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Abstract: Okra flowers are a good source of polysaccharides and flavonoids, with biological activities
of anti-inflammatory action and modulation of the gut microbiota. Previously, we reported that
flavonoid-rich extracts from okra flowers (AFE) presented effective anti-colorectal cancer (CRC)
activity in CRC cells as well as xenograft models, but their role in colitis-associated cancer (CAC)
is unidentified. In this study, we aimed to evaluate the effects of AFE and APE (polysaccharides
extracted from okra flowers) on the CAC symptoms of azoxymethane (AOM)/dextran sodium sulfate
(DSS)-intervened mice. The results showed that APE and AFE exert potent efficacy in inhibiting
colitis and colorectal tumorigenesis stimulated by AOM/DSS, characterized by decreased colonic
shortening, DAI score, and tumor numbers. Compared with the control group, APE/AFE alleviated
the microbiota dysbiosis driven by AOM/DSS. In addition, AFE elicited its anticancer activity
through regulation of NFκB/IL-6/Stat3, JAK2/Stat3, MAPKs, PI3K/AKT, and Wnt/β-catenin signal
transductions in AOM/DSS mice, which was consistent with a vitro model of CT26 cells, while
APE treatment exhibited anticancer activity through regulation of Nrf2/IL-6, MAPKs, PI3K/AKT,
and Wnt/β-catenin signal transductions in the AOM/DSS mouse model. Collectively, our studies
revealed, for the first time, that flavonoids and polysaccharides from okra flowers possess the ability to
attenuate colitis and colorectal tumorigenesis, with them having great potential to become promising
candidates against CRC.
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1. Introduction

Colorectal cancer (CRC) remains a principal cancer type and the primary cause of
death worldwide, although substantial progress has been achieved in CRC therapy over
recent years. According to the GLOBOCAN 2020 estimate, CRC ranks third (more than
1.9 million new CRC cases) in morbidity and second (935,000 deaths) in mortality among
various malignancies [1]. Stemming from focal or multifocal patchy and flat dysplasia in in-
flammatory regions, colitis-associated cancer (CAC) is a fatal complication of inflammatory
bowel disease (IBD) and the most common type of CRC [2]. IBD can significantly increase
the risk of developing CRC and is correlated positively with the degree, range, and length of
disease [3]; for example, a longer course of IBD generally provides more risk for developing
CRC [4]. Of note, as a critical potential pathogeny of colorectal tumorigenesis, chronic
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inflammation can exist from the beginning phase of tumorigenesis [5,6] and facilitate the
development of CRC [7].

Nowadays, the relevance between phytochemicals and CRC has been reported in
epidemiological studies as well as experimental studies. Many epidemiological studies
have emphasized the correlation between the intake of several nutrients or foods enriched
in phytochemicals and lower risk of CRC [8] and have spotted the chemopreventive
activities of natural compounds in preventing or reversing the process of carcinogenesis [9].
In addition, experimental studies have revealed that dietary phytochemicals can exhibit
chemopreventive effects against CRC through adjusting related signaling pathways or
modulating the gut microbiota [8].

Okra (Abelmoschus esculentus L.), a flowering plant of Malvaceae, is extensively planted
worldwide and is usually eaten as a vegetable. Okra flowers are a byproduct of okra and
are partially consumed as healthy tea, while the vast majority are discarded as a waste of
resources [10]. Surprisingly, okra flowers are enriched in flavonoids [11] and polysaccha-
rides [12], two important bioactive compounds in plants, which have the potential to be
novel agents or food resources for modulating intestinal health and controlling intestinal
disease. Our previous study found that AFE (Abelmoschus esculentus (Linn.) Moench flower
flavonoid extract) extracted from okra flowers markedly inhibited the growth of CRC cells
through the induction of mitochondrial dysfunction-associated apoptosis, senescence, and
autophagy, without adverse influence on the cytoactivity of normal cells [13]. And in vivo,
AFE showed significant antitumor effects on tumor xenograft model mice without apparent
toxicity and side effects; the preventive action of AFE was more visible than its curative
action [13]. Neither cell models nor xenograft mouse models can fully reflect the growth
process of human cancer as well as the characteristics and effectiveness of agents in the
clinic. And azoxymethane (AOM) combined with dextran sodium sulfate (DSS) has mostly
been applied to induce the CAC mouse model, which mimics the colonic inflammation and
carcinogenesis circumstances in humans and has similarities to the features and processes of
human CRC; thus, it is superior in reflecting the features and effects of antitumor agents in
clinical applications [14]. Moreover, chronic intestinal inflammation affects the progression
of CAC by facilitating inflammatory signaling pathways and cell proliferation and changes
in immune response, thus facilitating tumorigenesis [15,16]. Experimental models of CAC
may help clarify how chronic inflammation and related signaling pathways exert action in
the initiation and progression of CRC.

The flavonoids and polysaccharides from okra flowers possess the features of high
obtainment rates, safety, and low economic costs, but there is no record of them in the
CAC literature. Thus, the objective of our study was to identify the role of okra flower-
derived polysaccharides and flavonoids in alleviating colitis and CAC tumorigenesis in
AOM/DSS-induced CAC mice and to elucidate the influencing pathway regulated by
APE (Abelmoschus esculentus (Linn.) Moench flower polysaccharide extract) and AFE.
We applied the flavonoids and polysaccharides from okra flowers to chemically induced
the CRC mouse model first, and collectively, the current study might offer a scientific
basis for applying okra flower-derived polysaccharides and flavonoids as novel promising
candidates in controlling CRC.

2. Materials and Methods
2.1. Preparation of AFE and APE

The method of APE preparation is illustrated in Figure S2A and described as below.
After extraction twice with 75% ethanol under reflux for 2 h (about 70 ◦C), the filtrates
were filtered and purified to acquire AFE, and the residue was then extracted twice with
double-distilled water (ddH2O) at 70 ◦C for 3 h. After filtering to throw off the residual
and concentrating the extracts under vacuum at 70 ◦C, anhydrous ethanol was used to
precipitate the polysaccharide extracts (the ratio of concentrated solution to ethanol was
1:3), and they were kept overnight for half a day at 4 ◦C. The precipitate was collected and
then dissolved in ddH2O. The solution was precipitated again by anhydrous ethanol to



Nutrients 2023, 15, 4820 3 of 22

an eventual ethanol dose of 75% and kept overnight for half a day at 4 ◦C. After being
washed with anhydrous ethanol, the precipitate fraction was resolved in ddH2O and
dried into lyophilized powder through vacuum freezing. Additionally, AFE was extracted
and purified from okra flowers, according to our previous study [13], sequentially: 70%
ethanol extraction (70 ◦C) of okra flowers, purification via AB-8 macroporous resin, and
freeze-drying of the eluent.

2.2. Cell Lines and Cell Culture

CT26 (ATCC, Rockville, MD, USA), murine CRC cells were cultivated in RPMI
1640 medium with 10% heat-inactivated fetal bovine serum (FBS) and 1% antibiotics
(penicillin and streptomycin) added. The cells were cultivated in a humidified atmosphere
of 5% CO2 at 37 ◦C. The cells were exposed to the designated concentrations of AFE (0, 50,
100, and 200 µg/mL) for a whole day at 37 ◦C after being attached to Petri dishes.

2.3. Mice and Animal Experiments
2.3.1. Mice

C57BL/6 mice (male; weighing 18–20 g) at six weeks of age from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) were cultured in a specific
pathogen-free (SPF) environment (temperature controlled: 22–29 ◦C) and received their
food and drink freely.

Our animal experiment was permitted by the Medical Ethics Committee of Sichuan
University in China (new permit number: Gwll2021058).

