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K-1/ b-catenin signaling by
Lactobacillus casei, inulin and their combination in
1,2-dimethylhydrazine-induced colon cancer in
mice†

Mohammed S. Ali,a Rasha M. Hussein, *ab Yasser Gaber, bc Olfat A. Hammamd

and Mohamed A. Kandeile

Colon cancer is a complex disease that involves numerous genetic alterations that change the normal

colonic mucosa into invasive adenocarcinoma. In the current study, the protective effects of inulin

(prebiotic), Lactobacillus casei (L. casei, probiotic) and their combination (synbiotic) on 1,2-

dimethylhydrazine (DMH)-induced colon cancer in male Swiss mice were evaluated. Animals were

divided into: Control group, DMH-treated group, DMH plus inulin, DMH plus L. casei and DMH plus

inulin plus L. casei-treated groups. Fecal microbiome analysis, biochemical measurements,

histopathological examination of the colon tissues, immunostaining and Western blotting analysis of b-

catenin, GSK3b and JNK-1 were performed. The prebiotic-, probiotic- and synbiotic-treated groups

showed decreased levels of carcinoembryonic antigen and a lower number of aberrant crypt foci

compared to the DMH-treated group with the synbiotic group exhibiting a superior effect. Furthermore,

all treatments showed a body weight-reducing effect. Administration of inulin, L. casei or their

combination increased the expression level of phospho-JNK-1 while they decreased the expression level

of b-catenin and phospho-GSK3b. Remarkably, L. casei treatment resulted in enrichment of certain

beneficial bacterial genera i.e. Akkermansia and Turicibacter. Therefore, administration of L. casei and

inulin as a synbiotic combination protects against colon cancer in mice.
1. Introduction

Colon cancer is the second cause of cancer-related deaths.1 It is
a complex process which involves numerous genetic mutations
that eventually change normal colonic mucosa into invasive
adenocarcinoma.1,2 Colon cancer is caused by many predis-
posing factors such as microbial exposure, imbalanced diet,
inammation, intestinal epithelial damage and, importantly,
normal gut microbiota imbalance.3–5 1,2-Dimethylhydrazine
(DMH) is a chemical compound widely used to induce colon
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cancer in experimental animals since it shows high pathological
similarity with human colon cancer.6,7

Probiotics are live microorganisms that have benecial
effects to the host such as immunomodulation and improve-
ment of gut microbiota through improving gut homeostasis and
alleviating the inammation caused by pathogenic strains.8–11

Interestingly, the administration of probiotics is increasingly
used to prevent various human diseases. For example, it was
found that administration of a probiotic mixture could prevent
the conversion of liver cirrhosis to hepatocellular carcinoma.12

Also, a mixture of Bidobacterium and Lactobacillus species
could alleviate chronic kidney failure by reducing the plasma
levels of urea, indoxyl sulfate and p-cresol.13 More relevant to
this study, probiotics were found to inhibit the development of
colon cancers through inducing apoptosis and modulating the
cellular defensive mechanisms.14

Prebiotics are bioactive substances, fermented by the normal
gut microora to benecial products such as butyrate and
propionate which inhibit colon cancer biomarkers.15 Inulin is
one of the prebiotics which contains a polymer of fructooligo-
saccharides linked together by b-(2-1) bond and it previously
showed an important role in decreasing the pre-cancerous
lesions of colon cancer.16
This journal is © The Royal Society of Chemistry 2019
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Interestingly, a combination of probiotic and prebiotic is
known as synbiotic and it provides a synergistic effect that
improves growth of the benecial microbiome along with
supplying new ones into the colon.17 Therefore, administration
of synbiotics can restore the normal microbiome balance,
immunity and consequently reduce the severity of cancer
lesions.18,19

b-Catenin signaling plays an important role in colon carci-
nogenesis and its inhibition is viewed as a good target for the
action of many chemotherapeutic drugs.20 More than 90% of
the inherited colon cancer cases showed a mutation in the
canonical Wnt/b-catenin signaling pathway.21 Importantly, JNK-
1 is a member of Mitogen activated protein kinase (MAPK)
family and it negatively regulates the b-catenin expression
through its effect on glycogen synthase kinase 3 beta (GSK3b)
phosphorylation.22 Therefore, it was found that some drugs
such as sulindac and Pizotifen combat the prostate and colon
cancer respectively via decreasing b-catenin expression
levels.23,24

In the current study, we investigated the possible protective
effects of inulin (prebiotic), Lactobacillus casei (probiotic), and
their combination (synbiotic) on DMH-induced colon cancer in
male Swiss mice and the role of JNK-1/b-catenin signaling
pathway in this process.

