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Purpose: This study aimed to investigate the potential antitumor effects and mechanisms
underlying the action of a functional food containing 55 different natural food ingredients.

Materials and Methods: Azoxymethane/dextran sulfate sodium was used to establish
a mouse model of colorectal cancer. Serum levels of cytokines, diamine oxidase, D-lactate,
and endotoxin were measured using enzyme-linked immunosorbent assays. Immune cells
from the mouse spleen and tumor tissue were analyzed by flow cytometry. Finally, 16S
rRNA gene sequencing and liquid chromatography—mass spectrometry were used to study
the fecal microbiota and microbial metabolites, respectively.

Results: The tumor growth was significantly lower in the FFD group than in the model
group. The intestinal barrier function, fat mass, and lean body mass were significantly
improved in the FFD group compared with the model group. The levels of interleukin-6
and tumor necrosis factor-a were significantly lower in the FFD group, while the proportions
of total T cells, CD3"CD4*, CD3'CD8", and interferon-y-producing CD4" T cells were
significantly higher. Analysis of the diversity of the gut microbiota identified 60 differential
bacterial genera between the FFD and model groups, with lower abundances of
Desulfovibrio and unclassified Ruminococcaceae and higher abundances of the beneficial
bacterial genera Bacteroides and Parasutterella in the FFD group. The fecal metabolite
analysis revealed 635 differential metabolites between the FFD and model groups, with
lower levels of deuteroporphyrin IX and citrulline and higher levels of acetic acid and
ascorbic acid in the FFD group.

Conclusion: Our results demonstrate that the functional food tested can inhibit the growth
of colorectal cancer. This effect may be due to the ability of this food to improve nutritional
status, enhance intestinal barrier function, and regulate the tumor microenvironment via
changes in the intestinal microbiota and metabolites.

Keywords: functional food, tumor microenvironment, cancer nutrition, colorectal cancer,
gut microbiota, metabolite

Introduction

Colorectal cancer is one of the leading causes of cancer-related death worldwide.'*
Although the risk of death has been declining in developed countries, largely due to
the implementation of regular screening, the incidence of colorectal cancer is still
increasing in many other countries, such as China.®> The mortality rate from color-
ectal cancer in China is projected to be 8.6 per 100,000 in 2020.* Thus, developing
effective tumor-inhibiting agents is an immediate medical need. Much attention has
been paid to the identification of natural antitumor compounds in food,>® as it has
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been postulated that the intake of antioxidant-rich food can
reduce the risk of cancer.”®* For example, onion juice can
strongly inhibit adenosine diphosphate-induced platelet
coagulation, as well as thrombin and arachidonic acid
formation, in humans.’

Emerging evidence indicates that microbiota plays
a regulatory role in the host homeostasis via modulation
of the gut immune system.'"'* Studies have shown that
aberrant interactions between the host and gut microbiome
directly lead to the development of many diseases, includ-
ing colorectal cancer.'> 7 Therefore, regulating the intest-
inal microbiota may represent an effective way to treat
colorectal cancer, although this hypothesis warrants exten-
sive evaluation.'® In this regard, high-throughput sequen-
cing is an accurate and powerful approach to obtaining
detailed information on the microbiome,'® as it can over-
come the limitations of traditional culture strategies, parti-
cularly for unculturable gut microorganisms. Furthermore,
metabolomics represents an unprecedented approach for
detecting often subtle differences in a broad range of
metabolites in tissues or biofluids."'

A functional food is a formula-based food specially
processed and configured to meet the special nutritional
or dietary needs of people who have difficulty eating,
digestive and absorption disorders, metabolic disorders,
or specific disease states. This kind of food plays an
important role in maintaining the physiological function
and physical recovery of people with various diseases. In
recent years, there have been many new advances in the
study of food and nutrition and cancer prevention. In
addition to traditional nutrients, certain functional ingredi-
ents in foods have been shown to play an important role in
the prevention and treatment of cancers. Thus, developing
antitumor functional foods has been suggested as a non-
pharmaceutical approach to the prevention and treatment
of cancer. In the present study, we examined the antitumor
efficacy of a functional food and its potential mechanisms
of action using a mouse model of colorectal cancer. The
information obtained in this study may support the use of
this novel functional food for the treatment of colorectal
cancer.

