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Abstract
Background  Curcumin has been reported to have activity for prevention and therapy of CRC, yet its underlying 
mechanisms remain largely unknown. Recently, emerging evidence suggests that the gut microbiota and its 
metabolites contribute to the causation and progression of Colorectal cancer (CRC). In this study, we aimed to 
investigate if curcumin affects the tumorigenesis of CRC by modulating gut microbiota and its metabolites.

Methods  Forty male C57BL/6JGpt mice were randomly divided into four groups: negative control (NC), curcumin 
control, CRC model, and curcumin treatment (CRC-Cur) groups. CRC mouse model was induced by using 
azoxymethane (AOM) and dextran sodium sulfate (DSS), and the mice in CRC model and curcumin treatment groups 
received oral PBS or curcumin (150 mg/kg/day), respectively. Additionally, fecal samples were collected. 16 S rRNA 
sequencing and Liquid Chromatography Mass Spectrometry (LC-MS)-based untargeted metabolomics were used to 
observe the changes of intestinal flora and intestinal metabolites.

Results  Curcumin treatment restored colon length and structural morphology, and significantly inhibited tumor 
formation in AOM/DSS-induced CRC model mice. The 16S rRNA sequencing analysis indicated that the diversity 
and richness of core and total species of intestinal microflora in the CRC group were significantly lower than those 
in the NC group, which were substantially restored in the curcumin treatment group. Curcumin reduced harmful 
bacteria, including Ileibacterium, Monoglobus and Desulfovibrio, which were elevated in CRC model mice. Moreover, 
curcumin increased the abundance of Clostridia_UCG-014, Bifidobacterium and Lactobacillus, which were decreased 
in CRC model mice. In addition, 13 different metabolites were identified. Compared to the NC group, ethosuximide, 
xanthosine, and 17-beta-estradiol 3-sulfate-17-(beta-D-glucuronide) were elevated in the CRC model group, whereas 
curcumin treatment significantly reduced their levels. Conversely, glutamylleucine, gamma-Glutamylleucine, 
liquiritin, ubenimex, 5’-deoxy-5’-fluorouridine, 7,8-Dihydropteroic acid, neobyakangelicol, libenzapril, xenognosin A, 
and 7,4’-dihydroxy-8-methylflavan were decreased in the CRC group but notably upregulated by curcumin. Kyoto 
Encyclopedia of Genes and Genome (KEGG) pathway analysis revealed enrichment in seven pathways, including 
folate biosynthesis (P < 0.05).
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Introduction
Colorectal cancer (CRC) is the third most common 
malignant tumor globally, posing a severe threat to 
human health, with a steadily increasing incidence [1]. 
Current CRC treatments primarily involve a combina-
tion of surgery, chemotherapy, radiotherapy, and immu-
nomodulatory therapy [2, 3]. Traditional therapies are 
expensive, prone to chemotherapy resistance, and asso-
ciated with serious side effects, leading to poor patient 
prognosis and increased mortality [4]. Hence, there is 
an urgent need to explore safe and effective therapeutic 
drugs or novel treatment approaches to inhibit or even 
reverse disease progression.

Although the exact pathogenic mechanisms of CRC 
remain unclear, research has demonstrated a clear asso-
ciation between disruption of the host-microbiota and 
CRC, as trillions of gut microbes and their metabolites 
interact directly with the intestinal canal [5]. Early stud-
ies have shown that fecal samples from CRC patients 
induced intestinal carcinogenesis in mice [6]. Moreover, 
research has demonstrated that certain bacteria, such as 
Fusobacterium nucleatum and Bacteroides fragilis, can 
promote CRC progression [7]. Further studies indicate 
that the effects of the CRC-associated gut microbiota are 
closely linked to its metabolite. For instance, formate has 
been shown to promote CRC progression, while most 
short-chain fatty acids are believed to inhibit intestinal 
tumors [8, 9]. Hence, adjusting the gut microbiota pop-
ulation or its metabolite could be a viable approach for 
CRC treatment.

