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were considered statistically significant, and the results 
were visualized using dot plots and bar charts.

Statistical Analysis
Each experiment was performed at least 3 times. 
GraphPad Prism 7 (GraphPad Software; San Diego, CA, 
USA) was used for graph generation and data analysis. 
The results are depicted as mean ± SD. Student’s t-test 
was used to analyze differences between the 2 groups, 
whereas 1-way analysis of variance followed by individual 
comparisons with Tukey’s test was used for compari-
sons among more than 2 groups. Survival distributions 
and overall survival (OS) rates were estimated using the 
Kaplan–Meier method, and differences between survival 
rates were assessed using the log-rank test. A 2-tailed P 
< .05 was considered statistically significant.

RESULTS
ZEA Alleviated AOM/DSS–Induced CRC in Mice
The antitumor activity of ZEA was assessed in mice 
injected intraperitoneally with AOM (a potent inducer of 
cancer and precancerous lesions), followed by repeated 
administration of DSS to induce colorectal tumors. During 

AOM/DSS treatment, mice received oral ZEA (50 mg/kg) 
3 times weekly for 12 weeks (Supplementary Figure 1). 
Compared with the control mice, mice in the AOM/DSS 
group exhibited a significant 17.27% decrease in body 
weight (Figure 1A); however, this effect was attenuated 
by treatment with ZEA. Furthermore, the Kaplan–Meier 
survival curve (Supplementary Figure 1) showed that ZEA 
improved the survival rate of mice with CRC At the end of 
the study, survival rates were 80% in the AOM/DSS group 
and 100% in the ZEA-treated group. Moreover, the inci-
dence of CRC was evaluated by assessing tumor number 
and distribution. Compared with the AOM/DSS group, 
treatment with ZEA markedly suppressed tumorigen-
esis, reduced tumor burden, and attenuated colon length 
shortening (*P < .05) (Figure 1B).

Histological analysis revealed no malignant transforma-
tion or obvious pathological changes in the control and 
the ZEA single-treatment group of mice. However, mice 
in the AOM/DSS group exhibited characteristic features 
of malignant transformation, including epithelial erosion, 
crypt destruction, glandular hyperplasia, and significant 
inflammatory responses. Nevertheless, ZEA treatment 
markedly alleviated the colorectal inflammatory and 

Figure  1.  Zeaxanthin (ZEA) alleviates azoxymethane/dextran sodium sulfate (AOM/DSS)–induced colorectal tumorigenesis in mice. (A) 
Quantification of body weight of control and experimental mice. (B) Representative macroscopic images of the colon tumor region and 
corresponding quantification of tumor number and tumor length in control and experimental mice. (C) Hematoxylin and eosin–stained 
images of serial sections of the colon, along with quantitative analysis. n = 10. Data are presented as mean ± SD. *P < .05 compared with the 
AOM/DSS group. ##P < .01 compared with the control group.
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tumor pathological changes induced by AOM/DSS 
(Figure 1C). These findings indicated that ZEA suppressed 
carcinogenesis and tumor progression in the AOM/DSS 
mouse group.

ZEA Inhibited Proinflammatory Cytokines by 
Suppressing the NOD1/RIP2/NF-κB Signaling Pathway
Chronic inflammation is a key factor in CRC progres-
sion and promotes the activation of effector T cells and 
macrophages, leading to the release of various cytokines, 
such as TNF-α and IL-1β. These cytokines promote CRC 
onset and progression by suppressing tumor suppressor 
genes, inducing DNA damage and upregulating antiapop-
totic protein genes.2. This study also evaluated the levels 
of inflammation-related genes by qRT-PCR and ELISA. 
The data indicated that levels of IL-1β and TNF-α were 
increased in the AOM/DSS cohort compared to the con-
trol cohort. However, ZEA treatment markedly reduced 
TNF-α and IL-1β by 21.36% and 50.88%, respectively 
(Supplementary Figure 2).

Moreover, the potential mechanisms underlying the 
anti-inflammatory effects of ZEA were investigated. 