2.3.2. AOM/DSS Animal Study

The scheme of the animal experiments and design is described in Figure 1A.
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Figure 1. Effects of APE and AFE on the physiological indices of the CAC mice. (A) Schematic
diagram of the animal experimental study. (B) Representative appearance of the CAC mice by the
end of th trial (1: anorectal prolapse; 2: anal bleeding; 3 and 4: anus turgescence and extrudes out).
(C) The incidence rate of anorectal malformation in each group. (D) Changes in the body weight
of the mice were recorded each week during the entire study. (E) Body weight changes of CAC
mice in the AOM/DSS-induced groups during the three DSS cycles. (F) The survival curve. (G) The
DAI score of the mice in each group. Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. AOM/DSS group.

After acclimation for 1 week, the mice were weighed and randomly allocated to eight
groups: (1) the model group (AOM/DSS, n = 15): AOM/DSS treatment and intragastric
administration of saline; (2) the APE low-dose group (APE-L, n = 12): AOM/DSS treatment
and 150 mg/kg APE; (3) the APE high-dose group (APE-H, n = 12): AOM/DSS treatment
and 300 mg/kg APE; (4) the AFE low-dose group (AFE-L, n = 12): AOM/DSS treatment
and 150 mg/kg AFE; (5) the AFE high-dose group (AFE-H, n = 12): AOM/DSS treatment
and 300 mg/kg AFE; (6) the control group (n = 10): saline; (7) APE (n = 10): 300 mg/kg
APE; and (8) AFE (n = 10): 300 mg/kg AFE.

The mouse colitis-associated cancer study was carried out based on the previous
literature with mild modifications [17–19]. Briefly, the AOM/DSS-induced mice in the
present study were intraperitoneally injected with AOM (10 mg/kg). After one week,
the mice were supplied with DSS water (2.5% DSS) for 1 week (first DSS cycle) and
provided with normal drinking water for the following 2 weeks. The above cycle was
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repeated twice with 2% DSS, and the mice were sacrificed during week 16. Both AFE and
APE were administered to the mice orally once a day, starting from 1 week before the
experiment (Figure 1A), while the mice in the model group and the control group received
equivalent saline.

The CRC-inducing agents AOM (Sigma-Aldrich) and DSS (MW: 36,000–50,000 Da)
were bought from Sigma-Aldrich and MP Biomedicals (Santa Ana, CA, USA), respectively.

2.3.3. Disease Activity Index

A clinical evaluation of each mouse was executed by using an established DSS colitis
disease activity index (DAI) to evaluate severity [20]. The DAI comprised the average
values assigned to stool consistency, rectal bleeding, and weight loss that were logged
during the experimental period (Table 1).

DAI = (Weight Loss + Stool Consistency + Fecal Bleeding)

Table 1. The disease activity index score of the mice.

Score Weight Loss (%) Stool Consistency Visible Fecal Blood

0 <1 Normal pellets Normal
1 1–5 Loose feces Slightly bloody
2 6–10
3 11–15
4 >15 Watery diarrhea Blood in the entire colon

2.3.4. Enumeration of Lesions and Measurement of Colon Length

After 16 weeks, the mice were sacrificed, and the tissue from their colons was detached
from the ileocecal junction to the edge of the anus swiftly. After exact measurement of
length, the colon was opened longitudinally, with the adherent tissues being rid of, and
then it was rinsed thrice with normal saline. The position and the number of tumors were
logged. Part of the colon tissue was cut off and fixed in paraformaldehyde solution (4%)
and embedded in paraffin for further pathological study. The residual tissues were placed
on ice and stored at −80 ◦C for other experiments.

2.4. Gut Microbiota Analyses

In the final stage of the experiment, fecal samples from each mouse were collected.
Every mouse was individually put into the metabolic cages, and each mouse’s feces was
obtained and immediately stored at −80 ◦C. Fecal samples from five mice from every group
were applied for 16S rRNA gene sequencing. The total genomic DNA of intestinal flora
from the fecal samples was extracted through the TIANamp Stool DNA Kit (DP328) and
stored at −80 ◦C. When we finished testing the concentration and quality of the DNA
through agarose gel electrophoresis, the extractive DNA was diluted to 1 ng/µL as the
PCR template. And PCR amplification was carried out through universal primers 515F and
806R and specific primer barcodes.

After removing the barcode and primer sequence, the raw tags were acquired through
FLASH (V1.2.7) and QIIME (Version 1.9.1); a quality control process was carried out
to gain clean tags. Ultimately, the UCHIME algorithm was applied to catch chimera
sequences of the clean tags in comparison with the reference, and subsequently, the chimera
sequences were abandoned to gain effective tags. Based on sequence analysis using Uparse
software (Version 7.0.1001), sequences with similarity above 97% were placed into the
same operational taxonomic units (OTUs). Typical sequences of every OTU were screened
for subsequent annotation, and the Silva database was the reference database to used
annotate the sequences. Alpha diversity indices, such as ACE, Chao1, observed_species,
and PD_whole_tree were computed through QIIME (Version 1.7.0) and displayed with R
software (Version 2.15.3).
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2.5. Hematoxylin and Eosin (H&E) Staining and Immunohistochemistry

Organs and tissues (colon and small intestine) from the mice were embedded in
paraffin blocks. And sliced sections, of around 4 µm, were deparaffinized and rehydrated
through a xylene–ethanol–water gradient system. The process of H&E staining was carried
out according to the dehydrating process.

In addition, immunohistochemical staining of COX2, EMR1, Ki-67, ZO-1, and occludin
was performed on sections obtained from the paraffin-embedded small intestine and
colon. After deparaffinization in citrate buffer solution, the sections were preincubated
for 25 min in H2O2 solution (3%) and then re-incubated for 1 h in regular goat serum.
The sections were incubated with primary antibodies in a refrigerator (4 ◦C) overnight.
And the slides were incubated in HRP-conjugated secondary antibody solution for around
50 min. Then, the sections were covered with DAB for minutes and counterstained for
3 min with hematoxylin. Eventually, the sections were dehydrated with ethanol, sealed,
and analyzed through image analysis software, and every section stained was watched and
photographed. ImageJ software (V1.8.0) was used to quantify the IHC data.

2.6. Western Blot Analysis

The protein from the CT26 cells and the tissue from the colon collected from the
AOM/DSS-treated mice were lysed in frozen RIPA buffer solution (the cocktails (protease
inhibitor and phosphatase inhibitor) were added). The supernatant of the solution was
obtained through centrifugation (13,300 rpm, 15 min) in a refrigerator (4 ◦C). Furthermore,
the BCA Protein Assay Kit (Beyotime Biotech, Beijing, China) was applied to detect the
concentration of protein, and the samples (30–50 µg) were loaded onto SDS-PAGE gel for
electrophoresis. And the protein from the samples was electrotransferred onto the PVDF
membranes after gel electrophoresis. The membranes were blocked in Tris-buffered saline
solution comprising 5% skimmed milk and 1% Tween 20 (TBST, pH 7.4) for around 1 h and
incubated with the indicated antibody overnight. Following washing with TBST five times,
the membranes were incubated with the relevant HRP-conjugated secondary antibody
(1:2000 dilution) at room temperature for 2 h and then washed with TBST another five
times. Finally, the blots were developed with an enhanced chemiluminescence kit, and the
monoclonal GAPDH antibody was used as the internal control.

2.7. Statistical Analysis

The results are expressed as the mean ± standard deviation (SD). One-way ANOVA
followed by Dunnett’s t-test in SPSS 16.0 software was used to examine the differences
between the groups. GraphPad Prism software (version 7.0) was used to generate the
figures in our data. The survival analysis was carried out through the Kaplan–Meier
method (log-rank test). And the following p-values were considered statistically significant:
* p < 0.05; ** p < 0.01; *** p < 0.001.