The preventive and therapeutic effects of traditional 
Chinese medicine on CRC have garnered increased 
amounts of attention in recent years. Curcumin is a 
polyphenolic compound extracted from the rhizomes 
of turmeric plants [10]. Numerous studies have shown 
that curcumin has beneficial effects, such as antioxidant, 
anti-inflammatory, antitumor, antimicrobial, lipid regula-
tory, and analgesic effects [11–13]. While the anticancer 
properties of curcumin have been extensively investi-
gated, the precise mechanisms to suppress CRC develop-
ment remain unclear. Recent studies have demonstrated 
that curcumin inhibits the proliferation and metastasis of 
CRC by suppressing inflammatory responses, inducing 
cell cycle arrest and promoting apoptosis [14, 15]. It also 
exerts antitumor effects by regulating non-coding RNAs, 
including lncRNAs, miRNAs, and circRNAs, which 
impact the epigenetic control of oncogenes and tumor 

suppressor genes [16, 17]. Further research has con-
firmed that curcumin modulates drug resistance in CRC 
cells [18]. Based on this, preclinical studies have shown 
that curcumin may serve as an adjuvant to enhance the 
efficacy of chemotherapy [19].

Notably, research suggests curcumin may regulate gut 
microbiota, including its abundance, diversity, and com-
position to improve microbiota composition, thus influ-
encing the gut microbiome [20]. This regulatory effect 
has been found to alleviate various conditions such 
as colitis and hepatic steatosis [21, 22]. Additionally, 
changes in metabolic products induced by curcumin may 
also suggest beneficial effects on diseases like obesity [23, 
24]. Therefore, we hypothesize that curcumin may inhibit 
CRC by modulating the gut microbiota population and 
its metabolic products.

In this study, we established an azoxymethane plus dex-
tran sulfate sodium (AOM/DSS)-induced CRC model to 
investigate whether curcumin influences CRC tumori-
genesis and progression through its specific regulatory 
effects on gut microbiota and metabolites. Our findings 
showed that curcumin mitigated the pathological pro-
gression of CRC and reduced tumor incidence. Further 
analysis revealed that curcumin treatment improved the 
gut microbiota population in mice and favorably modu-
lated 13 bacterial metabolites levels, which may be a key 
mechanism for its preventive and therapeutic effects 
against CRC.

Materials and methods
Animal experiments
All animal experiments were conducted in compliance 
with the ethical standards set by the Experimental Ani-
mal Ethics Committee of Nanchang University, follow-
ing the guidelines for standard experimental animals. 
C57BL/6JGpt mice (male, weighing 18–23  g, aged 6–8 
weeks) were obtained from Jiangsu JieCui YaoKang Bio-
technology Co., Ltd. All the animals were housed in a 
secondary barrier facility with controlled environmental 
conditions, maintaining a temperature of 24–25  °C and 
relative humidity between 45% and 50%. The mice were 
provided SPF-grade feed, sterilized water and bedding.

For the CRC and curcumin-CRC groups, mice were 
intraperitoneally injected with 10 mg/kg of AOM. From 
days 5–10, 24–29, and 43–48, the mice were given drink-
ing water containing 2% DSS, with regular water pro-
vided on the other days. Starting on day 5, mice in the 

Conclusions  The gut microecological balance was disrupted in AOM/DSS-induced CRC mice, accompanied 
by metabolite dysbiosis. Curcumin restored the equilibrium of the microbiota and regulated metabolites, highly 
indicating that curcumin may alleviate the development of AOM/DSS induced colorectal cancer in mice by regulating 
intestinal flora homeostasis and intestinal metabolites.
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curcumin-CRC group received daily oral gavage of cur-
cumin at 150 mg/kg, while the CRC group received the 
same volume of PBS. Similarly, mice in the NC group 
and curcumin group were intraperitoneally injected with 
sterile saline and had free access to regular water. Cur-
cumin or PBS was administered intragastrically to these 
groups as well. Routine feeding and close observation of 
mouse activity were maintained throughout the model-
ing period. After euthanizing the mice using carbon diox-
ide asphyxia, we performed careful dissections to collect 
the colorectal tissues and their contents.