2. Materials and methods
2.1. Chemicals

1,2-Dimethylhydrazine dihydrochloride (C2H10Cl2N2) and
inulin from chicory were purchased from Acros Organics,
Thermo Fisher Scientic, Belgium. Lactobacillus casei DSM
20011 (ATCC 393) was purchased from the German collection of
microorganisms and cell cultures (DSMZ) Germany. MRS Broth
was purchased from the Foreign Trade Association, Egypt.

2.2. Animals

Forty male Swiss mice (6 weeks old, weighing about 25 g) were
obtained from Animal House Colony, Pharmacology and
Chemistry Research Center, Misr University and Technology
Park, Egypt. Mice were kept in plastic cages (8 mice per cage)
under the following standard conditions: 12 h light/dark cycles,
25 � 2 �C temperature, and humidity 48 � 10% at the Animal
House Laboratory at Faculty of Pharmacy, Beni-Suef University.
Mice had free access to water and standard pellet diet composed
of 14.5% protein, 4.8% fat and 59.4% carbohydrates. All the
experimental procedures performed in this study were in
agreement with the guidelines of National Institutes of Health
guide for use and care of laboratory animals revised in 1978.
The study protocol was approved by the Animal Ethics
Committee at Beni-Suef University (Approval number: 018-56).

2.3. Bacterial culture and viable counting

Lactobacillus casei DSM 20011 were grown on MRS media
adjusted to pH 5.5 and incubated at 30 �C. The grown cells were
collected under cooling centrifugation at 1700 � g for 15 min.
The cells were washed with saline and resuspended in saline to
This journal is © The Royal Society of Chemistry 2019
a nal a concentration of 2 � 109 CFU/0.3 ml. Optical turbidity
was recorded at wavelength 600 nm as a measure of the
concentration of bacterial suspension. A calibration curve was
constructed between the bacterial optical density and the viable
counting to facilitate dose adjustment.

2.4. In vivo study

2.4.1. Induction of colon cancer. Mice were injected
subcutaneously (SC.) with DMH at a dose of 20 mg kg�1 BW
dissolved in 1 mM EDTA, pH 6.5 once a week for 20 weeks.
Carcinogen dose was selected based on previously published
literature to induce colon cancer in mice.7

2.4.2. Experimental groups. Aer two weeks of acclimati-
zation period, mice were divided into 5 groups (8 mice per
group) as follows:

Control (untreated) group. Mice received SC. injections of
1 mM EDTA, pH 6.5 once per week for 20 weeks.

DMH-treated group. Mice received SC. injections of DMH as
described above.

DMH + inulin (prebiotic) treated group. Mice received SC.
injections of DMH as DMH-treated group plus inulin (5 mg/0.3
ml/animal) by oral gavage daily from the start of the experiment
till animal sacrice. The dose of inulin was selected based on
the previously published study.17

DMH + L. casei (probiotic) treated group. Mice received SC.
injections of DMH as DMH-group plus L. casei (2 � 109 CFU/
0.3 ml per animal) 3 times per week by oral gavage from the start
of the experiment till animal sacrice. The selected bacterial
concentration was based on ref. 25.

DMH + inulin + L. casei (synbiotic) treated group.Mice received
SC. injections of DMH as DMH-group plus inulin (5 mg/0.3 ml
per animal) via oral gavage daily plus L. casei (2 � 109 CFU/
0.3 ml per animal) 3 times per week by oral gavage from the start
of the experiment till animal sacrice.

