bile acid metabolism. In terms of individual bile 
acid changes, we identified a total of 20 bile acids in all groups 
(Figs. 6C and D). Compared with CTRL group, AOM/DSS treatment 
led to a decrease in DCA, LCA, hyodeoxycholic acid (HDCA), 
ursodeoxycholic acid (UDCA), α-muricholic acid (αMCA), and 
ωMCA (P < 0.05). In addition, AOM/DSS treatment increased levels 
of βMCA, taurodeoxycholic acid (TDCA), taurolithocholic acid 
(TLCA, P < 0.05). However, in this case, excessive methionine intake 

resulted in a significant increase in LCA, DCA, HDCA, TDCA, 
TLCA, and TUDCA. Among them, the most significant increase 
appeared in LCA, with more than 2-fold increase (P < 0.001), which 
is the most potent natural agonist of the bile acid receptor TGR5.
Subsequently, Spearman’s correlation analysis was performed to 
examine the relationship between fecal bile acids and the genera of 
gut microbiota. As shown in Fig. 6E, microbiota enriched for 
excessive methionine intake were significantly positively 
correlated with the synthesis of secondary bile acids, especially 
LCA. Turicibacter, Eubacterium, Enterococcus, Streptococcus, 
Butyricimonas, Clostridium, and Faecalibaculum were positively 
associated with LCA and HDCA (P < 0.05). Furthermore, Bacteroides 
and Alistipes, whose abundance were reduced under excessive 
methionine intake, were significantly negatively correlated with 
secondary bile acids, especially LCA and HDCA (P < 0.05).

In summary, fecal bile acids were discovered to be dramatically 
altered by excessive methionine intake, which were significantly 
associated with dysbiosis of the gut microbiome.

3.7　High dietary methionine intake increases TGR5 expression 
and activates STAT3 and YAP program

TGR5 is a G-coupled bile acid-responsive membrane receptor that is 
ubiquitously expressed in several tissues. However, the function of TGR5 
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in CRC development is unclear. In our experiments, we found the 

expression of TGR5 protein was significantly increased in colon tissues 
following AOM/DSS treatment (Fig. 7A). Compared to CTRL group, 
AOM/DSS group and HM + AOM/DSS group significantly increased the 
expression of TGR5 (P < 0.05). It has been shown that TGR5 can drive 

cancer cell to growth and migration through the activation of the signal 
transducer and activator of the transcription 3 (STAT3) signaling 
pathway in lung cancer[44]. Therefore, we examined the expression of 

phosphorylated JAK2, total JAK2, phosphorylated STAT3 and total 
STAT3 in colon tissues and found that p-STAT3 expression was 
significantly up-regulated after AOM/DSS treatment. Moreover, compared 

with the AOM/DSS group, the expression of p-JAK2 and p-STAT3 in the 
colon tissue of the HM + AOM/DSS group were higher, but there was no 
significant difference in total STAT3 expression (Fig. 7B). Furthermore, a 
trend consistent with phosphorylated STAT3 was also observed in the 

detection of phosphorylated YAP protein, which is probably a result of the 
high expression of TGR5 efficiently stimulating YAP signaling (Fig. 7C). 
The increased expression of TGR5 significantly induced a series of typical 
YAP target genes and further contributed to tumor proliferation (Fig. 7D).

Taken together, these results demonstrate that high methionine 
intake contributes significantly to the progression of CRC and may 
induce tumor progression by stimulating JAK2/STAT3 and YAP 
signaling via activating TGR5.

3.8　High dietary methionine promoted CRC progression via 
gut microbiota and bile acids

To verify the role of gut microbiota in CRC, we used pseudo-
germ-free PGF CRC mice to explore the effects of high methionine. 
As shown in Figs. 8A-C, the food intake, body weight and DAI score 
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of CRC mice fluctuated along with the AOM/DSS administration 

cycle. However, there was no significant difference between anti-MOD 

group and anti-HM group. As shown in Fig. 8D, the total number 

of tumors and colon length were no significant difference between 

anti-MOD group and anti-HM group. There was no significant 

difference between 2 groups in colon structural damage caused by 

AOM/DSS depletion (Fig. 8E). Besides, we examined the expression 

of TGR5, phosphorylated YAP, total YAP, phosphorylated JAK2, total 

JAK2, phosphorylated STAT3, total STAT3 and a series of typical 

YAP target genes. As shown in Figs. 8F and G, there was no 

significant difference between anti-MOD group and anti-HM group.