3. Results
3.1. APE and AFE Attenuated the AOM/DSS-Induced Physiological Index

Firstly, we tested the ability of APE and AFE to relieve AOM/DSS-induced CAC,
which was developed by AOM and three cycles of DSS (Figure 1A). At the end of the
experiment, typical anorectal features of the mice, including redness, swelling, bloodshed,
and anorectal prolapse, which are successful indicators of the AOM/DSS-induced CAC
model, were observed (Figure 1B). The incidence rate of anorectal malformation in each
group was recorded, and it was observed that APE and AFE attenuated the occurrence
of anorectal abnormalities (p < 0.05) in comparison with the model group (Figure 1C).
Moreover, the body weight of the mice was recorded weekly throughout the experiment
(Figure 1D), and compared to the control group, the body weight of the CAC mice decreased
obviously, but it reversed after the subsequent administration of normal drinking water in
the three DSS cycles. The weight loss of the AOM/DSS group reached the highest point
on the nineth day after the CAC mice drank the DSS solution freely. And the mice in the
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APE and AFE intervention groups lost less body weight after DSS treatment and recovered
faster than the mice in the AOM/DSS group (Figure 1E).

Furthermore, survival rate is also a significant index to evaluate the therapeutic effect
of agents on CRC treatment, and the death rate of all groups was monitored weekly. Clearly,
the survival rate of the AOM/DSS group was the lowest among all groups, while both
APE and AFE administration elevated the survival rate of the AOM/DSS-induced CRC
mice (Figure 1F). Like human IBD, the AOM/DSS-induced model mice exhibited apparent
clinical features of chronic colitis, including body weight loss, diarrhea, and bloody stools,
resulting in markedly increased DAI scores. Compared to the AOM/DSS group, less weight
loss and more slight diarrhea and bloody stools were observed in the APE and AFE-treated
groups, and therefore, the their DAI score was significantly reduced (Figure 1G). These
results suggest that APE and AFE can effectively alleviate colitis signs in CAC mice.

3.2. APE and AFE Attenuate AOM/DSS-Induced Colorectal Carcinogensis

Increased inflammation of the colon is always positively associated with a decrease
in colon length, in the present study, and the colon length of the model group was signifi-
cantly shorter than the control group, while the intervention with APE and AFE markedly
enhanced the colon length of the AOM/DSS-treated mice (Figure 2A,B). Upon necropsy,
the CAC mice displayed bunchy neoplasms near their anus in the middle and posterior
segments of their colon, and every mouse in the groups that were exposed to AOM/DSS
developed tumors. But compared to the model group, there were substantially fewer total
numbers of tumors in the APE and AFE administration groups (Figure 2C,D).
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Figure 2. Inhibitory activities of APE and AFE in AOM/DSS-induced colitis-associated tumorigenesis.
(A) Representative photographs of colonic tissues. (B) Length of the colons in the different groups.
(C) Typical photographs of longitudinal anatomical colons (red arrow: tumor). (D) Number of colon
polyps in different groups. Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001
vs. AOM/DSS group.



Nutrients 2023, 15, 4820 8 of 22

3.3. APE and AFE Protect Organs against AOM/DSS-Induced Injury

The results in Figure 3A show that the CAC mice exhibited a more significant increase
in the liver, spleen, and thymus indices than the mice in the control group. The administra-
tion of APE and AFE significantly decreased the liver, spleen, and thymus indices induced
by AOM/DSS, while a difference in the lungs and kidneys was not observed. APE and
AFE displayed notable anti-CRC properties against the AOM/DSS-induced CRC model,
but no potential side effects of APE and AFE were observed. Furthermore, a microscopic
examination of the major organs was conducted, and no detectable morphological changes
were observed in the mice treated with APE or AFE (Figure 3B).
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Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. AOM/DSS group.

3.4. APE and AFE Protect the Small Intestine and Colon against AOM/DSS-Induced Injury

Histopathological examination of the small intestine showed that, AOM/DSS treat-
ment led to inflammatory cell infiltration, the decrease of intestinal villi, the loss of intestinal
crypt architecture, and edema, while APE and AFE treatment inhibited the pathological
changes (Figure 4A). Histopathological examination (Figure 4B) implied that the colon of
the mice in the AOM/DSS group had developed chronic inflammation, featuring colonic
mucosal ulcers, epithelium disruption with a loss of epithelial integrity and abnormal
glands, and remarkable immune cell infiltration. APE and AFE significantly alleviated
pathological changes, such as mucosal damage, the infiltration of inflammatory cells, and
abnormal glands.
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Figure 4. APE and AFE inhibited AOM/DSS-induced inflammation and histological injury in the
small intestinal and colonic tissue. (A) H&E-stained pathological sections of the small intestinal
tissues. Scale bar, 100 µm (upper panel) and 20 µm (lower panel). (B) H&E-stained pathological
sections of colonic tissues. Scale bar, 100 µm (upper panel) and 20 µm (lower panel). (C) IHC staining
of ZO-1, occludin, Ki67, COX-2, and EMR1 expression in colonic tissues. Data are presented as the
mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. AOM/DSS group.



Nutrients 2023, 15, 4820 10 of 22

Immunohistochemistry examination showed that CRC earl markers, including Ki67,
COX2, and EMR1, were highly expressed in the colons in the model group, but these indi-
cators showed lower expression in the APE and AFE intervention groups than in the model
group. Moreover, we tested the expression of zonula occludens-1 (ZO-1) and occludin in
the colon tissues, and found that, compared to the AOM/DSS group, the expression of
ZO-1 and occludin was obviously elevated in the colon by APE and AFE treatment.

3.5. APE and AFE Inhibited Colonic Inflammation in the AOM/DSS Mice by Regulating the
Inflammatory Signaling Pathway
3.5.1. APE and AFE Regulated IL-6 and Related Signaling Pathways in the
AOM/DSS Mice

The Western blotting results in Figure 5A,B show that AOM/DSS treatment decreased
transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) expression and in-
creased interleukin-6 (IL-6) expression in comparison with those of the control group, while
APE treatment increased Nrf2 expression and decreased IL-6 expression, compared to the
model group, which suggests that APE might downregulate the Nrf2-mediated expression
of inflammatory mediators.

We also found that NFκB signaling components were elevated in the model mice, as
well as the protein expression of JAK2, p-Stat3/Stat3, and IL-6 (Figure 5C,D), suggesting
increased colitis in the model group. However, AFE administration markedly inhibited
the expression of these NFκB signaling component molecules and JAK2 compared to the
AOM/DSS mice, which indicated that AFE could alleviate AOM/DSS-induced CAC by
downregulating the NFκB/IL-6/Stat3 and JAK2/Stat3 pathway.
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Figure 5. APE and AFE inhibited colonic inflammation in the CAC mice. (A) APE downregulated
the level of Nrf2 and IL-6 in colonic tissues. (B) The relative intensities of Nrf2 and IL-6 expression
after normalization to GAPDH. (C) AFE inhibited the level of JAK2, p-Stat3/Stat3, NfκB, and IL-6
in colonic tissues. (D) The relative intensities of JAK2, p-Stat3/Stat3, NfκB and IL-6 expression
after normalization to GAPDH. Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01 vs.
AOM/DSS group.

3.5.2. APE and AFE Regulated the MAPKs Signaling Pathway in the AOM/DSS Mice

We studied mitogen-activated protein kinases (MAPKs), the key efficient molecule
that mediates proinflammatory signaling, and Western blot analysis showed (Figure 6A–D)
that the relative levels of JNK and p-ERK were upregulated in the AOM/DSS group. While
in comparison with the AOM/DSS group, APE intervention markedly suppressed the
phosphorylation of ERK and activated P38 expression, and AFE administration markedly
inhibited p-ERK, c-fos, and the downstream target gene c-fos. These above data suggest
that APE and AFE conferred prominent protective effects against AOM/DSS-induced CAC
in the C57BL/6 mice by suppressing inflammatory responses such as the regulation of the
MAPKs signaling pathways.
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Figure 6. APE and AFE inhibited the MAPK signaling pathway in the colonic tissues of the CAC
mice, as determined via Western blotting. (A) Effects of APE on p-ERK/ERK, P38, and p-JNK/JNK
in the colonic tissues of the CAC mice. (B) The relative intensities of the expression of (A) normalized
against total proteins. (C) Effects of AFE on p-ERK/ERK, P38, JNK, and c-fos in the colonic tissues
of the CAC mice. (D) The relative intensities of the expression of (C). Data are presented as the
mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. AOM/DSS group.