Hematoxylin-eosin (HE) staining
The fixed colorectal tissues were removed from the 4% 
paraformaldehyde solution and placed in tissue embed-
ding cassettes, followed by processing in an automatic tis-
sue dehydrator (Excelsior™ AS; Thermo Scientific, USA) 
with a specified dehydration program. Subsequently, the 
colorectal tissues were embedded in paraffin blocks (His-
toStar; Thermo Scientific, USA) and cut into 5 μm thick 
tissue sections. The tissue sections were affixed to adhe-
sive slides. Paraffin-embedded sections were dewaxed 
with xylene and rehydrated with graded concentrations 
of alcohol. The cell nuclei were stained with hematoxylin 
for 10 min, followed by rinsing with water. Differentiation 
was achieved with 1% hydrochloric acid alcohol for 1  s, 
followed by counterstaining with 0.05% lithium carbon-
ate for 3 s and rinsing for 10 min. Subsequent eosin stain-
ing solution was applied for 5 min to stain the cytoplasm. 
After dehydration and drying, the slides were fixed with 
neutral gum, and images were collected and stored using 
a digital slide scanner (VS200; Olympus, Japan).

Gut microbiota 16 S rRNA sequencing analysis and data 
processing
The collected fecal samples were sent to Shanghai Meiji 
Biology Company for Illumina high-throughput sequenc-
ing of bacterial 16 S rRNA fragments. Sequencing results, 
based on overlap relationships, were assembled into 
single sequences for each paired-end (PE) fragment, fol-
lowed by quality control and filtering. The filtered can-
didate sequences were aligned with a reference database 
to remove chimeric sequences, resulting in the optimal 
sequences. Building on the optimized sequences, opera-
tional taxonomic unit (OTU) clustering analysis and 
taxonomic annotation were performed, with in-depth 
analysis of diversity indices, taxa composition, and taxa 
differences. A comprehensive series of statistical and 
visual assessments were conducted to explore the com-
munity composition and phylogenetic evolution informa-
tion of the microbial diversity present in the samples.

Metabolomic analysis via liquid chromatography mass 
spectrometry (LC-MS)
The collected fecal samples (each ≥ 200 mg) were sent to 
Shanghai Meiji Biology Company for untargeted metabo-
lomic analysis. This involved the simultaneous detection 
and analysis of all small-molecule metabolites in the sam-
ples without specific targeting. Through intergroup com-
parisons, differential metabolic profiles were explored. 
The samples were first subjected to component separa-
tion using liquid chromatography, after which individual 
components entered the ion source of the high vacuum 
mass spectrometer for ionization. Based on the mass-
to-charge ratio (m/z), the components were separated, 
generating mass spectra. The obtained spectral data 
were then analyzed to derive qualitative and quantitative 
results for the samples.

Statistical analysis
The experimental data were subjected to statistical analy-
sis using SPSS, and GraphPad Prism 8 software was used 
for data processing and visualization. All the data are pre-
sented as the means ± standard error of the mean (SEM). 
For comparisons between two groups at the same time 
point, a t test or one-way ANOVA was performed. Two-
way ANOVA was applied for intergroup comparisons at 
different points. A significance level of P < 0.05 was con-
sidered to indicate statistical significance.

Results
Curcumin suppresses CRC in AOM/DSS-induced CRC mice
In order to investigate the effects of curcumin on the 
carcinogenesis of CRC, CRC model was induced by 
using AOM/DSS, and the mice received an oral gavage 
of PBS or curcumin treatment. The dosage of curcumin 
was 150  mg/kg daily, and the mice were harvested on 
day 87 (Fig. 1A). As shown in Fig. 1B, we found that the 
body weight of mice in the NC group and the curcumin 
group showed a gradual increase, and the overall growth 
trend remained consistent, indicating that administer-
ing curcumin alone did not affect the weight of the mice. 
In contrast, the body weight of the CRC model group 
decreased significantly after the first DSS administration 
(P < 0.05). However, gavage with curcumin did not allevi-
ate the overall reduction in mouse body weight during 
the replication of the AOM/DSS-induced CRC model 
(P > 0.05; Fig.  1B). Compared with the NC group, the 
CRC model group exhibited a marked reduction in colon 
length (P < 0.0001, Fig.  1C) and an obvious increase in 
tumor count (P < 0.0001, Fig. 1D), while curcumin treat-
ment increased the length of the colon in model mice 
(with no significant difference) and markedly reduced 
the number of tumors (P < 0.05, Fig.  1D). Histological 
examination of colon slices (Fig. 1E) confirmed that mice 
in the NC group and the curcumin group displayed an 
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Fig. 1  Curcumin inhibits the tumorigenesis of CRC in AOM/DSS mouse model. (A) Experimental design for the AOM/DSS-induced CRC mouse model. (B) 
Body weights of the mice throughout the modeling period. (C) Representative images and length of the colorectum at sacrifice. (D) Colorectal anatomy 
diagram and tumor number. (E) Representative images of H&E staining of the colorectum in the NC group, curcumin-only group, and CRC model group 
with or without curcumin treatment. Tumor order and location are indicated by numbers 1, 2, 3, and 4. Red arrows denote lymphocyte infiltration, yellow 
arrows indicate red blood cells, and blue arrows represent infiltration by polymorphic nuclear cells. Scale bars: 1 mm (top) and 200 μm (bottom). The data 
are presented as the means ± SEMs. *p < 0.05, ****p < 0.01. n = 10
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intact structure. Nevertheless, the colons of model mice 
exhibited intraepithelial dysplasia, deformation of crypt 
structures, and a large accumulation of lymphocytes. The 
presence of polyps, which contain a considerable num-
ber of red blood cells within their interior, was observed. 
Gavage with curcumin restored the normal morphologi-
cal structure of the colon in model mice, with no polyp 
formation. These findings strongly indicate that cur-
cumin effectively inhibits CRC development induced by 
AOM/DSS in mice.