4.　Discussion

The role of dietary nutrition in cancer therapy and prolonged the 
survival time of cancer patients has received increasing attention. 
Determination of efficacious and safe quantities of specific dietary amino 
acids intake is necessary for appropriate clinical nutrition strategies. 
Methionine is an essential amino acid involved in a variety of biological 
processes. However, the health effects of methionine are two-sided. 
Excessive intake of methionine may produce gastrointestinal toxicity.

In our experiment, we found that the administration of excessive 
methionine intake to CRC mice significantly increased the number 
of tumors in the colorectum, exacerbated symptoms such as weight 
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loss and intestinal atrophy, and directly led to increased mortality 
(Figs. 1B-C, and 3A-C). The overexpression of Ki-67, a marker of 
cell proliferation, and Vimentin, a marker of epithelial interstitial 
transformation, in CRC tissues predicted a higher degree of tumor 
malignancy (Figs. 3E-G). Besides, excessive intake of methionine 
aggravated the epithelial structural damage of colonic tissue, 
exacerbated the dysfunction of the mucosal barrier and decreased 
the expression of tight junction proteins ZO-1 and occludin. The 
destroyed intestinal barrier led to an even greater infiltration of 
harmful bacteria and immune triggers, exacerbating the 
inflammatory response.

Colon has an anatomical location with the most abundant 
collection of microorganisms in the human body. Over the recent 
decades, more studies have concentrated on exploring the relationship 
between microbial dysbiosis and CRC pathogenesis. Many 
experiments have demonstrated that gut microbial dysbiosis plays a 
significant role in CRC development. Certain microorganisms and 
metabolites can drive and accelerate the development of CRC[45-47]. 
Diet is a major environmental risk factor that can directly influence 
gut microbiota composition[48]. As an important dietary component, 
amino acids are actively involved in the composition and metabolism 
of gut microorganisms. Previous studies have found that dietary 
amino acids, including methionine, are not completely absorbed by 
the small intestine. Some amino acids can enter the cecum and colon. 
Amino acids are absorbed through the colon epithelium and also 
participate in intestinal microbial metabolism[14]. Recent 
investigations have unveiled that the diminutive molecules arising 
from the intricate metabolic orchestration of methionine exert a 
discernible influence upon the intricate interplay amongst 
microorganisms, as well as the dynamic interrelationship between 
bacteria and their host within the precincts of the intestinal milieu[14].

In our study, compared with AOM/DSS group, methionine further 
decreased the richness and diversity of microbiota composition. 
Recent research suggests that the dysbiosis of the gut microbiota 
plays a crucial role in CRC process[49]. Although the causal 
relationship between microbes and intestinal disease is not yet fully 
understood, we already know that when the dynamic balance of 
microbes in the gut is disrupted, the number of pathogenic bacteria 
may increase the susceptibility to tumorigenesis[50]. Our data suggest 
that the abundances of several bacteria, including Escherichia-
Shigella, Streptococcus, Eubacterium and E. faecalis, increased in 
CRC models and under the influence of excessive methionine feeding 
(Figs. 5E and F). There is an indication that Escherichia-Shigella is 
positively correlated with high expression of pro-inflammatory 
cytokines that disrupt intestinal barrier integrity[51]. In previous 
studies, there is substantial evidence that Streptococcus has a tumor-
promoting effect on colon cells. Streptococcus bovis stimulates the 
advancement of preneoplastic lesions by enhancing cellular 
proliferation and the production of IL-8 in a rat model[52]. At the 
same time, the CRC environment is conducive to the colonization of 
Streptococcus. And bile acids, especially secondary bile acids, 
enormously amplify the effectiveness of this bacteriocin, resulting in 
heightened colonization of SGG bacteria in mice[53]. Several reports 
have shown that Eubacterium drives colorectal carcinogenesis 
by regulating the immune response of colonic epithelial cells[18]. 
E. faecalis stimulates CRC growth through proliferative and 
angiogenic effects on tumors[54]. According to these studies, excessive 
intake of methionine may promote tumor growth in mice by 

increasing the abundance of pathogenic bacteria, like Escherichia-
Shigella, Streptococcus, Eubacterium and E. faecalis.