3.6. APE and AFE Inhibited the CRC-Associated Signaling Pathways
3.6.1. APE and AFE Inhibited PI3K/AKT/mTOR Signal Transduction in the AOM/DSS
Mice

In our study on the AOM/DSS group, PI3K/AKT/mTOR signal transduction was
activated and PPAR-γ expression was increased as compared with the control group
(Figure 7A–D). However, the expressions of PI3K, p-AKT/AKT, mTOR, and PPAR-γ were
significantly decreased with APE and AFE treatment in comparison with the model group
(Figure 7A–D).
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Figure 7. APE and AFE inhibited PI3K/AKT/mTOR signal transduction in the colonic tissues of the
CAC mice. (A) APE suppressed the expression of PI3K/AKT/mTOR signal transduction. (B) The
relative intensities of PI3K, p-AKT/AKT, m-TOR, and PPAR-γ expression after normalization to
GAPDH. (C) AFE inhibited the expression of PI3K/AKT/mTOR signal transduction in the colonic
tissues. (D) The relative intensities of PI3K, p-AKT/AKT, m-TOR, and PPAR-γ expression after
normalization against GAPDH. Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01, *** p <
0.001 vs. AOM/DSS group.

3.6.2. APE and AFE Partly Regulated the Wnt/β-Catenin Signaling Pathway in the
AOM/DSS Mice

In the present study, β-catenin, p-GSK-3β, and c-Myc, the downstream target genes
of Wnt signaling, were overexpressed in the AOM/DSS group (Figure 8A–D), while APE
and AFE were able to alleviate the overexpression of β-catenin, p-GSK-3β, and c-Myc in
the colon of the AOM/DSS-treated mice in comparison with the model group. Moreover,
AFE was able to increase the relative level of p-β-catenin. Together, these results imply
that APE and AFE attenuate the development of CAC by suppressing the activation of the
Wnt/β-catenin signaling pathway.

3.7. AFE Inhibited CT26 Colon Cancer Cell Growth and Metastasis through the Regulation of
Multiple Pathways

Similar to what we observed in vivo, AFE markedly reduced the relative expression
of NFκB, IL-6, p-Stat3/Stat3, JAK2, JNK, p-ERK/ERK, PI3K, and P-AKT/AKT in the CT26
cells upon AFE treatment for 24 h (Figure 9A,B) in comparison to the control group. It
turned out that AFE may elicit its anticancer activity through regulation of NFκB/IL-
6/Stat3, JAK2/Stat3, MAPKs, PI3K/AKT, and Wnt/β-catenin signal transductions in
CT26 cells.
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Figure 8. Effects of APE and AFE on Wnt/β-catenin signaling-related genes in the colonic tissues
of the AOM/DSS mice. (A) APE inhibited the expression of Wnt/β-catenin signal transduction in
colonic tissues. (B) The relative intensities of β-catenin, p-GSK-3β, and c-Myc after normalization
against GAPDH. (C) AFE inhibited the expression of Wnt/β-catenin signal transduction in colonic
tissues. (D) The relative intensities of β-catenin, p-β-catenin, p-GSK-3β, and c-Myc expression after
normalization against GAPDH. Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01 vs.
AOM/DSS group.
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Figure 9. Effects of AFE on MAPK, Wnt/β-catenin, PI3K/AKT/mTOR, JAK2/Stat3, and NfκB/IL-
6/Stat3 signaling transductions in CT26 cells. (A) Dose effects of AFE (0, 50, 100, and 200 µg/mL) on
MAPK, Wnt/β-catenin, PI3K/AKT/mTOR, JAK2/Stat3, and NfκB/IL-6/Stat3 signaling transduc-
tions after treatment for 24 h in CT26 cells. (B) The relative intensities of the PI3K, p-AKT/AKT, JNK,
p-ERK/ERK, JAK2, p-Stat3/Stat3, NFκB and IL-6 levels normalized against total proteins. Data are
presented as the mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. AOM/DSS group.

3.8. APE and AFE Treatment Modulated the Diversity and Composition of the Gut Microbiota

Intestinal dysbacteriosis has been observed in the CAC mouse model in numerous
reports. We further tested whether APE/AFE treatment could ameliorate the intestinal
dysbacteriosis caused by AOM/DSS in the C57BL/6 mice and conducted 16S rRNA se-
quencing of their feces. The terminal of the dilution curve of each group tended to be flat
(Figure 10A), implying that the sample sequencing data were rational and that the vast
majority of the flora diversity was caught.

The Venn diagram (Figure 10B) shows that there were fewer OTUs in the AOM/DSS
group than in the control group, but APE and AFE treatment increased the OTUs. The
α-diversity analysis using ACE, Chao1, observed_species, and PD_whole_tree (Figure 10C)
was evaluated, and these indices were markedly downregulated in the model group
compared with the control group. After treatment with APE/AFE, these indices reverted
to an equal level compared to the control group.

We detected changes in bacterial abundance at multiple levels via taxon analysis to
assess the action of APE/AFE on microbiome structure remodeling. At the phylum level
(Figure 10D), the most abundant Firmicutes and Bacteroidetes constituted over 84% of the
total microbiota of all the samples. Evidently, in comparison with the control group, a higher
abundance of Bacteroidetes and Proteobacteria and a lower abundance of Firmicutes were
discovered in the AOM/DSS group. Nevertheless, the ratio of Firmicutes to Bacteroidetes
(F/B) was elevated after intervention with AFE, with a decrease in Proteobacteria. Moreover,
the relative abundance of Campilobacterota and Actinobacteriota was lower than that in the
control group, but APE and AFE treatment increased their abundance. At the genus level
(Figure 10E), the relative abundance of Bacteroides, Parabacteroides, Parasutterella, Odoribacter,
and Streptococcus in the AOM/DSS group was elevated in comparison with those in the
control group. Interestingly, APE/AFE administration entirely inhibited the increase in the
relative abundance of the above bacteria caused by AOM/DSS. Furthermore, in comparison
with the control group, lower abundance of Lachnospiraceae_NK4A136_group, Oscillibacter,
Alloprevotella, and Prevotella was observed in the model group, and AFE and APE partially
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or even entirely reverse the decline in the relative abundance of above bacteria caused by
AOM/DSS.

A t-test was applied to make a distinction between the groups, which indicated
that AOM/DSS treatment significantly decreased the relative abundance of Alloprevotella
(p < 0.05), and APE/AFE treatment reversed the decrease (Figure 10F). The LEfSe analysis
(LDA score: 4.0) of the present study showed that three taxa were influenced in the
AOM/DSS group compared to the control group, which had six markedly changed taxa.
When comparing the AOM/DSS group with the APE intervention group, there were
three changed taxa in the model group and two in the APE intervention group. And
when comparing the AOM/DSS group with the AFE intervention group, there were
three taxa that were influenced by the AFE intervention, and three changed taxa in the
AOM/DSS group.

Generally, these results further indicate that APE/AFE is critically involved in shaping
the intestinal flora in the AOM/DSS-induced CAC mouse model.
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Figure 10. APE and AFE modulated the diversity and structure of the intestinal flora in the CAC mice.
(A) Rarefaction curve. (B) The OTUs of each group. (C) Alpha diversity analyzed by ACE, Chao
1, observed_species, and PD_whole_tree. (D) The relative abundance of the flora at various levels.
(E) T_test analysis of the different species between test groups. (F) LEfSe analysis of the dominant
biomarker taxa. Data are presented as the mean ± SD; * p < 0.05, ** p < 0.01 vs. AOM/DSS group.