Aer 24 weeks, animals were overnight fasting, and blood
samples were collected in the morning in heparinized tubes.
Plasma was separated by centrifugation at 3000 rpm for 20 min
and stored at �80 �C for biochemical measurements. Animals
were then anesthetized by diethyl ether and killed by cervical
decapitation. The colons were dissected, opened longitudinally,
washed with saline and dried on lter paper. A small part of the
distal colon was excised and immersed into a protease inhibitor
buffer and stored at �80 �C for Western blotting analysis. The
remaining part of the colon was kept in 10% buffered formalin
solution for histopathology and immunostaining analysis.

2.5. Biochemical measurement in plasma

The concentrations of glucose, triglyceride and total cholesterol
were measured in the plasma samples by commercial kits
(glucose – TR, triglycerides – LQ and cholesterol assay kits,
SPINREACT, Spain respectively) according to the provided
instructions.

2.6. Histopathological examination

2.6.1. Macroscopic examination. Colons from all groups
were observed macroscopically for the presence of plaque
RSC Adv., 2019, 9, 29368–29383 | 29369
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lesions and if any, their count by an experimentally blinded
pathologist.

2.6.2. Microscopic examination. Sections of colons were
xed in 10% formalin buffered solution then embedded in
paraffin wax, cut at a 4 mm thickness and stained with Hema-
toxylin and Eosin (H&E) for microscopic examination under
a light microscope as previously mentioned in ref. 26.

2.6.3. Methylene blue staining. To estimate the number of
aberrant crypt foci (ACF), the paraffin sections of the formalin
xed colon tissues were used as previously mentioned in ref.
27–30. Briey, the sections were deparaffinized and hydrated
with distilled water. About 1ml of 0.5%methylene blue solution
was applied until the tissue sections were completely covered
and incubated for 3 minutes. The slides were briey rinsed in
distilled water (2–3 dips) and le to dry in air. Finally, the slides
were cleared in xylene, and mounted in a synthetic resin. The
number of ACF was determined in 10 independent elds per
animal under a light microscope at 400� magnication.

The number of goblet cells was quantied in the colonic
tissues using a computer controlled microscope (Zeiss Axio-
scope microscope, Germany) and the image analysis was per-
formed using the soware program Axio vision 4.8 which allows
for the determination of the colored compound in the goblet
cells stained with methylene blue. The number of goblet cells
was analyzed for each colon/group under a light microscope at
400�.

2.7. Immunohistochemical analysis of the
carcinoembryonic antigen (CEA)

Immunostaining of the colon tissues with CEA was performed
as follows: the slides were deparaffinized, hydrated, blocked
and then stained by CEA monoclonal antibody solution (sc-
55547, Santa Cruz Biotechnology, Inc, USA) 1 : 50 dilution for
20 min. The slides were washed followed by applying the
secondary antibody; HRP Envision kit, DAKO, Agilent, US (no
dilution) for 20 min and applying 3,30-diaminobenzidine (DAB,
Sigma Fast DAB tablets, Sigma-Aldrich, St. Louis MO) for 20min
as previously mentioned.31 The slides were nally counter-
stained with EnVision FLEX hematoxylin for 5 min, dehydrated,
cleared and covered by a slip. The colonic sections were exam-
ined using a Zeiss light microscope (Oberkochen, Germany).
The brownish-color was considered as a positive expression of
CEA in the cells. Immunostaining expression was classied
according to its distribution into either cytoplasmic type, in
which immunostaining was homogeneously distributed in the
cytoplasm of neoplastic cells or an apical type in which, there
was predominant immunostaining on the cytoplasmic edge
closest to the lumen of the neoplastic tissue cells.32 The posi-
tively stained cells were recorded within ten successive elds in
each sample and quantied using Leica application suite for
image analysis at 400� magnication.