Curcumin modulates gut microbiome diversity in AOM/
DSS-induced CRC mice
To explore the impact of curcumin on the gut micro-
biota of mice with CRC, we randomly selected fecal 
samples from five mice in each group and analyzed their 
intestinal microbiota using 16  S rRNA gene sequenc-
ing. We initially observed changes in the core and over-
all taxa abundance in each group. Core analysis (Fig. 2A) 
revealed that the curcumin group and CRC model group 
had the highest and lowest numbers of shared taxa, 
respectively. Compared to the CRC group, the shared 
taxa account of the curcumin-treated CRC group was 
brought to a level similar to the NC group. A similar 
trend was also observed in the pan analysis of total taxa 
(Fig.  2B). Additionally, we compared the richness and 
α-diversity of each microbial community by using sev-
eral indices, including ace, chao, and shannon indices. As 
shown in Fig. 2C-E, the curcumin-CRC group exhibited a 
notable increase in both the ace and chao richness indi-
ces (P < 0.05 and P < 0.01, respectively) compared to the 
CRC model group. Additionally, there was an obvious 
increase in the shannon diversity index (P < 0.05). These 
results suggest that in the gut microbiota of AOM/DSS-
induced mice with CRC, there is a decrease in core taxa, 
total taxa, α-diversity, and richness. However, curcumin 
restored the intestinal microbiota in these mice.

We also investigated the differences in β-diversity. 
Hierarchical clustering analysis (HCA) (Fig. 2F) revealed 
a similarity in the composition of the gut microbiota at 
the phylum level between the NC and curcumin groups. 
While the similarity was also observed between the CRC 
group and the curcumin-CRC group, there are indeed 
slight differences in their microbiota compositions. Prin-
cipal coordinate analysis (PCoA) demonstrated that, 
except for the variation within the NC group, the micro-
bial community structures of the curcumin group, CRC 
model group, and curcumin-CRC group did not display 
clear differences (P = 0.037 < 0.05, Fig. 2G). Furthermore, 
similarity analysis (ANOSIM/Adonis) (Fig.  2H) con-
firmed that the median line between groups was lower 
than that of the NC group but higher than the other three 
groups, indicating greater differences between groups 
than within each group.

Curcumin alters the gut microbiota composition and 
abundance in mice
LEfSe analysis identified significant differences in taxa 
among the four groups. As shown in Fig. 3A-B, the char-
acteristic taxa for the NC group included Bacteroidota 
(P)-Odoribator (G), Firmicutes (P)-Fecalibaculum (G), 
and Firmicutes (P)-Blautia (G). The curcumin group 
included Patescibacteria (P)-Candidatus (G), Acti-
nobacteriota (P)-Bifidobacterium (G), and Firmicutes 
(P)- Clostridia-UCG-014 (G). The CRC group exhib-
ited Desulfobacterota (P)-Desulfovibrio (G) and Fir-
micutes (P)-Ileibacterium (G) as characteristic taxa. The 
curcumin-treated CRC group displayed Firmicutes (P)-
Monoglobus (G), Firmicutes (P)-Turicibacter (G), Fir-
micutes (P)-Dubosiella (G), Firmicutes (P)-Roboutsia (G), 
and Firmicutes (P)-Clostridium (G) as characteristic taxa. 
Compared to the NC group, the abundance of harmful 
bacteria Desulfovibrio and Ileibacterium increased and 
became dominant in the CRC model group. However, the 
curcumin-CRC group exhibited a higher abundance of 
normal (Clostridium) or beneficial (Turicibacter, Dubosi-
ella, Roboutsia) bacteria within Firmicutes compared to 
the CRC model group. These results indicate that AOM/
DSS-induced CRC in mice leads to gut microbiota dys-
biosis, and curcumin may restore and enhance the domi-
nance of beneficial bacteria in the gut.