4. Discussion

Okra, also known as qiukui, is an annual herb and mainly grown in immature pods.
There exists massive flower waste during the fruit development period, which is a byprod-
uct of okra but rich in polysaccharides and flavonoids. However, except for a few health
teas, the development and utilization of okra flowers is limited. Epidemiological studies
and experimental studies have linked CRC progression with dietary factors and identified
that phytochemical-rich plant foods exert protective activities in CRC prevention [8]; dietary
intervention has become an attractive strategy to inhibit its occurrence and progression.
Owing to the high level and potential bioactivities of flavonoids and polysaccharides, okra
flowers have potential to be novel agents. A previous study found that AFE exhibited
anti-cancer activity in a CRC cell model and a CT26 xenograft mouse model [13]. And in
this study, we applied the mutagenic agent AOM and the proinflammatory reagent DSS to
induce CAC, mimicking the inflamed colon and carcinogenesis circumstances in humans,
to investigate the effect of polysaccharide and flavonoid extracts from okra flowers on
AOM/DSS-induced colitis and CAC, which can properly reflect the features and availability
of agents in practical applications [21], which has never been reported before.

We showed that APE and AFE treatment alleviated AOM/DSS-induced colitis, CAC,
and CAC-caused dysbiosis. Preceding studies have reported that CRC is often accompanied
by decreased diversity and richness of the gut microbiota, including in AOM/DSS-induced
CRC models and CRC patients [22,23], and the structure of the microbiome decides the
susceptibility to colorectal tumorigenesis [24]. Previously, okra flowers were known as
a good source of flavonoids and polysaccharides, and mounting evidence has indicated
a promising role of plant-derived polysaccharides and flavonoids as prebiotics that are
able to provide protection against CRC by modulating the intestinal flora [25–27]. In this
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study, we proved that APE/AFE treatment elevated the richness and diversity of microbial
composition compared to the AOM/DSS group. At the phylum level, Firmicutes was the
most predominant phylum in all groups, exceeding 60%, which is important for butyrate
production, has anti-inflammatory and anticarcinogenic effects, and has documented effects
on CRC [28]. And Bacteroidetes, accounting for 10–15%, are significantly associated with
tumor susceptibility and promotion and are involved in the development of CRC [29].
Previous studies reported that intestinal dysbacteriosis in the AOM/DSS group was visible
at the phylum level, with a shift toward a decreased Firmicutes/Bacteroidetes ratio [29].
Consistent with previous studies, a decrease in Firmicutes/Bacteroidetes was observed in
the model group in comparison with the control group, whereas it was improved through
AFE treatment. In addition, AFE intervention elevated the relative abundance of Pro-
teobacteria (decreased through AOM/DSS induction), and a lower abundance of which
would be present in healthy humans but with an obvious preponderance in CAC [30]. The
analysis at the genus level showed that Bacteroides, Parasutterella, and Streptococcus, which
are positively associated with colorectal carcinogenesis, were increased by AOM/DSS
treatment, whereas APE/AFE administration reversed the increase in these bacteria. In
addition, APE/AFE intervention raised the relative abundance of the SCFA-producing
bacterium Alloprevotella, which was diminished by AOM/DSS; it was identified to be an
anti-inflammatory bacterium [31] and possesses the action of fermenting carbohydrates
and producing SCFAs (acetate and butyrate) [32]. These results showed that APE/AFE
treatment could attenuated CAC-caused dysbiosis by increasing the richness and diver-
sity of microbial composition and modulating the structure of intestinal microflora, thus
restraining CRC development.

Chronic inflammation as well as the level of inflammatory mediators play critical roles
in the initiation and development of CRC [33]. Macrophages always serve as essential effec-
tor cells in the maintenance of gut homeostasis and important sentinels of the gut immune
system, which can induce intestinal inflammation through the proinflammatory cytokines
expressed by the inflammatory response [34]. It was observed that APE/AFE treatment
downregulated the expression of EMR1 (a macrophage cell marker) in the AOM/DSS-
induced CAC mice, and EMR1 is a significant component of the leukocytic infiltration
of tumors and has been perceived as a paradigm for cancer-related inflammation [14].
And APE/AFE treatment reduced the level of the inflammatory mediators COX-2 and
IL-6 in the AOM/DSS-induced CAC mouse model; the two are often elevated in humans
or in AOM/DSS-induced CRC mice. Continuous colonic proinflammatory macrophages
releasing proinflammatory cytokines, such as IL-6, which is one of the most important
proinflammatory cytokines connected with CRC, can aggravate colonic inflammation
and tumorigenesis.

Specifically, previous studies reported that IL-6 activated by NFκB could promote CAC
progression via the NFκB/IL-6/Stat3 cascade; among them, NFκB is a significant regulator
of the growth and survival of tumor-initiating IECs and following the release of IL-6 could
induce the recruitment and subsequent phosphorylation of JAK2 and Stat3 [35]. The NF-
κB/IL-6/Stat3 and JAK2/Stat3 pathways may be critically involved in CAC tumorigenesis,
and it was found that AFE ameliorated colitis and inhibited CAC by downregulating these
two inflammation-related signaling pathways. Unlike AFE, the results in the present study
implied that APE treatment activated Nfr2 levels in the colonic tissue of the mice, which
has become a novel target for CRC prevention recently, suggesting that the antioxidant
capacity was significantly elevated through APE treatment, protecting against oxidative
stress and inflammation due to AOM/DSS.

The activation of MAPKs (including Erk, p38MAPK, and JNK), which has been proven
to have a positive correlation with several inflammatory cytokines, including IL-6, is
recognized as being able to interact with, expand, and integrate signals from various stimuli
to regulate cellular proliferation, inflammatory responses, apoptosis, etc., and is critically
involved in the development of IBD and CRC [36]. Furthermore, several accumulated
inflammatory cytokines triggered by MAPKs signaling pathways could accelerate cell
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viability, proliferation, and metastasis via activating transcription factors, including NFkB
and PPAR-γ [37–39]. In our study, AFE restrained the activation of JNK and p-ERK
and downregulated the level of its downstream target gene c-fos, probably implying
that AFE suppressed the inflammatory response, reduced colon injury, and impeded
CRC development via NF-κB/IL-6/Stat3, JAK2/Stat3, and MAPK signal transductions.
As for APE, it was found that APE suppressed the overexpression of JNK and p-ERK
but increased P38 expression, which may lead to the activation of Nrf2 and inhibit the
production of proinflammatory cytokines, exhibiting a protective effect on oxidative stress
and inflammation to hamper colon tumorigenesis.

The occurrence and development of CRC is a complex and multistage process in-
volving the mutation of certain genes (APC, Kras, and P53) and the alteration of several
signaling pathways (PI3K/AKT, Wnt/β-catenin, etc.), which are critically involved in the
regulation of CRC cell growth, differentiation, angiogenesis, apoptosis, survival, and other
biological processes. On the one hand, previous articles have reported that alterations in
the PI3K pathway are universal in CRC, wherein activation of the PI3K pathway could
contribute to the malignant transformation of benign lesions [40], and the overexpression
of PI3K/Akt/mTOR signal transduction could exacerbate the progression of CRC [41]. In
this research, we observed that APE/AFE treatment downregulated the PI3K level and
the p-AKT/AKT ratio in the AOM/DSS-induced CAC mouse model and inhibited the
expression of its downstream targets, including mTOR and PPAR-γ. Because of the promi-
nent parts in the initiation and development events of cancer, many reports have indicated
that inhibiting PI3K/AKT signals has been recognized as a potential therapeutic agent in
CRC [42]. The results imply that APE/AFE administration inhibited CAC by inactivating
PI3K/Akt/mTOR signal transduction and its downstream target PPAR-γ, which might be
a latent agent for the blocking of CRC genesis and progenesis.

On the other hand, activated AKT could induce the phosphorylation of downstream
targets, like GSK-3β, which induces β-catenin translocation to the nucleus, activation of the
Wnt/β-catenin signal transduction, and the guidance of CRC development. In our study, a
reduction in the phosphorylation of GSK-3β, which implies GSK-3β inactivation, without
influencing total GSK-3β levels, was found after APE/AFE intervention, implying that
APE/AFE abrogated Wnt/β-catenin signals by enhancing GSK-3β activity. The results are
in accordance with the previous literature on anti-CRC natural components that inhibited
Wnt/β-catenin signaling via activation of the Wnt destruction complex and promotion of β-
catenin degradation [43]. Moreover, the expression of c-Myc, one of the critical components
of Wnt/β-catenin signal target genes and the proto-oncogene encoding a transcription
factor, was inhibited by APE/AFE administration [44].