Tissue-resident macrophages are key promoters of 
the inflammatory response in various diseases, includ-
ing CRC.16 Therefore, the effects of ZEA on the levels 
of related inflammatory factors in LPS-stimulated RAW 
264.7 macrophages were evaluated. First, the cytotoxic-
ity assay demonstrated that ZEA (10-100 µM) was not 
cytotoxic to RAW264.7 cells (Supplementary Figure 3). 
Then, an in vitro inflammation model was developed by 
stimulating RAW264.7 cells with LPS (1 μg/mL), followed 
by treatment with ZEA (10 μM). After treatment, both cell 
lysates and culture supernatants were collected to mea-
sure inflammatory cytokine levels by ELISA and qRT-PCR. 
LPS stimulation increased TNF-α and IL-1β levels by 5.33 
fold and 2.82 fold, respectively, compared with the con-
trol group, whereas treatment with ZEA had the opposite 
effect (Figure 2A-2B). These results suggested that ZEA 
suppresses LPS-induced inflammatory responses.

Studies suggest that inflammatory responses are regu-
lated by NOD1 and pattern recognition receptors (PRRs). 
An intracellular PRR in host cells initiates these responses 
by associating with receptor-interacting protein 2 kinase 
(RIP2), thus activating the downstream NF-κB signaling 
pathway.17 Here, the expression of inflammation-related 

Figure 2.  Zeaxanthin (ZEA) inhibits lipopolysaccharide (LPS)-induced inflammation in RAW264.7 cells. (A) Relative mRNA expression levels 
of TNFα and IL-1β by quantitative reverse transcription polymerase chain reaction (qRT-PCR). (B) TNF-α and IL-1β concentrations in culture 
supernatants were measured by enzyme-linked immunosorbent assay (ELISA). (C) The expression of NOD1, p-RIP2, p-NF-κBp65, and 
NF-κBp65 detected by Western blotting. NF-κB; nuclear factor-κB; NOD1, nucleotide-binding oligomerization domain-containing protein 1; 
RIP2, receptor-interacting protein 2 kinase.
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proteins (NOD1, RIP2, and NF-κB) was evaluated by 
Western blotting. LPS markedly increased the expression 
of NOD1, p-RIP2, and p-NF-κB compared with the control 
group, suggesting activation of the NOD1/RIP2/NF-κB 
signaling pathway. Moreover, ZEA co-treatment had the 
opposite effect, suggesting that it significantly inhibited 
the NOD1/RIP2/NF-κB signaling pathway (Figure 2C). 
These results suggested that ZEA may alleviate intestinal 
inflammation by inhibiting the NOD1/RIP2/NF-κB signal-
ing pathway.

ZEA Inhibited the Proliferation of CRC Cells
Cancer is characterized by the aberrant regulation of pro-
liferation and perpetual replication, resulting in unregu-
lated cellular growth.18 Ki-67 is a cell proliferation marker 
primarily used to assess cell proliferative activity. This 
study demonstrated that AOM/DSS treatment increased 
the number of Ki-67-positive cells compared with the 
control group, whereas treatment with ZEA markedly 
reduced the number of Ki-67-positive cells (Figure 3A 
), suggesting that ZEA suppressed AOM/DSS-induced 
tumor growth. Moreover, the direct effects of ZEA on the 
viability and proliferation of CRC cell lines were evalu-
ated. ZEA markedly inhibited the viability of HCT116 
and SW620 cells in a concentration-dependent manner 

at concentrations ranging from 5 to 20 μM (Figure 3B). 
In addition, a colony formation assay was performed to 
evaluate the inhibitory effects of ZEA on the proliferative 
capacity of HCT116 and SW620 cells. After 14 days of 
treatment with ZEA, the number of colonies was signifi-
cantly reduced by 56.84% in HCT116 cells and 43.75% 
in SW620 cells (Figure 3C). These findings indicated that 
ZEA markedly inhibited the proliferation of CRC cells.

ZEA Inhibited the PI3K/AKT/MYC Signaling Pathway
To investigate the mechanism by which ZEA suppresses 
CRC cell proliferation, RNA-seq was performed on 
HCT116 cells treated with either ZEA or PBS. KEGG path-
way enrichment analysis revealed significant enrichment 
of the PI3K/AKT signaling pathway (Figure 4A). This sig-
naling pathway has been implicated in apoptosis, tumor 
proliferation, and metastasis.5,6 Therefore, the effects of 
ZEA on the PI3K/AKT signaling pathway were evaluated 
by Western blotting, which demonstrated that treatment 
with ZEA reduced the p-PI3K/PI3K and p- AKT/AKT 
ratios (Figure 4B). These findings suggested that ZEA may 
inhibit CRC cell proliferation, at least in part, by modulat-
ing the PI3K/AKT signaling pathway. To investigate how 
ZEA regulates this pathway, the RNA-seq data were ana-
lyzed to identify key genes variably expressed in the PI3K/