Materials and Methods

Composition of the Functional Food

The functional food used in the present study was provided
by Yantai Wushen Food Technology Co., Ltd. (Yantai,
China). The fat, protein, and fiber contents were 12.7%,

22.1%, and 21.7%, respectively. The food contained 55
different natural food ingredients, including meats, plants,
vegetables, and cereals and was produced without additives,
extraction, and synthesis. The food was enriched with
active immunoregulatory, anti-inflammatory, and antioxi-
dant substances (Supplementary Tables S1 and S2). The

proportions of nutrients in this food met the formulation
requirements for foods for special medical purposes
(FSMPs) for cancer patients.'” A previous study has
demonstrated that many of the ingredients in this functional
food are rich in antioxidants and exhibit antitumor activity,
Chinese herb
Composition analysis also revealed that the energy, protein,

such as the traditional laminaria.*°
fat, vitamins, and other nutrient components in this func-
tional food conformed to the dietary reference intake of
Chinese residents, and the amino acid and fatty acid com-
positions were adequate. This food provides high-quality
protein and immune nutrients to adjust the fat-to-
carbohydrate ratio, which aligns with tumor-specific prin-

ciples and medical requirements (REFs).

Mouse Model of Azoxymethane/Dextran
Sulfate Sodium (AOM/DSS)-Induced

Colorectal Cancer

Male, 4-5-week-old BALB/c mice (15-20 g) were pur-
chased from Changzhou Cavens Laboratory Animal
Technology Co., Ltd. (Changzhou, China). All animal
studies were carried out in accordance with the
Guidelines for the Care and Use of Laboratory Animals
issued by the National Institutes of Health and approved
by the Animal Ethics Committee of the Huai’an Hospital,
affiliated with Xuzhou Medical University (Huai’an,
China) (Approval No. AEC 2019-HAO07).

The mice were randomized into a control, model, and
FFD groups (n = 20 each). To establish the AOM/DSS
model, the mice in the model and FFD groups were
injected intraperitoneally with an AOM (Sigma—Aldrich,
St. Louis, MO, USA) working solution (10 mg/kg body
weight) on day 0, while those in the control group were
treated with sterile isotonic saline. On day 7, the model
and FFD mice were treated with 2.5% (w/v) DSS (Sigma-—
Aldrich) for 7 consecutive days, while the control group
received water. Consecutive DSS treatments were
repeated for four cycles every 14 days.?' The mice in the
control and model groups consumed a standard diet, while
those in the FFD group consumed a diet supplemented

with the functional food. The compositions of the standard
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and FFD diets are shown in Supplementary Table S3.

Mouse body weights and food intake were measured and
recorded every 3 days. The food intake was based on the
average amount of food each mouse consumed over 3
days.

Another 60 mice, of which 40 were treated with AOM/
DSS according to the above-described procedure, were
selected for a survival analysis. The mice in each group
were monitored for 8 weeks for survival. Only 15 mice per
group were included in the final time point because 10 of
the 40 AOM/DSS-treated mice were sacrificed for ethical
reasons.

Analysis of General Nutritional Status

Ten mice from each group were randomly selected for the
measurement of the hind leg muscle circumference. Serum
albumin levels were quantified in the same mice using an
enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems Europe, Abingdon, UK) according to the manufac-
turer’s instructions. Meanwhile, five mice from each group
were randomly selected for a body composition analysis
using the MesoQMR23-060H nuclear magnetic resonance
(Suzhou
Corporation, Suzhou, China) with the following parameters:

analyzer Niumag  Analytical Instrument
coil diameter, 60 mm; magnet strength, 0.5 T, resonance

frequency, 21 MHz; and magnet temperature, 32 + 0.01 °C.

Tumor Histopathology

After the last cycle of AOM/DSS treatment, all mice were
sacrificed by cervical dislocation. The colon between the
ileocecum and the rectum was washed with phosphate-
buffered saline (PBS) and opened longitudinally. Tumor
tissues were fixed with 10% (v/v) neutral formalin,
embedded in paraffin, and sectioned into 5-mm slices.
The tumor growth was examined microscopically (200%)
with hematoxylin and eosin (H&E) staining.

Cytokine Measurements

An ELISA kit (R&D Systems Europe) was used to deter-
mine the serum levels of inflammatory cytokines, such as
tumor necrosis factor-a (TNF-a), interferon-y (IFN-y),
interleukin (IL)-2, IL-4, IL-6, and IL-10, according to the
manufacturer’s protocol.

Intestinal Barrier Function Tests

Serum D-lactic acid was quantified at the end of the study
using a commercial Amplite™ fluorimetric D-lactate
assay kit (AAT Bioquest,

Hamburg, Germany).