Based on the these signaling pathways, APE and AFE could alleviate tumorigenesis
and development in the AOM/DSS-induced CAC mice through regulating inflammatory
signaling pathways and CRC-associated signaling pathways. In addition, we also found
that AFE exhibited antioxidant activity by activating Nrf2 expression in CRC cells (Figure
S1), but it elicited anticancer activity through regulation of PI3K/AKT, MAPK, Wnt/β-
catenin, JAK2/Stat3, and NFκB/IL-6/Stat3 signal transductions in CT26 cells, which was
consistent with what we observed in the AOM/DSS-induced CAC mice. While APE
treatment had no obvious impact on the viability of CT26 and HCT116 cells in vitro, and
APE showed weaker scavenging against ABTS and DPPH free radicals at a dose of 10
mg/mL, in comparison with Vc (10 µg/mL) (Figure S2). The above results revealed that
AFE, flavonoids from okra flowers, both in vitro and in vivo, exhibited anti-CRC activity by
regulating the same signaling pathways; however, APE, polysaccharides from okra flowers,
inhibited AOM/DSS-induced colitis and tumorigenesis in mice without any effects on CRC
cell viability or free radicals in vitro.

Compared to traditional chemotherapy agents, natural products have attracted much
attention as candidates, as these natural products interfere with a wide variety of signaling
pathways; meanwhile, they are regarded as multitargeted. In this report, we extracted
the water-soluble crude polysaccharides APE and ethanol-soluble flavonoids AFE both
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from okra flowers, which allowed us to explore the functional capacity of two different
bioactivities from one plant. It provides expansion to the field of CRC prevention and
treatment, and is also a driving force for the development of studies on okra flowers.

5. Conclusions

In our study, we applied AOM/DSS to duplicate a mouse model of CRC to examine
the anti-CRC activity of APE and AFE from okra flowers. APE and AFE treatment alleviated
AOM/DSS-induced colitis, CAC, and CAC-caused dysbiosis in the mice, accompanied by
enhancing gut barrier function and regulating inflammatory signaling pathways and CRC-
associated signaling pathways. Collectively, the present study designated APE/AFE as a
promising agent in alleviating IBD and CAC. But more detailed mechanisms of APE/AFE in
attenuating IBD and CAC should be explored in the future, such as whether the functional
capacity of APE/AFE is mediated by gut microbiota manipulation and how exactly the
altered gut microbiota regulated by APE/AFE intervention affects the CRC progression.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu15224820/s1, Figure S1: AFE exerted antioxidant activity
in CRC cells through activation of Nrf2 expression. Figure S2: The extraction method of APE, and its
effect on cell activity of CRC cancer and free radicals (DPPH and ABTS).

Author Contributions: Conceptualization, Y.D. and W.Y. (Wenya Yin); funding acquisition, Y.D. and
W.Y. (Wenya Yin); investigation, Y.D.; methodology, W.Y. (Wenyu Yang), F.H. and W.Y. (Wenya Yin);
project administration, W.Y. (Wenyu Yang), F.H. and W.Y. (Wenya Yin); software, X.H., X.C. and M.W.;
validation, M.W., L.T. and H.Z.; writing—original draft, Y.D.; writing—review and editing, Y.D. and
X.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Sichuan Provincial Medical Research Youth Innovation
Project (No. Q22053) and Science and Technology Program of Sichuan Province (grant number
2023ZYD0046).

Institutional Review Board Statement: The animal study protocol was approved by the Medical
Ethics Committee of Sichuan University in China (New permit number: Gwll2021058)

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors thank the research platform provided by the Public Health and
Preventive Medicine Provincial Experiment Teaching Center at Sichuan University and the Food
Safety Monitoring and Risk Assessment Key Laboratory of Sichuan Province.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Song, G.; Lu, Y.; Yu, Z.D.; Xu, L.; Liu, J.; Chen, K.S.; Zhang, P.Y. The inhibitory effect of polysaccharide from Rhizopus nigricans on
colitis-associated colorectal cancer. Biomed. Pharmacother. 2019, 112, 108593. [CrossRef]

3. Feagins, L.A.; Souza, R.F.; Spechler, S.J. Carcinogenesis in IBD: Potential targets for the prevention of colorectal cancer. Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 297–305. [CrossRef] [PubMed]

4. Balkwill, F.; Mantovani, A. Inflammation and cancer: Back to Virchow? Lancet 2001, 357, 539–545. [CrossRef]
5. Itzkowitz, S.H.; Yio, X. Inflammation and cancer IV. Colorectal cancer in inflammatory bowel disease: The role of inflammation.

Am. J. Physiol. Gastrointest. Liver Physiol. 2004, 287, G7–G17. [CrossRef]
6. Chumanevich, A.A.; Poudyal, D.; Cui, X.; Davis, T.; Wood, P.A.; Smith, C.D.; Hofseth, L.J. Suppression of colitis-driven colon

cancer in mice by a novel small molecule inhibitor of Sphingosine kinase. Carcinogenesis 2010, 31, 1787–1793. [CrossRef]
7. Gomez-Chou, S.B.; Swidnicka-Siergiejko, A.K.; Badi, N.; Chavez-Tomar, M.; Lesinski, G.B.; Bekaii-Saab, T.; Farren, M.R.; Mace,

T.A.; Schmidt, C.; Liu, Y.; et al. Lipocalin-2 Promotes Pancreatic Ductal Adenocarcinoma by Regulating Inflammation in the
Tumor Microenvironment. Cancer Res. 2017, 77, 2647–2660. [CrossRef]

https://www.mdpi.com/article/10.3390/nu15224820/s1
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/j.biopha.2019.01.054
https://doi.org/10.1038/nrgastro.2009.44
https://www.ncbi.nlm.nih.gov/pubmed/19404270
https://doi.org/10.1016/S0140-6736(00)04046-0
https://doi.org/10.1152/ajpgi.00079.2004
https://doi.org/10.1093/carcin/bgq158
https://doi.org/10.1158/0008-5472.CAN-16-1986


Nutrients 2023, 15, 4820 21 of 22

8. Afrin, S.; Giampieri, F.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Cianciosi, D.; Reboredo-Rodriguez, P.; Zhang, J.J.; Manna, P.P.;
Daglia, M.; Atanasov, A.G.; et al. Dietary phytochemicals in colorectal cancer prevention and treatment: A focus on the molecular
mechanisms involved. Biotechnol. Adv. 2020, 38, 107322. [CrossRef]

9. Lee, J.H.; Khor, T.O.; Shu, L.M.; Su, Z.Y.; Fuentes, F.; Kong, A.N.T. Dietary phytochemicals and cancer prevention: Nrf2 signaling,
epigenetics, and cell death mechanisms in blocking cancer initiation and progression. Pharmacol. Ther. 2013, 137, 153–171.
[CrossRef]

10. Zhang, W.J.; Xiang, Q.F.; Zhao, J.; Mao, G.H.; Feng, W.W.; Chen, Y.; Li, Q.; Wu, X.Y.; Yang, L.Q.; Zhao, T. Purification, structural
elucidation and physicochemical properties of a polysaccharide from Abelmoschus esculentus L. (okra) flowers. Int. J. Biol.
Macromol. 2020, 155, 740–750. [CrossRef]

11. Lin, Y.; Lu, M.F.; Liao, H.B.; Li, Y.X.; Han, W.; Yuan, K. Content determination of the flavonoids in the different parts and
different species of Abelmoschus esculentus L. by reversed phase-high performance liquid chromatograph and colorimetric method.
Pharmacogn. Mag. 2014, 10, 278–284. [CrossRef] [PubMed]