Accumulating evidence suggests that the metabolites produced by 
the microbiota might impact host health and the development of 
diseases[55-57]. We know that bile acid metabolism disorder caused by 
dysbiosis is a risk factor for CRC. Past studies have found high 
concentrations of bile acids in the feces of CRC patients and 
corresponding high-risk populations[58-60]. Some studies have 
confirmed the strong association of CRC with bile acids, especially 
secondary bile acids[61]. An interesting fact was found that some 
bacteria elevated under excessive methionine feeding such as 
Clostridium, Enterococcus, Lactobacillus. These bacteria mediate 
enzymatic changes from primary to secondary bile acids, which 
exhibit characteristics associated with inflammation and potential 
carcinogenesis[62-64]. Our data found that high methionine intake 
significantly increased the abundance of Streptococcus, which may be 
caused by the increased content of the secondary bile acid LCA. 
Overall, we found that changes in the bile acid profile in the gut 
resulted from changes in the bacteria. In our experiment, data proved 
that excessive intake of methionine increases levels of secondary bile 
acids LCA, DCA and HDCA in the intestine. Moreover, the damage 
of intestinal barrier and the distortion of fold structure increased the 
exposure of cells to bile acid and promoted the progression from 
adenoma to adenocarcinoma in mice. Previous studies have shown 
that the abundance of secondary bile acids in the large intestine may 
lead to an increase in intestinal permeability[65]. These results suggest 
that the accelerated tumor progression in the HM + AOM/DSS group 
may be due to the abundance of secondary bile acid caused by 
changes in the microbiota. Pseudo-germ-free mice validated the role 
of gut microbiota and secondary bile acids in promoting CRC by high 
dietary methionine.

Recent studies implied a pivotal function of STAT3 in 
inflammation-associated tumorigenesis. Continuously activated 
STAT3 contributes to heightened proliferation, survival, and 
invasion of tumor cells, concurrently dampening immune responses 
against tumors through the inhibition of anti-tumor T helper 1 (TH1) 
cytokines like IL-12 and interferon-γ. It is well known that TGR5 is 
a bile acid membrane receptor, which is recognized for its 
participation in multiple bile acid-regulated biological and 
pathological mechanisms. TGR5 is widely distributed throughout 
the body, including the gallbladder, fat, lung, colon, and other parts. 
Excessive intake of methionine increases contents of LCA and DCA 
(Fig. 6C), which are considered to be the most effective natural 
agonists of TGR5[66]. Although the function of TGR5 may vary in 
different disease models, previous studies have found that TGR5 
can promote non-small cell lung cancer, cholangiocarcinoma and 
gastric cancer progression[67-69]. Several G-protein-coupled 
receptors (GPCRs) have been identified to trigger the activation of 
STAT3 via JAKs, resulting in the advancement of cancer[69-70]. As a 
member of GPCRs, it has been reported that TGR5 promotes the 
proliferation of lung cancer by activating the JAK2-STAT3 
signaling pathway[71]. Our data shown secondary bile acids 
promote CRC progression by activating the TGR5-mediated JAK2-
STST3 signaling pathway. YAP is a transcriptional coactivator, 
which is critical for cancer initiation and progression. The 
activation of YAP is widespread in many human cancers[72-73]. 
Elevated YAP expression levels are associated with poor prognosis 
in dataset of CRC patients[74]. Recent evidence suggests TGR5 can 

13



W.H. Li et al. / Food Science and Human Wellness 14  (2025) 9250237

effectively activate YAP in the intestine to promote the growth of 
stem cells[75]. Consistently, similar results were observed in our 
study, YAP was significantly activated in the HM + AOM/DSS 
group, which the high expression of TGR5 may cause. It is worth 
to further verified in TGR5 knockout mice, which was a limitation 
of our study.

Compared with CTRL group, the administration of high 
dietary methionine alone to mice without AOM/DSS-treated did 
not significantly affect the body weight, food intake, 
inflammatory response, colon length and intestinal barrier of mice 
within 11 weeks. However, the HM group showed similar results 
to the HM + AOM/DSS group in regulating the gut microbiota 
composition and bile acid metabolism. Overall, the disturbed gut 
microbiota led to an increase in the abundance of pathogenic 
bacteria. Then, the changes of the gut microbiota composition 
affected the contents of bile acids, leading to an increase in the 
content of cytotoxic secondary bile acids. Therefore, excessive 
methionine intake may cause long-term health hazards by affecting 
the composition of the gut microbiota and bile acids, such as 
promoting proliferation of tumor cells. Therefore, it is extremely 
important to control the intake of high methionine foods for clinical 
CRC patients and high-risk populations.

5.　Conclusion

The current study demonstrated the role of excessive methionine 
intake in promoting tumor development from the perspective of 
regulating microbial composition and bile acid metabolism. 
Excessive methionine intake exacerbated the inflammatory 
response, intestinal barrier impairment, and gut microflora 
dysbiosis. Accordingly, bile acid profile in the intestinal 
environment changes dramatically, further exacerbating tumor 
development by activating bile acid receptors and STAT3/YAP 
program. Taken together, our study revealed the risks of excessive 
methionine intake on intestinal health and the underlying 
mechanisms, further emphasizing the necessity of regulating dietary 
intake of specific amino acids in the maintenance of intestinal health 
and cancer treatment.
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