A diamine oxidase (DAO) assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) was used for the
measurement of DAO activity. Endotoxin was quantified
using the Pierce™ chromogenic endotoxin quantitative kit
(Thermo Fisher Scientific, Waltham, MA, USA).

Immune Cell Profiling

Tumor and spleen tissues were collected for lymphocyte iso-
lation. The colon was cut longitudinally, washed with PBS,
and 1-2 cm of colon tissue surrounding the tumor was
excised. After removing epithelial cells and the mucus with
solution A [50 mL of PBS, 3 mL of 0.5 mM EDTA, 500 pL of
1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), and 25 pL of 2 M dithiothreitol (DTT)], the colon
tissue was transferred to a new centrifuge tube. After addition
of solution B (50 mL of PBS, 3 mL of 0.5 mM EDTA, and
500 pL of 1 M HEPES), the colon tissue was digested with
1 mg/mL collagenase VIII (Sigma—Aldrich), followed by
filtration and resuspension of the cell precipitate in a 40%
Percoll solution. Next, the cell precipitate was washed with
80% Percoll and resuspended in PBS to obtain a single-cell
suspension. The cells were incubated with antibodies
(Supplementary Table S4) and stained with propidium iodide.

Flow cytometry was performed using an LSRFortessa X-20
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Single-cell suspensions from spleen tissue were prepared and
analyzed using the same method. CD4'CD25 FOXP3" and
other cell characterized using an

populations  were

eBioscience kit (eBioscience, San Diego, CA, USA).

16S rRNA Gene Sequencing

Total genomic DNA was extracted from fecal samples
(50 mg) of mice using the DNeasy PowerSoil kit (Qiagen,
Germantown, MD, USA) and then quantified by agarose gel
electrophoresis. The V3—V4 hypervariable region of the 16S
rRNA gene was amplified using the 343F (5'-TACG
GRAGGCAGCAG-3') and 798R (5-AGGGTATCTAA
TCCT-3") primers as described previously.”? Polymerase
chain reaction (PCR) products were detected by electrophor-
esis, purified using magnetic beads, and used as a template in
a second round of PCR. The concentrations of the PCR
products were measured using the Qubit dsDNA assay kit
(Life Technologies, Carlsbad, CA, USA). Samples were
mixed according to their concentrations, and PCR products
were sequenced using a computer program.

The sequencing data were preprocessed to generate
high-quality sequences, and the Vsearch software was
used to combine sequences according to their similarity.
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Sequences with a similarity >97% were grouped into the
same operational taxonomic unit (OTU).> The QIIME
(Quantitative Insights Into Microbial Ecology) software
was used to select representative sequences of each
OTU, which were compared to sequences in a database.”*

Detection of Intestinal Microbiota
Metabolites

Metabolites were detected in fecal samples from the three
groups of mice (n = 8) by liquid chromatography coupled
with mass spectrometry (LC/MS). A fecal sample (10 mg)
was mixed with 10 pL of an internal standard (2-chloro-
L-phenylalanine) in methanol (0.3 mg/mL) and 300 pL of
an extraction solvent (methanol/water 4:1, v/v). The extract
was centrifuged at 13,000 rpm for 10 min at 4 °C, and the
supernatant was dried. A total of 200 uL of methanol/water
(1:4, v/v) was added, and the mixture was vortexed for 30
s. Chromatographic separation was conducted using an
ultra-performance LC system (Waters Corporation,
Milford, MA, USA) with an ACQUITY BEH CI8
reversed-phase column (100 mm x 2.1 mm, 1.7 um) at
a constant column temperature of 35 °C.

Blood was collected from the abdominal aorta of mice.
Subsequently, serum was separated by centrifugation
(13,000 rpm, 10 min, 4 °C) and stored at —80 °C until
use. Metabolites were detected in the serum samples from
the three groups (n = 8) by LC/MS (Shanghai LuMing
Biotechnology Co., Ltd) using the same method.

The original LC/MS data were collected using the UNIFI
1.8.1 software and then processed using the Progenesis QI
software (Waters Corporation) with the following para-
meters: precursor tolerance, 5 ppm; fragment tolerance, 10
ppm; and retention time (RT) tolerance, 0.02 min. The
Progenesis QI analysis provided a matrix containing peak
picking, peak grouping, RT correction, second peak group-
ing, and annotation of isotopes for every sample. An Excel
file was obtained with three-dimensional data sets, contain-
ing the m/z, peak RT, and peak intensities, and an RT-m/z
pair was used as an identifier for each ion. Any peak with
a missing value (ion intensity = 0) in more than 50% of
samples was removed. The internal standard was used for
quality control of the data (reproducibility).