We further assessed the detailed composition and rela-
tive abundance of the gut microbiota. At the phylum 
level, the primary microbial community composition 
classifications included Firmicutes, Actinobacteriota, 
Bacteroidota, Verrucomicrobiota, and Desulfobacterota 
(Fig. 3C). Curcumin has already shown an impact on the 
gut microbiota at the phylum level. Compared to the NC 
group, the CRC model group exhibited a slight reduction 
in Actinobacteriota, while levels of Desulfobacterota, Cya-
nobacteria, and Deferribacterota were elevated, though 
these changes were not statistically significant (Fig. 3D). 
In contrast, curcumin treatment increased Actinobacteri-
ota levels and decreased Desulfobacterota, Cyanobacteria 
and Deferribacterota levels in both NC and CRC mice 
(Fig. 3D). These findings suggest that curcumin positively 
modulates most of the gut microbiota.

Figure  3E illustrates the differences in the composi-
tion of microbial communities at the genus level among 
the groups of mice. The relative abundance levels sug-
gest that curcumin broadly affects the intestinal flora 
(supporting Fig. 1). To be specific, in comparison to the 
NC group, the CRC model group exhibited an increased 
abundance of Ileibacterium, but this abundance was 
remarkably reduced in both the curcumin group and 
the curcumin-treated CRC group (p < 0.05, Fig.  3F). A 
similar trend was observed in the abundances of Mono-
globus (p < 0.10 and p < 0.11, Fig.  3G) and Desulfovibrio 
(p < 0.05 and p < 0.09, Fig.  3H). Additionally, compared 
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Fig. 2  The impact of curcumin on the diversity of gut microbiota. (A) Core analysis of the four groups at the OTU level. (B) Pan analysis of the four groups 
at the OTU level. (C), (D), (E) Alpha diversity of the gut microbiome in the four groups according to the ace, chao and shannon indices. (F) Hierarchical 
clustering analysis (HCA) of the metabolites in the four groups based on their z-normalized abundances at the phylum level. (G) Principal coordinate 
analysis (PCoA, beta diversity) of the gut microbiome in the four groups at the phylum level. (H) ANOSIM/Adonis similarity analysis of the gut microbiome 
in the four groups. *P < 0.05, **P < 0.01. n = 5
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Fig. 3  Effects of curcumin on the gut microbiota composition and taxa abundance. (A) LEfSe multi-level differential analysis of taxa (from phylum level to 
genus level). (B) Circos plot of sample-taxa relationships (phylum level). (C) Composition of the gut microbiota at the phylum level. (D) Relative abundance 
of taxa in each group at the phylum level. (E) Composition of the gut microbiota at the genus level. (F) Relative abundance of Ileibacterium in each group. 
(G) Relative abundance of Monoglobus in each group. (H) Relative abundance of Desulfovibrio in each group. (I) Relative abundance of Clostridia_UCG-014 
in each group. (J) Relative abundance of Bifidobacterium in each group. (K) Relative abundance of Lactobacillus in each group. *P < 0.05, **P < 0.01. n = 5
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to the NC and CRC model groups, curcumin treatment 
markedly increased the abundance of Clostridia_UCG-
014 in mouse stool (p < 0.01, Fig. 3I). The abundances of 
Bifidobacterium (p < 0.05 and p < 0.35, Fig.  3J) and Lac-
tobacillus (p < 0.08, Fig. 3K) also showed varying degrees 
of increase. These results highlight curcumin’s ability to 
reduce the colonization of harmful bacteria in the gut 
while simultaneously restoring and increasing the abun-
dance of beneficial bacteria.