12. Zheng, W.; Zhao, T.; Feng, W.W.; Wang, W.; Zou, Y.; Zheng, D.H.; Takase, M.; Li, Q.; Wu, H.Y.; Yang, L.Q.; et al. Purification,
characterization and immunomodulating activity of a polysaccharide from flowers of Abelmoschus esculentus. Carbohydr. Polym.
2014, 106, 335–342. [CrossRef] [PubMed]

13. Deng, Y.; Li, S.; Wang, M.; Chen, X.; Tian, L.; Wang, L.; Yang, W.; Chen, L.; He, F.; Yin, W. Flavonoid-rich extracts from okra flowers
exert antitumor activity in colorectal cancer through induction of mitochondrial dysfunction-associated apoptosis, senescence
and autophagy. Food Funct. 2020, 11, 10448–10466. [CrossRef]

14. Shan, S.; Wu, C.; Shi, J.; Zhang, X.; Niu, J.; Li, H.; Li, Z. Inhibitory Effects of Peroxidase from Foxtail Millet Bran on Colitis-
Associated Colorectal Carcinogenesis by the Blockage of Glycerophospholipid Metabolism. J. Agric. Food Chem. 2020, 68,
8295–8307. [CrossRef]

15. Meeker, S.; Seamons, A.; Maggio-Price, L.; Paik, J. Protective links between vitamin D, inflammatory bowel disease and colon
cancer. World J. Gastroenterol. 2016, 22, 933–948. [CrossRef] [PubMed]

16. Oshima, H.; Nakayama, M.; Han, T.S.; Naoi, K.; Ju, X.L.; Maeda, Y.; Robine, S.; Tsuchiya, K.; Sato, T.; Sato, H.; et al. Suppressing
TGF beta Signaling in Regenerating Epithelia in an Inflammatory Microenvironment Is Sufficient to Cause Invasive Intestinal
Cancer. Cancer Res. 2015, 75, 766–776. [CrossRef]

17. Xu, Z.S.; Zhang, H.X.; Li, W.W.; Ran, Y.; Liu, T.T.; Xiong, M.G.; Li, Q.L.; Wang, S.Y.; Wu, M.; Shu, H.B.; et al. FAM64A positively
regulates STAT3 activity to promote Th17 differentiation and colitis-associated carcinogenesis. Proc. Natl. Acad. Sci. USA 2019,
116, 10447–10452. [CrossRef]

18. Aguilar, E.; Esteves, P.; Sancerni, T.; Lenoir, V.; Aparicio, T.; Bouillaud, F.; Dentin, R.; Prip-Buus, C.; Ricquier, D.; Pecqueur, C.;
et al. UCP2 Deficiency Increases Colon Tumorigenesis by Promoting Lipid Synthesis and Depleting NADPH for Antioxidant
Defenses. Cell Rep. 2019, 28, 2306–2316. [CrossRef]

19. Capuano, A.; Pivetta, E.; Sartori, G.; Bosisio, G.; Favero, A.; Cover, E.; Andreuzzi, E.; Colombatti, A.; Cannizzaro, R.; Scanziani, E.;
et al. Abrogation of EMILIN1-beta 1 integrin interaction promotes experimental colitis and colon carcinogenesis. Matrix Biol.
2019, 83, 97–115. [CrossRef]

20. Okayasu, I.; Hatakeyama, S.; Yamada, M.; Ohkusa, T.; Inagaki, Y.; Nakaya, R. A Novel Method in the Induction of Reliable
Experimental Acute and Chronic Ulcerative-Colitis in Mice. Gastroenterology 1990, 98, 694–702. [CrossRef]

21. Yu, C.H.; Wen, X.D.; Zhang, Z.Y.; Zhang, C.F.; Wu, X.H.; Martin, A.; Du, W.; He, T.C.; Wang, C.Z.; Yuan, C.S. American ginseng
attenuates azoxymethane/dextran sodium sulfate-induced colon carcinogenesis in mice. J. Ginseng Res. 2015, 39, 14–21. [CrossRef]
[PubMed]

22. Sanchez-Alcoholado, L.; Laborda-Illanes, A.; Otero, A.; Ordonez, R.; Gonzalez-Gonzalez, A.; Plaza-Andrades, I.; Ramos-Molina,
B.; Gomez-Millan, J.; Queipo-Ortuno, M.I. Relationships of Gut Microbiota Composition, Short-Chain Fatty Acids and Polyamines
with the Pathological Response to Neoadjuvant Radiochemotherapy in Colorectal Cancer Patients. Int. J. Mol. Sci. 2021, 22, 9549.
[CrossRef]

23. Guo, C.; Guo, D.; Fang, L.; Sang, T.; Wu, J.; Guo, C.; Wang, Y.; Wang, Y.; Chen, C.; Chen, J.; et al. Ganoderma lucidum
polysaccharide modulates gut microbiota and immune cell function to inhibit inflammation and tumorigenesis in colon. Carbohydr.
Polym. 2021, 267, 118231. [CrossRef] [PubMed]

24. Baxter, N.T.; Zackular, J.P.; Chen, G.Y.; Schloss, P.D. Structure of the gut microbiome following colonization with human feces
determines colonic tumor burden. Microbiome 2014, 2, 20. [CrossRef]

25. Marchesi, J.R.; Adams, D.H.; Fava, F.; Hermes, G.D.; Hirschfield, G.M.; Hold, G.; Quraishi, M.N.; Kinross, J.; Smidt, H.; Tuohy,
K.M.; et al. The gut microbiota and host health: A new clinical frontier. Gut 2016, 65, 330–339. [CrossRef] [PubMed]

26. Ju, S.; Ge, Y.; Li, P.; Tian, X.; Wang, H.; Zheng, X.; Ju, S. Dietary quercetin ameliorates experimental colitis in mouse by remodeling
the function of colonic macrophages via a heme oxygenase-1-dependent pathway. Cell Cycle 2018, 17, 53–63. [CrossRef] [PubMed]

27. Ji, X.; Hou, C.; Gao, Y.; Xue, Y.; Yan, Y.; Guo, X. Metagenomic analysis of gut microbiota modulatory effects of jujube (Ziziphus
jujuba Mill.) polysaccharides in a colorectal cancer mouse model. Food Funct. 2020, 11, 163–173. [CrossRef]

28. Chassard, C.; Lacroix, C. Carbohydrates and the human gut microbiota. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 453–460.
[CrossRef]

29. Pan, H.W.; Du, L.T.; Li, W.; Yang, Y.M.; Zhang, Y.; Wang, C.X. Biodiversity and richness shifts of mucosa-associated gut microbiota
with progression of colorectal cancer. Res. Microbiol. 2020, 171, 107–114. [CrossRef]

https://doi.org/10.1016/j.biotechadv.2018.11.011
https://doi.org/10.1016/j.pharmthera.2012.09.008
https://doi.org/10.1016/j.ijbiomac.2020.03.235
https://doi.org/10.4103/0973-1296.137368
https://www.ncbi.nlm.nih.gov/pubmed/25210315
https://doi.org/10.1016/j.carbpol.2014.02.079
https://www.ncbi.nlm.nih.gov/pubmed/24721087
https://doi.org/10.1039/D0FO02081H
https://doi.org/10.1021/acs.jafc.0c03257
https://doi.org/10.3748/wjg.v22.i3.933
https://www.ncbi.nlm.nih.gov/pubmed/26811638
https://doi.org/10.1158/0008-5472.CAN-14-2036
https://doi.org/10.1073/pnas.1814336116
https://doi.org/10.1016/j.celrep.2019.07.097
https://doi.org/10.1016/j.matbio.2019.08.006
https://doi.org/10.1016/0016-5085(90)90290-H
https://doi.org/10.1016/j.jgr.2014.07.001
https://www.ncbi.nlm.nih.gov/pubmed/25535472
https://doi.org/10.3390/ijms22179549
https://doi.org/10.1016/j.carbpol.2021.118231
https://www.ncbi.nlm.nih.gov/pubmed/34119183
https://doi.org/10.1186/2049-2618-2-20
https://doi.org/10.1136/gutjnl-2015-309990
https://www.ncbi.nlm.nih.gov/pubmed/26338727
https://doi.org/10.1080/15384101.2017.1387701
https://www.ncbi.nlm.nih.gov/pubmed/28976231
https://doi.org/10.1039/C9FO02171J
https://doi.org/10.1097/MCO.0b013e3283619e63
https://doi.org/10.1016/j.resmic.2020.01.001