Positive and negative data were combined and
imported into the R ropls package. Principal component
analysis and orthogonal partial least-squares discriminant
analysis (OPLS-DA) were carried out to visualize the
metabolic alterations among the experimental groups

after mean centering and Pareto variance scaling, respec-
tively. The 95% confidence interval of the modeled varia-
tion was defined by the Hotelling’s T2 region. The overall
contribution of each variable to the OPLS-DA model was
ranked based on the variable importance in the projection
(VIP), and variables with VIP > 1 were considered rele-
vant for group discrimination. Differential metabolites
were screened based on the combination of a statistically
significant threshold of VIP wvalues obtained from the
OPLS-DA  model
Student’s #-test on the normalized peak areas, where meta-
bolites with VIP > 1 and p < 0.05 were considered differ-
ential metabolites. In addition, the Kyoto Encyclopedia of

and p-values from a two-tailed

Genes and Genomes database (https://www.genome.jp/

kegg/pathway.html) was used to perform enrichment ana-

lysis on the screened differential metabolites. The p-value
was adjusted for multiple tests (Benjamini—-Hochberg), and
p < 0.05 was considered to be statistically significant.

Statistical Analysis

The IBM SPSS Statistics v19 software (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism version 7.0 for
Windows (GraphPad Software, La Jolla, CA, USA) were
employed for statistical analysis. The Kaplan—Meier
method and a Log rank test were applied for the analysis
of mouse survival. A two-tailed Student’s ¢-test was used
to evaluate differences between two groups. A one-way
analysis of variance was used to evaluate differences
among the three groups. Differences with p values <
0.05 were considered statistically significant.

Results

Mouse Body Weights and Food Intake
The mouse body weights in the FFD and model groups
decreased during the experiment. The average body weight
was slightly higher in the FFD group than in the model
group, but the difference was not statistically significant.
The average body weights in the control (20.67 = 1.56 g),
model (16.02 + 1.03 g), and FFD (18.16 + 1.68 g) groups
differed significantly at the end of the experiment (¥ =
11.003, p < 0.0001). The average body weights in the FFD
and model groups were significantly lower (p = 0.006)
than that in the control group. The food intake in the
model and FFD groups slowly decreased with the increase
in the tumor growth but was consistently higher in the
FFD group than in the model group (Figure 1A).
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Figure | (A) The body weight and food intake in the mice in the control, model, and functional food (FFD) groups over time. (B) The general nutritional status in the
control, model, and FFD groups, including the serum albumin level, hind limb muscle circumference, fat mass, and lean body mass are also shown (*p < 0.05; **p < 0.01;
*¥p < 0.001) (C) Tumor tissues from mice in the control, AOM/DSS tumor-bearing model, and FFD groups, and the tumor histopathology with hematoxylin and eosin
(H&E) staining. (D) The results of a survival analysis of mice in the control, AOM/DSS tumor-bearing model, and FFD groups. (E) The serum levels of diamine oxidase

(DAO), D-lactate, and endotoxin in mice in the control, AOM/DSS tumor-bearing model, and FFD groups. (*p < 0.05; **p < 0.01; ***p < 0.001).
Abbreviation: ns, not significant.
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General Nutritional Status

The serum albumin levels and hind leg muscle circumfer-
ences in the model group were significantly lower (p <0.001
and p < 0.01, respectively) than those in the control group.
The serum albumin levels in the FFD group were also sig-
nificantly lower than those in the control group (p < 0.001).
Neither of these nutritional indicators differed significantly
between the FFD and model groups. In addition, the lean
body mass and fat mass in the model and FFD groups were
significantly lower than those in the control group (p < 0.01),
while both indicators were significantly higher in the FFD
group than in the model group (p < 0.05 and p < 0.001,
respectively; Figure 1B).

Colon Tumor Growth and
Histopathological Analysis of Colon

Tumor Tissue

The mice in the control group displayed clean anuses and
no edema, loose stool, or blood in the stool. By contrast,
the mice in the model group showed loose stools, blood in
the stool, and their colons were obviously swollen with
hyperemia. The tumor growth in the lower part of the
colon covered the whole intestine, which seriously
affected mouse defecation. The mice in the FFD group
also had loose stools and blood in the stool but did not
have an obvious edema or prolapse. The tumor growth was
observed in the lower segment of the colon. The numbers
and sizes of the tumors were lower in the FFD group than
in the model group (Figure 1C).