Curcumin regulates gut metabolites in AOM/DSS-induced 
CRC mice
Intestinal metabolites are closely associated with the 
onset and progression of CRC. To investigate this pos-
sibility, we randomly selected fecal samples from five 
mice in each group and conducted a detailed analysis of 
metabolite variations using LC‒MS. Principal compo-
nent analysis (PCA) and partial least squares discrimi-
nant analysis (PLS-DA) were used to distinguish the 
gut metabolite profiles of the NC, curcumin, CRC, and 
curcumin-CRC groups (Fig.  4A-B). In the comparison 
of differential gut metabolites, we identified 249 dis-
tinct metabolites between the curcumin group and the 
NC group, 151 between the CRC model group and the 
NC group, and 265 between the curcumin-CRC group 
and the CRC group (Fig.  4C). Further Venn analysis 
unveiled 13 common differentially abundant metabolites 
among the three groups (Fig. 4C). Finally, by querying the 
HMDB 4.0 database, we analyzed the classification infor-
mation for these 13 metabolites. As depicted in Fig. 4D; 
Table  1, the HMDB compound classifications were as 
follows: alkanes and ketones (33.33%), organic acids and 
derivatives (25.00%), nucleosides and nucleotides and 
their analogs (16.67%), organoheterocyclic compounds 
(16.67%), and lipids and lipid-like molecules (8.33%).

We conducted a detailed analysis of the relative abun-
dance of the 13 shared differentially abundant metabo-
lites. As depicted in Fig. 5A-B, in the DSS/AOM-induced 
CRC model group, ethosuximide, xanthosine, and 
17-beta-estradiol 3-sulfate-17-(beta-D-glucuronide) 
exhibited considerable increases compared to those in 
the NC group, while curcumin treatment profoundly mit-
igated the elevation of these metabolites. Furthermore, 
compared with those in the NC group, the model group 
exhibited notable reductions in glutamylleucine, gamma-
glutamylleucine, liquiritin, ubenimex, 5’-deoxy-5’-flu-
orouridine, 7,8-dihydropteroic acid, neobyakangelicol, 
libenzapril, xenognosin A, and 7,4’-dihydroxy-8-meth-
ylflavan. It is important to note that curcumin treat-
ment upregulated the above downregulated metabolites. 
Interestingly, based on the metabolomic data, enrich-
ment bubble plots of Kyoto Encyclopedia of Genes and 
Genome (KEGG) pathways (Fig.  5C; Table  2) revealed 
that these 13 differentially abundant metabolites were 

predominantly enriched in seven pathways, encompass-
ing folate biosynthesis, drug metabolism-other enzymes, 
biosynthesis of amino acids and alkaloids derived from 
purines, purine metabolism, caffeine metabolism, ABC 
transporters, and biosynthesis of cofactors (P<0.05), 
with folate biosynthesis exhibiting the greatest difference 
(P = 0.0485). These findings indicate a substantial altera-
tion in the relative abundance of intestinal metabolites in 
AOM/DSS-induced CRC mice, and curcumin effectively 
counteracts these changes in the relative abundance of 
intestinal metabolites. Curcumin may alleviate the devel-
opment of CRC in mice by modulating the above seven 
pathways.

Discussion
Numerous studies have highlighted the association of 
gut microbiota and its metabolites in the development 
and progression of CRC [5, 9, 25]. In addition, although 
curcumin shows promise for CRC prevention and treat-
ment, its mechanisms remain unknown. In this study, we 
established an AOM/DSS-induced CRC model to inves-
tigate if curcumin inhibits CRC tumorigenesis by modu-
lating gut microbiota and its metabolites. Compared to 
the NC group, significant weight loss, reduced colonic 
length, extensive tumor formation, and pathological 
changes were observed in the mice of model group, indi-
cating that the successful CRC mouse model was estab-
lished in this study. Although oral gavage of curcumin did 
not alleviate weight loss in CRC mice, it did ameliorate 
AOM/DSS-induced colon shortening and tumor forma-
tion. Additionally, it restored the pathological structural 
morphology of the colon. These findings suggested that 
curcumin could attenuate AOM/DSS-induced CRC.