2.8. Western blotting analysis

Thirty mg of each colon tissue sample was homogenized in 400
ml ice-cold RIPA buffer. The homogenate was put on a pre-
cooled microcentrifuge tube and agitated at 16 000 � g for
29370 | RSC Adv., 2019, 9, 29368–29383
30 min at 4 �C then spun for 20 min. The supernatant was then
collected, and the protein concentration was determined by
Bradford assay. 20 mg of protein was mixed with an equal
volume of Laemmli buffer and boiled for 5 min at 95 �C to run
SDS–PAGE at 100–150 V for 1 h. The proteins were then trans-
ferred from the gel to PVDF membrane at 25 V. The blots were
blocked with 3% BSA in TBST for 1 h at room temperature. The
blots were incubated separately overnight at 4 �C with the
following primary antibodies:

P-JNK monoclonal antibody (G-7: sc-6254, Santa Cruz
Biotechnology, Inc, Oregon, USA), b-catenin polyclonal antibody
(H-102: sc-7199, Santa Cruz Biotechnology, Inc, Oregon, USA), P-
GSK-3b polyclonal antibody (Ser 9: sc-11757, Santa Cruz
Biotechnology, Inc, Oregon, USA) (dilution 1 : 500). The
membranes were washed thoroughly and incubated with the
secondary conjugated antibody poly HRP anti-rabbit IgG
(31460, Thermo Fisher Scientic, USA) (dilution 1 : 200) for 1 h
at room temp. The membranes were re-washed and the signal
was detected by a chemiluminescent substrate, Thermo Fisher
Scientic, USA. The images were captured using a CCD camera-
based imager and the band intensity of each protein was
determined using Image J analysis soware (Bitplane, USA).
2.9. Microbiome determination and analysis

Fecal pellets were collected from each animal, the collected
samples within the same group were, pooled and kept at�80 �C
freezer until DNA extraction.33,34 The DNA extraction was done
using the homogenized pooled samples and using the GeneJet
Genomic DNA purication Kit (Thermo Scientic, cat. no.
K0721). The DNA concentration and quality were checked using
PicoGreen, Qubit® uorimeter.

2.9.1. Library preparation. 16S rDNA gene amplicons were
obtained following the 16S rDNA gene Metagenomic
Sequencing Library Preparation Illumina protocol (Cod.
15044223 Rev. A). The gene-specic sequences used in this
protocol target the 16S rDNA gene V3 and V4 region. Illumina
adapter overhang nucleotide sequences were added to the gene-
specic sequences. The primers were selected from ref. 35. The
full-length primer sequences are 16S rDNA gene amplicon PCR
forward primer ¼
50TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGG-
NGGCWGCAG30. 16S rDNA gene amplicon PCR reverse primer
¼
50GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACH-
VGGGTATCTAATCC30. The microbial genomic DNA (5 ng mL�1

in 10mMTris pH 8.5) was used to initiate the protocol. Aer 16S
rDNA gene amplication, the multiplexing step was performed
using the Nextera XT Index Kit (FC-131-1096). 1 mL of the PCR
product was run on a Bioanalyzer DNA 1000 chip to verify the
size, the expected size on a Bioanalyzer trace was �550 bp. Aer
size verication, the libraries were sequenced using a 2 � 300
pb paired-end run (MiSeq Reagent kit v3 (MS-102-3001)) on
a MiSeq Sequencer according to manufacturer's instructions
(Illumina).

2.9.2. Quality assessment and sequence joining. Quality
assessment was performed by the use of prinseq-lite program.36
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Effect of the treatments on mice body weight. Line chart shows
the mice body weights of the control, DMH, DMH + inulin, DMH + L.
casei and DMH + inulin + L. casei, evaluated at 4 weeks interval till the
sacrifice day. aSignificantly different from control group (p < 0.01).
bSignificantly different from DMH group (p < 0.01).
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Applying the following parameters: min_length: 50; trim_-
qual_right: 30; trim_qual_type: mean; trim_qual_window: 20;
R1 and R2 from Illumina sequencing where joined using FLASH
program.

2.9.3. Bioinformatic analysis. Data were obtained using an
ad hoc pipeline written in R Statistics environment,37 making
use of several open source libraries such as gdata and vegan. The
sequence data have been analyzed using QIIMM2 pipeline.38

Metataxonomy analysis: metataxonomy analysis was performed
using some of Qiime2 plugins. Denoising and chimera
removing were performed starting from paired ends data using
DADA2 pipeline.39

2.9.4. Taxonomic assignation. Taxonomic affiliations have
been assigned using the Naive Bayesian classier integrated
into QIIMM2 plugins. The database used for this taxonomic
assignation was the SILVA_release_132.40 KRONA viewer report
has been generated using Krona hierarchical browser.41

2.10. Statistical analysis

SPSS soware version 22 (SPSS Inc., Chicago, Illinois) was used
for the statistical analysis of the results. One way analysis of
variance (ANOVA) followed by post hoc Tukey's test was used to
examine for the statistical signicance among groups. A p-value
< 0.05 was considered to be statistically signicant. Data were
represented as mean � SE.