No tumors were observed in the control group.
However, there was some local mucosal epithelial
detachment, a slight edema of the local lamina propria,
a small amount of plasma cell infiltration into the lamina
propria, and an extensive submucosal edema observed in
H&E-stained colon tissues from the control group.
A large tumor formation area was observed in the
model group. The local tumors were tubular glands
with different sizes and shapes and small atypical
tumor cells. A small number of neutrophils infiltrating
into tumor cells could be observed, and more necrotic
fragments could be observed in the lumen. Local tumor
cells were arranged in a mesh pattern, with a loss of
polarity and visible eosinophils in the mesh.
H&E-stained colon tissues from the FFD group exhibited
papillary tumors, which were locally protruding toward
the lumen, with glands varying in size and shape and

atypia of tumor cells observed. Greater mucosal

epithelial exfoliation was observed on the surface of
the tumors. Ulcerative lesions were observed locally in
the tissues, and glands were absent, with more neutro-
philic infiltration. Glandular goblet cells were consider-
ably reduced near the ulcer (Figure 1C). However, the
pathological changes in the colons from the FFD group
were substantially improved compared with those from
the model group.

Survival Analysis

The median survival times and survival rates were 50.13 +
3.90 days (86.67%) in the control group, 39.42 £ 2.96 days
(40%) in the FFD group, and 30.81 £5.21 days (13.33%) in
the model group. Thus, the results differed among the three
groups, and the survival time and survival rate in the FFD
group were improved compared with those in the model
group (p < 0.001; Figure 1D).

Intestinal Barrier Function

The levels of DAO, D-lactic acid, and endotoxin were
significantly higher in the mice from the FFD and model
groups than in those from the control group (p < 0.05).
However, the serum DAO and endotoxin levels were
lower in the FFD group than in the model group. The
D-lactic acid levels did not differ significantly between
the model and FFD groups (Figure 1E). These results
suggest that the intestinal mucosal barrier function was
improved in the mice from the FFD group compared
with that in the mice from the model group.

Serum Cytokine Levels

Compared with those in the control group, the serum
levels of TNF-o, IFN-y, IL-2, IL-4, IL-6, and IL-10 were
higher in the model group. The serum levels of IL-6 and
TNF-a in the FFD group were significantly lower than
those in the model group (p < 0.01 and p < 0.001, respec-
tively; Figure 2), suggesting that there was less inflamma-
tion in the FFD group.

Immune Cells

The proportions of lymphocytes, total T cells, CD3'CD4"
Tcells, CD3" CD8" T cells, and helper T (Th1; CD4 TFN-y")
cells in the spleen immune cell populations were significantly
higher in the FFD group (p < 0.01) than in the other two
groups. However, the numbers of natural killer (NK) cells,
B cells, regulatory T (Treg) cells, and Th2 and Th17 cells
showed no statistically significant differences among the
three groups (Figures 3A and S1).

submit your manuscript

1470

Dove

OncoTargets and Therapy 2021:14


http://www.dovepress.com/get_supplementary_file.php?f=283465.docx
http://www.dovepress.com
http://www.dovepress.com

Zhang et al

Dove

< lq W
< - Q
. < %
3
* ll
* *l L] -\moo
* %
*
- /
— : : )
(=} (=} (=] (=] o
© © < N
(quy/6d) 9-71 wnieg
< b
< Aﬂ B
. <« %
=
4 u
i %
L O
- /¢
[ [ ] O.QQO
r r T T ]
o o (=] o o
0 o < ~N
(quy6d) p-71 wnieg
e
< K%
» %
<
*
X -an K
; %
i
O,
T r r o
(=3 (=3 o o
2 e °
(qwy6d) z-71 wnieg

K%k

4001

T
(=3
o
N

(qu/Bd) A-Nd| wniag

300+
100+

%k

%%k %

—— )
o o o o o o
w0 o wn o 0
N N - -

(wyBd) o-4N1 wniag

<< < |

2 P P %
(2] v
[ =

u I
¥ L2

o,
O,

r : T : T o
o o o o (=} o
40| © © < N

(quy6d) g1-11 wnieg

Figure 2 The levels of inflammatory cytokines in mice from the control, AOM/DSS tumor-bearing model, and FFD groups (**p < 0.01; **p < 0.001).

Abbreviation: ns, not significant.