Figure  3.  Zeaxanthin (ZEA) inhibited the proliferation of cancer cells. (A) Representative immunohistochemical images showing Ki-67 
expression in tumor tissues from each experimental group of mice, along with quantitative analysis of Ki-67 expression. (B) Viability of 
HCT116 and SW620 cells cultured in the absence or presence of 5, 10, or 20 μM ZEA for 48 hours was assessed using the CCK-8 assay. (C) 
The influence of ZEA (10 μM) on colony formation. *P < .05, **P < .01 compared with the control group. #P < .05, ##P < .01 compared with the 
azoxymethane/dextran sodium sulfate (AOM/DSS) group.
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AKT signaling pathway between ZEA-treated and control 
groups. Moreover, these genes were validated by qRT-
PCR, which demonstrated that MYC mRNA expression 
was most markedly downregulated following ZEA treat-
ment (Figure 5A). In addition, HCT116 and SW620 cells 
validated that therapy using ZEA reduced MYC protein 
levels (Figure 5B). Furthermore, the immunohistochemi-
cal assay showed that AOM/DSS treatment substantially 
increased the number of MYC-positive cells compared 
with the control group, whereas treatment with ZEA 
effectively reversed this increase (Figure 5C). These find-
ings suggested that MYC is a downstream effector of the 
PI3K/AKT signaling pathway.

To evaluate whether MYC is crucial for ZEA-mediated 
modulation of CRC cell proliferation, MYC was silenced in 
HCT116 and SW620 cells (Supplementary Figure 4A). The 
CCK-8 assay demonstrated that MYC downregulation 

substantially inhibited the proliferation of HCT116 and 
SW620 cells (Supplementary Figure 4B). The colony 
formation assay demonstrated that MYC downregula-
tion significantly suppressed the proliferative capacity 
of HCT116 and SW620 cells (Supplementary Figure 4C). 
These findings demonstrate that MYC downregulation 
suppresses CRC cell proliferation. These results suggest 
that ZEA inhibits CRC proliferation through the PI3K/
AKT/MYC signaling pathway.

DISCUSSION
Epidemiological studies have identified CRC as the third 
most prevalent cancer worldwide and the second lead-
ing cause of cancer-related mortality.1,2 Furthermore, the 
incidence and mortality rates of CRC are steadily increas-
ing.1,19 Despite substantial advances in biological treat-
ments, immunotherapies, and modern drug discovery, 
chemotherapy continues to be the fundamental approach 

Figure  4.  Zeaxanthin (ZEA) inhibited the proliferation of colorectal cancer (CRC) cells via the PI3K/AKT signaling pathway. (A) Kyoto 
Encyclopedia of Genes and Genomes pathway analysis for ZEA. Pathways are shown on the y-axis, whereas the enrichment factors are 
shown on the x-xis. (B) Western blot analysis for the expression of p-PI3K, PI3K, p-AKT, and AKT proteins.
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for CRC treatment in clinical practice.3,4 However, the che-
mopreventive efficacy of chemotherapy is often limited 
by its inherent cytotoxicity, the progression of treatment 
resistance, and substantial patient morbidity.3 These limi-
tations underscore the need to develop low-toxicity treat-
ment agents and effective treatment strategies for CRC. 
In the present study, the authors systematically analyzed 
the preventive effects of ZEA against CRC and the under-
lying molecular mechanisms. Using an AOM/DSS–induced 
CRC mouse model, the authors demonstrated that ZEA 
treatment, particularly at the dose of 50 mg/kg, mark-
edly inhibited CRC progression in vivo. ZEA effectively 
alleviated colonic pathological lesions, reduced tumor 
burden, restored body weight and colorectal length, and 
improved survival in AOM/DSS-treated mice. Meanwhile, 
ZEA exerted potent anti-inflammatory effects by reduc-
ing the expression of proinflammatory cytokines (TNF-α 
and IL-1β) and suppressing excessive cell proliferation, as 
evidenced by decreased Ki-67 expression. Further mech-
anistic investigations demonstrated that ZEA inhibited 

inflammatory responses in LPS-stimulated RAW264.7 
macrophages by suppressing the NOD1/RIP2/NF-κB 
signaling pathway. Additionally, ZEA inhibited the pro-
liferation of HCT116 and SW620 CRC cells by inactivat-
ing the PI3K/AKT/MYC signaling pathway. Collectively, 
these findings demonstrate that ZEA exerts anti-CRC 
effects through dual anti-inflammatory and antiprolif-
erative actions mediated by regulation of 2 core signaling 
pathways.