3. Results
3.1. Effect of pre-, pro- and synbiotic treatments on the mice
body weight

We followed the change in the mice body weight throughout the
experimental period to evaluate the possible effects of our
studied pre-, pro- and synbiotic treatments. The results showed
a signicant difference between the body weight of the control
group and the DMH-treated group only at week 24 of the
experiment at which DMH administration signicantly
decreased the mice body weight (p < 0.01). Interestingly,
administration of prebiotic decreased the body weight signi-
cantly at weeks 8, 12, 16, 20 and 24 compared to the control
group (p < 0.01) and at weeks 20 and 24 compared to the DMH
group at p < 0.01. In addition, administration of probiotic
decreased the body weight signicantly at weeks 8,12,16, 20 and
24 compared to the control group (p < 0.01) and at weeks 12, 16,
20 and 24 compared to DMH group (p < 0.01). Similarly, the
mice body weights of the synbiotic were decreased signicantly
at weeks 8, 12, 16, 20 and 24 compared to the control group and
at weeks 20 and 24 compared to the DMH group (p < 0.01).
These results indicate that administration of the prebiotic,
probiotic or both treatments has a prominent body weight
reducing effect (Fig. 1).

3.2. Effect of pre-, pro- and synbiotic treatments on the
biochemical measurements

To explain the mechanism by which our treatments reduced the
animals' body weights, we measured the blood glucose,
triglycerides and total cholesterol levels at the end of the
This journal is © The Royal Society of Chemistry 2019
experiment. The results showed no signicant difference in the
blood glucose, total cholesterol or triglycerides concentrations
between the DMH-treated and the control groups. However, the
blood glucose and total cholesterol levels were signicantly
reduced in the prebiotic, probiotic and synbiotic treated groups
compared to the control or DMH-treated groups at p < 0.05. In
addition, the blood triglycerides level was reduced signicantly
in the symbiotic-treated group compared to both the control
and DMH-treated groups at p < 0.05 (Table 1). These results
indicate the potential hypoglycemic and the lipid-lowering
effect of our treatments that ultimately lead to a reduction in
body weight.
3.3. Effect of pre-, pro- and synbiotic treatments on the colon
macroscopic and microscopic architecture

The macroscopic examination of the entire colon showed
a formation of multi-plaque lesions in the DMH-treated group
compared to the control group. However, there was an apparent
decrease in the number of plaque lesions in the prebiotic
treated group and probiotic treated group with a complete
absence of plaque lesions in the synbiotic-treated group (Fig. 2).

Further examination of the colon tissues at the microscopic
scale using H&E staining showed that 75% of the examined
samples of DMH-treated group exhibited signs of both inam-
mation and adenoma development compared to the control
group. Moreover, 100% of the examined samples of DMH-
treated group exhibited severe loss of goblet cells, aberrant
colonic crypt, hyperplasia, and dysplasia compared to the
control group. 62.5% of the DMH group showed adenocarci-
noma. Remarkably, the prebiotic treated group showed
a decrease in the degree of inammation and loss of the goblet
cells to 40%, in addition, the formation of aberrant colonic
crypts decreased to 60% with no signs of dysplasia, hyperplasia
or adenocarcinoma. Similar observations were recorded in the
case of probiotic-treated group where the signs of inammation
and loss of goblet cells decreased to 20%, the aberrant colonic
crypts were reduced to 40% with no signs of dysplasia or
adenocarcinoma. In the synbiotic treated group, the results
RSC Adv., 2019, 9, 29368–29383 | 29371
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Table 1 Effect of the pre-, pro- and synbiotic treatments on blood glucose, total cholesterol and triglycerides levels