<«

(%) sowny ui (0zzg) 119 @

ns

E g
& &

& & =
(%) Jowny uy 1129 1IN

0
0
0

(%) Jowny ur 8yhooydwA|

6
5!
50

e 2
(%) uaaids uy (0zza) 1192 g

& 8 & ¥ ¢ s

(%) 1owny uy mQH

e ¥ 94 9o ©
& & & R/

(%) sowny uy 1199 1,809,£00

boxv
s g g © g ©
g 8 8 @ R

(%) sowny up 193 1 ,¥02,£AD

o~

ﬁ « o0 |
c c
bc\v bo@
T ¥ o ® @ % o ) ) )
N & v ¥ = - 8 | e
(%) uaads ui 139 L LMN (%) uaads uy Bai
H H 3 LI
: % % %
* c
7 F %
(T *, (1} o,
§ 3 ¢ £ & & &

< |
(%) usajds up 1182 |

(%) usads uy 1199 1,809,£00

2

I i %,

%

L) & -
(%) Jowny uy 1199 L ,¥-1,¥AD

*h—l— _'—
H
4
050
%
< & & < o

(%) sowny u 1199 L N4I1,¥AD

~ o~ - - El =3

(%) uaayds uy 1199 1, 21-11,¥AD

HL s

%

»
c

0 o 0 <

- - s S
(%) uaaids uy 1199 L ,¥-11,¥AD

e R By

%

2 2 2 =) c

(%) uaajds u; aykooydwA|

R =] 3

8 S
(%) uaayds ui 1199 | ,$09,£00

S

o

& < 2
(%) usaids ur 1199 L A-NdI,va

0

5

0:
0.5

Figure 3 The numbers of lymphocytes, T cells, NK1.1 cells, B cells, CD3* CD4" T cells, CD3* CD8" T cells, Tregs, cD4* IFN-y T cells, CD4" IL-4" T cells, and CD4" IL-

17" T cells in (A) the spleens and (B) the tumors of mice in the model and FFD groups (*p < 0.05; **p < 0.01).

Abbreviation: ns, not significant.
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Compared with those in the model group, the propor-
tions of T cells, CD4" T cells, CD8" T cells, and Thl and
Th17 cells were significantly higher in colorectal cancer
tissues from the FFD group (p < 0.05). The proportions of
lymphocytes, NK cells, B cells, Treg cells, and Th2 cells
showed no significant differences (Figures 3B and S1),
suggesting that the immune function of T cells in the

FFD group was superior to that in the model group.

Intestinal Microbiota

An alpha diversity boxplot (Figure 4A) indicates that the
intestinal microbiotas in the model and FFD groups were
significantly different from that in the control group. As
shown in Figure 4B, the Specaccum species accumulation
curves tended to flatten, which indicated sufficient sampling.
A beta diversity analysis revealed that samples from the same

group were grouped closely together, indicating that the
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differences within the group were small and the experiment
was reliable (Figure 4C and D). Figure 4E illustrates the
relative abundances of 14 most abundant genera, including
Odoribacter, Bacteroides, Alistipes, Alloprevotella, Rikenella,
Lactobacillus, Lachnospiraceac NK4A136_group, Helicobac
ter, Ruminococcaceac UCG-014, Rikenellaceae RC9 g
ut_group, Prevotellaceae UCG-001,
Muribaculum, and Parasutterella. Figure 4F shows 10 most

Parabacteroides,

abundant differential genera among the three groups. In total,
60 differential bacterial genera were found between the FFD
and model groups. Figure 4G provides an overview of 50 most
abundant (overall) and 10 most abundant differential genera
between the two groups, with lower abundances of
Desulfovibrio and Ruminococcaceaec (NK4A214 group and
UCG-014) and higher abundances of the beneficial genera
Bacteroides, Parasutterella, Ruminiclostridium 6, Holde
manella, Clostridium_sensu_stricto 1, and Allobaculum in
the FFD group, which may be an important factor affecting

the activity of this functional food.

Fecal Metabolites

Quality control of the fecal metabolite analysis revealed that
samples were clustered closely together, which indicated that
the experiment had good stability and repeatability
(Figure 5A). The LC/MS analysis revealed a total of 625
differential metabolites between the model and control

groups, while there were 635 differential metabolites
between the FFD and model groups. The 50 most abundant
differential metabolites are shown in a heatmap (Figure 5B,

Supplementary Tables S5 and S6), with contrasting patterns

of metabolites between the FFD and model groups. The
metabolite pattern in the FFD group was similar to that in
the control group, including lower levels of deuteroporphyrin
IX, citrulline, and diferuloylputrescine and higher levels of
acetic acid, ascorbic acid, branched-chain amino acids, pal-
mitic acid, quinic acid, rosmaridiphenol, ursocholic acid, and
scillirosidin than those in the model group; the latter may
represent the antitumor metabolites of this functional food.