Therefore, natural compounds are considered promis-
ing candidates for the prevention and treatment of CRC 
because of their diverse chemical structures, improved 
chemopreventive efficacy, and improved safety profile.7,8 
Seaweed-derived compounds have attracted consider-
able attention because of their historical application in 
traditional Asian medicine and their association with a 
50% reduction in CRC risk.20 ZEA is a carotenoid com-
monly found in edible seaweeds. It has been comprehen-
sively studied for its chemopreventive potential in various 

Figure  5.  Zeaxanthin (ZEA) inhibited the expression of MYC. (A) Relative mRNA expression levels of PI3K/AKT–related genes. (B) The 
determination of the protein expression of MYC through the process of Western blotting. The expression levels of MYC were detected by 
Western blotting. GAPDH was used as a loading control. (C) Representative immunohistochemical (IHC) images illustrating MYC expression 
in tumors from each experimental group of mice. Quantitative analysis of MYC expression levels. *P < .05, **P < .01 compared with the control 
group. #P < .05, ##P < .01 compared with the azoxymethane/dextran sodium sulfate (AOM/DSS) group.
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diseases, specifically ocular disorders.9,10,21-23 Recent stud-
ies have demonstrated that ZEA exhibits anticancer 
activity in multiple cancer types, such as breast, bladder, 
lung, gastric, and skin cancers.24 However, specific mech-
anisms and chemopreventive potential of ZEA in CRC 
remain poorly understood. Therefore, this study inves-
tigated the effects of ZEA on CRC progression and the 
underlying molecular mechanisms.

This study used an AOM/DSS-induced CRC mouse model, 
which closely recapitulates the pathological progression 
of human CRC.25 The data indicated remarkable chemo-
preventive efficacy of treatment with ZEA in this model, 
substantially increasing survival rates while reducing char-
acteristic disease symptoms, such as weight loss, tumor 
development, and colon shortening. Histopathological 
analysis demonstrated that therapy using ZEA success-
fully mitigated AOM/DSS–induced CRC, primarily by 
reducing epithelial erosion, crypt damage, and glandular 
hyperplasia. The results suggest that ZEA may substan-
tially inhibit the progression of CRC and is a promising 
candidate for the prevention and treatment of CRC.

Chronic intestinal inflammation is considered to promote 
CRC progression and affects all phases of tumor forma-
tion, from initiation to metastasis.26 The inflammatory 
response in CRC is characterized by the upregulation of 
key mediators, including IL-1β and TNF-α.27 Furthermore, 
the anti-inflammatory properties of ZEA have been dem-
onstrated in various inflammation-related diseases,28,29 
where it inhibits the production of proinflammatory 
cytokines.30 In the present study, treatment with ZEA 
significantly reduced AOM/DSS–induced production 
of IL-1β and TNF-α. Moreover, the in vitro LPS-induced 
RAW264.7 macrophage model demonstrated that ZEA 
exerts anti-inflammatory effects by inhibiting the NOD1/
RIP2/NF-κB signaling pathway, an essential factor for 
regulating inflammation.17 This finding is particularly rel-
evant because NOD1 is associated with inflammatory 
reactions in CRC.31

Uncontrolled cell proliferation is a key hallmark of can-
cer.18 In the current study, in vivo analyses demonstrated 
that ZEA markedly reduced the number of Ki-67-positive 
cells in AOM/DSS-induced mice, indicating potent anti-
proliferative activity. The results were supported by in 
vitro experiments demonstrating that ZEA inhibited the 
proliferation of CRC cells. Mechanistic studies identified 
the signaling pathway of PI3K/AKT as a principal target of 
the antiproliferative effects of ZEA. This pathway regu-
lates essential biological activities such as proliferation, 

survival, and apoptosis32 and is associated with CRC pro-
gression. The results of this study demonstrated that ZEA 
markedly inhibited the PI3K/AKT signaling pathway, as 
evidenced by reduced phosphorylation levels.