We initially investigated the overall effect of curcumin 
on gut microbiota. 16  S rRNA sequencing analysis 
revealed that curcumin effectively combats the intestinal 
dysbiosis induced by CRC. It should be noted that cur-
cumin significantly diminished the relative abundance 
of harmful bacteria in CRC, such as Ileibacterium, 
Monoglobus and Desulfovibrio. Simultaneously, it rein-
stated and elevated the relative abundance of probiot-
ics, including Clostridia_UCG-014, Bifidobacterium and 
Lactobacillus. The altered abundance of Ileibaterium is 
consistent with previous studies suggesting that it is a 
harmful bacterium associated with CRC and colitis [26, 
27]. Desulfovibrio was highly enriched in the AOM/
DSS-induced CRC mouse model, representing a typical 
sulfate-reducing bacterium capable of generating hydro-
gen sulfide (H2S) [28]. Elevated concentrations of H2S 
in the intestines can compromise mucosal integrity and 
potentiate genotoxicity [29]. The enrichment of Mono-
globus contributes to heightened blood ammonia levels, 
disrupting the barrier function of intestinal epithelial 
cells, abnormally increasing intestinal permeability, and 
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Fig. 4  Curcumin regulates gut microbiota–related metabolites in the stool. (A) Negative and positive principal component analysis (unit variance conver-
sion [UV]). (B) Negative and positive PLS-DA discriminant analysis (Pareto conversion [Par]). (C) Venn diagram of the metabolic sets for the NC group-cur-
cumin group, NC group-CRC group, and CRC group-curcumin-treated CRC group. (D) HMDB compound classification pie chart of common differentially 
abundant metabolites of three metabolic sets for the NC group-curcumin group, NC group-CRC group, and CRC group-curcumin-treated CRC group. 
n = 5
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triggering systemic inflammation [30]. Bifidobacterium, 
a well-known probiotic, along with Clostridia-UCG-014, 
exerts antitumor effects by regulating intestinal function 
and enhancing immunity [31, 32]. Lactobacillus is also a 
well-known beneficial bacterium that maintains normal 
intestinal function and has been shown to prevent CRC 
[33, 34]. Thus, curcumin facilitated the dominance of 
probiotics in the gut, playing a pivotal role in stabilizing 
intestinal pH, safeguarding intestinal permeability, miti-
gating intestinal inflammation, and suppressing the inva-
sion of pathogenic microorganisms [35]. It is important 
to note that we chose 16 S rRNA sequencing due to its 
cost-effectiveness and adequate resolution for assessing 
microbial differences. We recognized that whole genome 
sequencing (WGS) provides more detailed information 
with greater sensitivity and specificity [36]. Future inves-
tigations could focus on detecting remarkable changes in 
specific bacterial abundances in CRC patients, serving 
as potential biomarkers for disease screening, prognosis, 
and treatment response prediction. Modulating the gut 
microbiota with curcumin could be a feasible therapeutic 
strategy to augment the efficacy of treatment and reduce 
adverse reactions.

Microbes in the intestines produce a myriad of metab-
olites that can exert either harmful or beneficial effects 
on the human body. Numerous studies have high-
lighted a close association between gut metabolites and 