Nutrients 2023, 15, 4820 22 of 22

30. Shin, N.R.; Whon, T.W.; Bae, J.W. Proteobacteria: Microbial signature of dysbiosis in gut microbiota. Trends Biotechnol. 2015, 33,
496–503. [CrossRef]

31. Wei, X.; Tao, J.; Xiao, S.; Jiang, S.; Shang, E.; Zhu, Z.; Qian, D.; Duan, J. Xiexin Tang improves the symptom of type 2 diabetic rats
by modulation of the gut microbiota. Sci. Rep. 2018, 8, 3685. [CrossRef] [PubMed]

32. Downes, J.; Dewhirst, F.E.; Tanner, A.C.R.; Wade, W.G. Description of Alloprevotella rava gen. nov., sp. nov., isolated from the
human oral cavity, and reclassification of Prevotella tannerae Moore et al. 1994 as Alloprevotella tannerae gen. nov., comb. nov. Int. J.
Syst. Evol. Microbiol. 2013, 63, 1214–1218. [CrossRef]

33. Yao, D.; Dong, M.; Dai, C.; Wu, S. Inflammation and Inflammatory Cytokine Contribute to the Initiation and Development of
Ulcerative Colitis and Its Associated Cancer. Inflamm. Bowel Dis. 2019, 25, 1595–1602. [CrossRef]

34. Bain, C.C.; Schridde, A. Origin, Differentiation, and Function of Intestinal Macrophages. Front. Immunol. 2018, 9, 2733. [CrossRef]
[PubMed]

35. Grivennikov, S.; Karin, E.; Terzic, J.; Mucida, D.; Yu, G.Y.; Vallabhapurapu, S.; Scheller, J.; Rose-John, S.; Cheroutre, H.; Eckmann,
L.; et al. IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated cancer. Cancer
Cell 2009, 15, 103–113. [CrossRef] [PubMed]

36. Dhillon, A.S.; Hagan, S.; Rath, O.; Kolch, W. MAP kinase signalling pathways in cancer. Oncogene 2007, 26, 3279–3290. [CrossRef]
[PubMed]

37. Chang, C.H.; Chang, Y.T.; Tseng, T.H.; Wang, C.J. Mulberry leaf extract inhibit hepatocellular carcinoma cell proliferation via
depressing IL-6 and TNF-alpha derived from adipocyte. J. Food Drug Anal. 2018, 26, 1024–1032. [CrossRef] [PubMed]

38. Khandekar, M.J.; Cohen, P.; Spiegelman, B.M. Molecular mechanisms of cancer development in obesity. Nat. Rev. Cancer 2011, 11,
886–895. [CrossRef]

39. Hsiao, Y.H.; Chen, N.C.; Koh, Y.C.; Nagabhushanam, K.; Ho, C.T.; Pan, M.H. Pterostilbene Inhibits Adipocyte Conditioned-
Medium-Induced Colorectal Cancer Cell Migration through Targeting FABP5-Related Signaling Pathway. J. Agric. Food Chem.
2019, 67, 10321–10329. [CrossRef]

40. Papadatos-Pastos, D.; Rabbie, R.; Ross, P.; Sarker, D. The role of the PI3K pathway in colorectal cancer. Crit. Rev. Oncol. Hematol.
2015, 94, 18–30. [CrossRef]

41. Pandurangan, A.K. Potential targets for prevention of colorectal cancer: A focus on PI3K/Akt/mTOR and Wnt pathways. Asian
Pac. J. Cancer Prev. 2013, 14, 2201–2205. [CrossRef] [PubMed]

42. Engelman, J.A. Targeting PI3K signalling in cancer: Opportunities, challenges and limitations. Nat. Rev. Cancer 2009, 9, 550–562.
[CrossRef] [PubMed]

43. Li, Y.; Qin, X.; Li, P.; Zhang, H.; Lin, T.; Miao, Z.; Ma, S. Isobavachalcone isolated from Psoralea corylifolia inhibits cell proliferation
and induces apoptosis via inhibiting the AKT/GSK-3beta/beta-catenin pathway in colorectal cancer cells. Drug Des. Dev. Ther.
2019, 13, 1449–1460. [CrossRef] [PubMed]

44. Dang, C.V.; O’Donnell, K.A.; Zeller, K.I.; Nguyen, T.; Osthus, R.C.; Li, F. The c-Myc target gene network. Semin. Cancer Biol. 2006,
16, 253–264. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1038/s41598-018-22094-2
https://www.ncbi.nlm.nih.gov/pubmed/29487347
https://doi.org/10.1099/ijs.0.041376-0
https://doi.org/10.1093/ibd/izz149
https://doi.org/10.3389/fimmu.2018.02733
https://www.ncbi.nlm.nih.gov/pubmed/30538701
https://doi.org/10.1016/j.ccr.2009.01.001
https://www.ncbi.nlm.nih.gov/pubmed/19185845
https://doi.org/10.1038/sj.onc.1210421
https://www.ncbi.nlm.nih.gov/pubmed/17496922
https://doi.org/10.1016/j.jfda.2017.12.007
https://www.ncbi.nlm.nih.gov/pubmed/29976395
https://doi.org/10.1038/nrc3174
https://doi.org/10.1021/acs.jafc.9b03997
https://doi.org/10.1016/j.critrevonc.2014.12.006
https://doi.org/10.7314/APJCP.2013.14.4.2201
https://www.ncbi.nlm.nih.gov/pubmed/23725112
https://doi.org/10.1038/nrc2664
https://www.ncbi.nlm.nih.gov/pubmed/19629070
https://doi.org/10.2147/DDDT.S192681
https://www.ncbi.nlm.nih.gov/pubmed/31118579
https://doi.org/10.1016/j.semcancer.2006.07.014
https://www.ncbi.nlm.nih.gov/pubmed/16904903

	Introduction 
	Materials and Methods 
	Preparation of AFE and APE 
	Cell Lines and Cell Culture 
	Mice and Animal Experiments 
	Mice 
	AOM/DSS Animal Study 
	Disease Activity Index 
	Enumeration of Lesions and Measurement of Colon Length 

	Gut Microbiota Analyses 
	Hematoxylin and Eosin (H&E) Staining and Immunohistochemistry 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	APE and AFE Attenuated the AOM/DSS-Induced Physiological Index 
	APE and AFE Attenuate AOM/DSS-Induced Colorectal Carcinogensis 
	APE and AFE Protect Organs against AOM/DSS-Induced Injury 
	APE and AFE Protect the Small Intestine and Colon against AOM/DSS-Induced Injury 
	APE and AFE Inhibited Colonic Inflammation in the AOM/DSS Mice by Regulating the Inflammatory Signaling Pathway 
	APE and AFE Regulated IL-6 and Related Signaling Pathways in the AOM/DSS Mice 
	APE and AFE Regulated the MAPKs Signaling Pathway in the AOM/DSS Mice 

	APE and AFE Inhibited the CRC-Associated Signaling Pathways 
	APE and AFE Inhibited PI3K/AKT/mTOR Signal Transduction in the AOM/DSS Mice 
	APE and AFE Partly Regulated the Wnt/-Catenin Signaling Pathway in the AOM/DSS Mice 

	AFE Inhibited CT26 Colon Cancer Cell Growth and Metastasis through the Regulation of Multiple Pathways 
	APE and AFE Treatment Modulated the Diversity and Composition of the Gut Microbiota 

	Discussion 
	Conclusions 
	References