A pathway enrichment analysis of the differential fecal
metabolites (Figure 5C) showed that they were involved in
arachidonic acid metabolism; neuroactive ligand—receptor
interactions; serotonergic synapses; linoleic acid metabo-
lism; galactose metabolism; pentose and glucuronate inter-
conversions; the oxytocin signaling pathway; platelet
activation; alanine, aspartate and glutamate metabolism;
and histidine metabolism.

Serum Metabolites

Quality control of the serum metabolite analysis revealed
that samples were clustered closely together, which indi-
cated that the experiment had good stability and repeat-
ability (Figure 6A). The LC/MS analysis revealed 254
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Figure 5 The results of the fecal metabolite analysis. (A) Quality control results. (B) A heatmap of different metabolites and the 50 most abundant differentially-detected
metabolites between the FFD and model groups. (C) The metabolic pathway enrichment results obtained through the Kyoto Encyclopedia of Genes and Genomes (KEGG)

ID analysis.
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differential metabolites between the model and control
groups and 234 differential metabolites between the FFD
and model groups. The 50 most abundant differential
metabolites among the groups are shown in a heatmap
(Figure 6B, Supplementary Tables S7 and S8), with higher

levels of a,B-dihydroxanthohumol and p-cresol sulfate,
branched-chain amino acids (L-isoleucine and L-valine),
1-heptadecanoyl-sn-glycero-3-phosphocholine,  betaine,
palmitic acid, and L-histidinol in the FFD group. The latter
may also be important metabolites influencing the antitu-
mor effects of this functional food.

A pathway enrichment analysis of the differential
metabolites in the serum showed their involvement in
a variety of pathways, including choline metabolism; lino-
leic acid metabolism; protein digestion and absorption; the
GnRH signaling pathway; ABC transporters; and bio-
synthesis of amino acids, among others (Figure 6C).

Discussion

Currently, the pathogenesis of malignant tumors remains
unclear, but metabolic reprogramming is considered to be
a core feature of tumor energy metabolism. Abnormal
energy metabolism of tumor cells and changes in the
metabolic profile can cause changes in the tissue
microenvironment.'>'” Therefore, many studies have pro-
posed that an abnormal metabolism of nutrients in the
body is associated with the occurrence of tumors, and
changing the body’s energy metabolism may be an

effective means of preventing or treating cancer.'®2° The
functional food used in the present study comprises 55
different natural ingredients, some components of which
have been reported to exert antioxidant and immunomo-
dulatory effects (Supplementary Table S2). For instance,

spinacene, lutein, melatonin, choline, B-carotene, procya-
nidin, zeaxanthin, and anthocyanin are some of the active
ingredients present in this functional food. The composi-
tion and nutritional analysis demonstrated that the energy,
protein, fat, vitamins, and other nutrient components of
this food meet the criteria of dietary reference intake. This
functional food provides high-quality protein and immune
nutrients, thus being able to regulate the fat-to-
carbohydrate ratio, supplement dietary fiber levels, and
increase the overall content of antioxidants, which is con-
sistent with the formulation principles and requirements
for FSMPs for cancer patients and makes full use of the
characteristics associated with tumor metabolism. Thus,
investigating the antitumor activity of this functional
food has attracted significant interest.

As a prevalent cancer with high mortality rates, color-
ectal cancer is considered to have a complex mechanism
of initiation and progression.”” In the present study, we
observed that dietary supplementation with the functional
food alleviated many features of this malignancy in mice
with AOM/DSS-induced colorectal cancer, including
reduced numbers and sizes of tumors. It has been demon-
strated that inflammation plays a key role in the

1474 submit your manuscript

Dove

OncoTargets and Therapy 2021:14


http://www.dovepress.com/get_supplementary_file.php?f=283465.docx
http://www.dovepress.com/get_supplementary_file.php?f=283465.docx
http://www.dovepress.com
http://www.dovepress.com

Dove

Zhang et al

development of colorectal cancer.”® Tumors growing in the
human colon are known to overexpress IL-6, COX-2, and
TNF-a,?” and gastrointestinal tumors are also closely asso-
ciated with the upregulation of these cytokines.”® One
study has shown that colorectal tumors could be reduced
in mice by blocking TNF-a.>’ Kraus and Arber”’ demon-
strated markedly increased DSS-induced mucosal inflam-
mation in I16/Stat”’” mice. Thus, modulation of the
immune system and immune responses could form a part
of effective interventions for the prevention and/or treat-
ment of colorectal cancer. In the present study, the serum
levels of TNF-a, IFN-y, IL-2, IL-4, IL-6, and IL-10 were
different among the three groups. Compared with those in
the model group, the IL-6 and TNF-a serum levels were
significantly lower in the animals fed the functional food-
supplemented diet (»p < 0.01 and p < 0.001, respectively).
This indicated that the inflammatory response was signifi-
cantly reduced in the FFD group.