the onset and progression of CRC [37, 38]. Hence, we 
employed LC-MS analysis to investigate differentially 
abundant metabolites. Among the 13 differentially abun-
dant metabolites, curcumin notably decreased the rela-
tive abundance of metabolites elevated in CRC, such as 
ethosuximide, xanthosine, and 17-beta-estradiol 3-sul-
fate-17-(beta-D-glucuronide). Xanthosine (a nucleoside) 
is derived from xanthine and ribose and is linked to the 
caffeine metabolism pathway in plants [39]. Studies have 
demonstrated that lowering the relative abundance of 
xanthosine can alleviate inflammation and CRC symp-
toms in mice [40]. Furthermore, curcumin restored and 
augmented the diminished metabolites in CRC, includ-
ing glutamylleucine, gamma-glutamylleucine, liquiritin, 
ubenimex, 5’-deoxy-5’-fluorouridine, neobyakangelicol, 
libenzapril, xenognosin A, 7,4’-dihydroxy-8-methylfla-
van, and 7,8-dihydropteroic acid. Research has validated 
the antitumor effects of 5’-deoxy-5’-fluorouridine on 
human CRC cells [41]. Ubenimex, an immunosuppres-
sant, forms a conjugate with 5’-fluorouridine, thereby 
enhancing its anticancer functions [42, 43]. This find-
ing is consistent with our observation of a negative cor-
relation between 5’-deoxy-5’-fluorouridine, ubenimex, 
and CRC. Neobyakangelicol has been shown to possess 
notable anticancer properties [44]. As dipeptides, glu-
tamylleucine and gamma-glutamylleucine represent 
incomplete degradation products of macromolecu-
lar proteins. They play a role in cell signal transduction 
and likely function as cell signaling factors relevant to 
CRC [45]. 7,8-Dihydropteroic acid plays a crucial role 
in the synthesis and conversion of purine nucleotides 
and pyrimidine nucleosides [46]. Studies have indicated 
that dihydrofolate reductase is inhibited in human CRC 
HCT-116 cell lines, resulting in impaired folate-mediated 
biosynthesis [47]. Increasing the content of 7,8-dihydrop-
teroic acid by curcumin can promote the recovery of this 
biological process. Previous reports have primarily asso-
ciated liquiritin with anti-inflammatory effects [48, 49]. 
An increase in the relative abundance of liquiritin might 
impede CRC progression through its anti-inflammatory 
properties. The roles of several other differentially abun-
dant metabolites remain ambiguous. Therefore, it can be 
concluded that curcumin decelerates CRC progression 
by modulating gut metabolites.

Due to its ability to promote beneficial effects on the 
gut microbiota and metabolites in the CRC model, we 
further elucidated the curcumin-inhibited signaling 
pathways in CRC through KEGG analysis. Differentially 
abundant metabolites were predominantly enriched in 
seven pathways, encompassing folate biosynthesis, drug 
metabolism-other enzymes, biosynthesis of amino acids 
and alkaloids derived from purine metabolism, purine 
metabolism, caffeine metabolism, ABC transporters, and 

Table 1  Small molecule metabolites set disturbed by curcumin 
after AOM/DSS-induced CRC in mice
Metab ID Metabolite Superclass
1154 Liquiritin Phenylpropanoids 

and polyketides
8967 Neobyakangelicol Phenylpropanoids 

and polyketides
9048 Xenognosin A Phenylpropanoids 

and polyketides
9299 7,4’-Dihydroxy-8-methylflavan Phenylpropanoids 

and polyketides
739 Libenzapril Organic acids and 

derivatives
941 Glutamylleucine Organic acids and 

derivatives
3803 Gamma-glutamylleucine Organic acids and 

derivatives
543 5’-Deoxy-5’-fluorouridine Nucleosides, nucleo-

tides, and analogues
5639 Xanthosine Nucleosides, nucleo-

tides, and analogues
3705 7,8-Dihydropteroic acid Organoheterocyclic 

compounds
4018 Ethosuximide Organoheterocyclic 

compounds
5465 17-beta-estradiol 

3-sulfate-17-(beta-D-glucuronide)
Lipids and lipid-like 
molecules

3341 Ubenimex
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Fig. 5  Relative abundance and enrichment pathways of the 13 differentially abundant metabolites. (A) (B) Statistical plots of the relative abundance of 
different metabolites shared by the three metabolites in the NC group-curcumin group, NC group-CRC group, and CRC group-curcumin-treated CRC 
group. (C) Cluster heatmap of shared differentially abundant metabolites. (D) KEGG pathway enrichment analysis of shared differentially abundant me-
tabolites. *P < 0.05, **P < 0.01. n = 5
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biosynthesis of cofactors. This indicates that curcumin 
may impede CRC progression through these pathways.

Conclusions
In summary, this study delved into the suppressive impact 
of curcumin on the histopathology of CRC and revealed 
its beneficial effects on the diversity, composition, and 
metabolites of the gut microbiota. The gut microecologi-
cal balance in AOM/DSS-induced CRC mice were dis-
rupted, accompanied by metabolite dysbiosis. Curcumin 
restored the equilibrium of the microbiota and regulated 
metabolites, thereby attenuating the occurrence and pro-
gression of CRC. This research innovatively sheds light 
on the microbiome and metabolomics to explore the 
intestinal microecological effects of curcumin on CRC. 
Consequently, we have identified a potential new mecha-
nism for its role in mitigating CRC development.
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