Subsequent downstream investigation showed that the 
effects of ZEA on cellular proliferation are mediated by the 
regulation of MYC (c-MYC) expression. Therefore, MYC, a 
key downstream effector of the PI3K/AKT signaling path-
way and a proto-oncogene that regulates cell prolifera-
tion and metabolism,33,34 is a significant chemopreventive 
target in CRC. This study showed that treatment with 
ZEA reduced MYC expression, thereby inhibiting the CRC 
cell proliferation. These findings suggest that the antipro-
liferative effects of ZEA are mediated through the PI3K/
AKT/MYC signaling pathway.

This study has several major strengths. The current study 
demonstrates the preventive effect of ZEA on CRC, pro-
viding new evidence supporting the application of natu-
ral products for the prevention and treatment of CRC. 
Furthermore, the authors demonstrate that ZEA exerts 
anti-inflammatory effects by inhibiting the NOD1/RIP2/
NF-κB signaling pathway while simultaneously sup-
pressing CRC cell proliferation through inhibition of the 
PI3K/AKT/MYC signaling pathway. This provides new 
insights into the multitarget anticancer effects of ZEA. 
Nevertheless, several limitations of the present study 
should be acknowledged. First, the use of a single dose 
of ZEA in vivo precludes the evaluation of dose–response 
relationships. Second, the absence of specific chemi-
cal pathway inhibitors restricts the depth of mechanis-
tic validation. Furthermore, this was a preclinical study, 
and the pharmacokinetic characteristics, effective dos-
age, bioavailability, and preventive efficacy of ZEA in 
humans remain to be established. With respect to clini-
cal safety, although ZEA has demonstrated a favorable 
safety profile in most clinical studies,35 mild gastrointesti-
nal symptoms—including bloating and gastric discomfort, 
particularly under fasting conditions—have been reported 
in a small number of participants.36 Additionally, given the 
glucose-lowering effects of ZEA observed in animal mod-
els, it may theoretically enhance the effects of hypogly-
cemic agents, warranting caution with concomitant use.37 
Notably, no clinical cases of such an interaction have 
been reported to date. Beyond safety considerations, ZEA 
is not the only natural compound with potential anti-CRC 
activity. Other naturally occurring compounds, such as 
matrine and aconitine, have also demonstrated anti-CRC 
effects through distinct mechanisms.38,39 However, simi-
lar to ZEA, most of these compounds face the common 
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challenge of translating robust preclinical evidence into 
established clinical benefit.

In conclusion, this study provided evidence support-
ing the potential of ZEA as a chemopreventive agent 
for CRC. In vivo and in vitro findings demonstrated that 
ZEA effectively suppressed CRC progression through 2 
mechanisms: (1) attenuation of intestinal inflammation 
by inhibition of the NOD1/RIP2/NF-κB signaling pathway 
and (2) inhibition of tumor cell proliferation through PI3K/
AKT–mediated regulation of MYC expression. These find-
ings support ZEA as a promising natural compound with 
substantial potential for chemopreventive applications in 
CRC. Future studies should investigate the molecular tar-
gets of ZEA and evaluate its chemopreventive effective-
ness in clinical settings.
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Supplementary Figure 1.  (A) The schematic presentation of the experimental course for the development of the AOM/DSS mouse model. 
(B)Kaplan-Meier survival curves indicating the ZEA effects on the survival of mice after their treatment with AOM/DSS.

Supplementary Figure 2.  Measurement of relative expression levels of TNFα and IL-1β mRNA by qRT-PCR. (B) The concentration of TNF-α 
and IL-1β measured by ELISA. (C) The expression levels of NOD1, p-RIP2, NF-κB and p-NF-κB were detected by Western blotting. GAPDH 
was used as a loading control.

Supplementary Figure  3.  ZEA was added to RAW264.7 cells for  
24 h. The viability of the cells was measured by the CCK-8 assay.



Supplementary Figure 4.  Knockdown of MYC inhibited the proliferation of CRC cells. (A) The expression of MYC was detected by qRT-PCR 
and Western blotting. (B) The viability of CRC cells after MYC knockdown was measured by CCK-8 assay. The expression levels of MYC were 
detected by Western blotting. GAPDH was used as a loading control. (C) The colony formation ability of CRC cells after MYC knockdown was 
measured by colony formation assay. The expression levels of PI3K and p-PI3K were detected by Western blotting. GAPDH was used as a 
loading control. The expression of levels AKT and p-AKT were detected by Western blotting. GAPDH was used as a loading control.