Pro- and anti-inflammatory responses are mainly asso-
ciated with adaptive immune cells in colorectal cancer.’
In our study, the proportions of lymphocytes, T cells,
CD3'CD4" T cells, Thl (CD4'TFN-y") cells, and
CD3'CD8" T cells were significantly higher (p < 0.01)
in the spleens of mice from the FFD group than in those of
mice from the model group. Further, the proportions of all
T cells, CD3"CD8" T cells, CD3"CD4" T cells, and Thl
and Th17 cells were significantly higher in colorectal
cancer tissues of the mice from the FFD group than in
those of the mice from the model group (p < 0.05). The
host immune system is complex, including innate and
adaptive mechanisms, activated by tumor and immune
cells.®' The presence of tumor-specific T cells is important

32734 45 T cells are asso-

for improving clinical outcomes,
ciated with antitumor immunity and inhibition of tumor
growth.*> Studies have shown that Treg (CD4'CD25")
cells are associated with immunological hyporesponsive-
ness to cancer, while CD8" T cells and CD4" effector
T cells play antitumor roles.***” The functional food
used in this study has been shown to improve the immune
response, especially T-cell immune function.

The human colon is inhabited by a large number of
microorganisms.®® The gut microbiota is associated with
human health and disease development.®® In a previous
study on inflammatory bowel disease, the interplay between
host immune factors and the intestinal microbiota was
shown to account for abnormal inflammatory responses in
the subjects.*” In the present study, the overall microbiome
diversity was lower in the model and FFD groups than in the

control group, which was consistent with modifications of
the microbiome observed in various inflammation-related
conditions and during cancer development.*' Notably,
Ruminiclostridium 6 was more abundant in the FFD group
than in the model group and was among the 10 most abun-

1*? demonstrated that

dant differential genera. Feng et a
Ruminiclostridium was highly abundant in the feces of
healthy subjects, whereas its levels were reduced in patients
with colorectal cancer, which was consistent with our pre-
sent findings. In particular, Ruminiclostridium is known to
produce acetic and butyric acids, which are short-chain fatty
acids with multiple biological roles.**

Our results showed 635 differential fecal metabolites,
including ascorbic acid, between the FFD and model
groups. Accumulation of ascorbic acid in the plasma is
known to significantly increase during tumorigenesis and
cancer growth.** Researchers have proposed that ascorbic
acid can block the formation of carcinogenic nitrosamines
and inhibit the growth of a variety of tumors.*’ There also
were 234 differential serum metabolites, with their levels
often showing opposite patterns between the FFD and
model groups, while the metabolite pattern in the FFD
group was similar to that in the control group. The results
suggested that the main signaling pathways associated
with the differential fecal metabolites were involved in
the arachidonic acid metabolism, serotonergic synapses,
linoleic acid metabolism, neuroactive ligand—receptor
interactions, and pentose and glucuronate interconver-
sions. The major signaling pathways associated with the
differential serum metabolites were involved in retrograde
endocannabinoid signaling, choline metabolism in cancer,
linoleic acid metabolism, the Fc epsilon RI signaling path-
way, and Kaposi sarcoma-associated herpesvirus infection.
Linoleic acid metabolism was a common pathway asso-
ciated with both serum and fecal metabolites. The antic-
ancer properties of conjugated linoleic acid are widely
recognized.*® Therefore, it is speculated that this food
can regulate the metabolic processes and remodel the
metabolic profile of the gut microbiota in mice with
AOM/DSS-induced colorectal cancer. However, the pre-
cise mechanism(s) underlying these effects warrant further
investigation.

Conclusion

In conclusion, the present study demonstrated that supple-
mentation with a functional food could significantly pro-
tect colon tissues of mice with AOM/DSS-induced
colorectal cancer. The functional food altered the overall
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microbiota and metabolic pathways, as well as the meta-
bolic profile related to the gut microbiome. Thus, our
study provides evidence supporting the use of this food
as a novel treatment for colorectal cancer. Further studies
are warranted to validate these findings for the possible

clinical application of this functional food.
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