Blood glucose (mg dl�1) Total cholesterol (mg dl�1) Triglycerides (mg dl�1)

Control 108.83 � 22.80 103.22 � 15.51 86.33 � 18.57
DMH 85.01 � 20.78 92.52 � 14.98 87.42 � 28.01
DMH + inulin 58.12 � 23.67b 66.44 � 27.78a 53.87 � 16.06
DMH + L. casei 58.66 � 34.04b 60.88 � 24.18a,c 72.12 � 35.23
DMH + inulin + L. casei 53.71 � 21.19b 56.28 � 21.95b,c 46.42 � 10.58a,c

a Signicantly different from the control group (p < 0.05). b Signicantly different from the control group (p < 0.01). c Signicantly different from the
DMH group (p < 0.05).
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showed no signs of inammation, aberrant colonic crypt, loss of
the goblet cells, dysplasia or adenocarcinoma (Fig. 3A–C).

Interestingly, estimating the number of ACF in each colon/
group by methylene blue staining revealed that, in the control
group, there were normal crypts without ACF formation.
Although the DMH treated group showed an increased number
of ACF that reached 12.1 � 0.56 ACF per focus. Importantly,
administration of probiotic, prebiotic and synbiotic signi-
cantly decreased the number of ACF by three, ve and six times
respectively compared to the DMH-treated group (p < 0.001)
(Fig. 4A and B). Additionally, the percentages of goblet cells in
pre-, pro- and synbiotic groups were estimated as 61.7%, 81.7%
and 97.7% respectively compared with the DMH group that
showed 0% of goblet cells (Fig. 4C).
3.4. Effect of pre-, pro- and synbiotic treatments on CEA
expression

To conrm the histopathology ndings, we immuno-stained
the colon tissues with CEA antibody. Our results showed an
increased expression of CEA in the DMH-treated group by 37
Fig. 2 Macroscopic examination of the colons. (A) A photo-macrograp
lesions. (B) A photo-macrograph of the entire colon from the DMH-tre
from the DMH + inulin treated group showing one plaque lesion. (D) A ph
plaque lesions. (E) A photo-macrograph from the DMH + inulin + L. cas

29372 | RSC Adv., 2019, 9, 29368–29383
folds compared to the control group (p < 0.001). However, the
prebiotic, the probiotic and synbiotic groups showed a signi-
cant reduction in the CEA expression estimated by six, three and
19 folds respectively, compared to the DMH-treated group at p <
0.001 (Fig. 5A and B).
3.5. Effect of pre-, pro- and synbiotic treatments on the
expression of p-JNK-1, p-GSK3-b and b-catenin proteins

To identify the molecular pathway targeted by our treatments
that may explain their protective effects against colon carcino-
genesis, we measured the protein expression level of b-catenin,
the master gene in regulating the colon cancer development,
with its regulatory proteins; p-JNK-1, and p-GSK3b. The ndings
demonstrated that DMH-treated group showed a signicant
decrease in the expression of p-JNK-1 by two and a half folds but
an increase in the expression of b-catenin and p-GSK3b proteins
by seven and ve folds, respectively compared to the control
group at p < 0.05 (Fig. 6). Interestingly, administration of
prebiotic resulted in a signicant increase in the expression
level of p-JNK-1 protein by six folds while decreasing the
h of the entire colon from normal control group showing no plaque
ated group showing multiple plaque lesions. (C) A photo-macrograph
oto-macrograph from the DMH + L. casei treated group showing two
ei treated with no plaque lesions that can be seen.
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Fig. 3 Microscopic examination of the colon tissues. (A) H&E staining of the colon sections. (a) Colon tissue from the control group showing normal
mucosa lined with columnar mucin-secreting cells (red arrow) overlying crypts (yellow arrow) with normal muscularis mucosa (green arrow) and normal
muscle tissue (black arrow). (b and c) Colon tissues from the DMH-treated group. (b) Colonic mucosa showing malignant colonic acini forming irregular
tubular structures, with nuclear stratification, multiple lumens and reduced stroma (“back to back”) invading lamina and muscle layer ((b) black arrow), (c)
colonic mucosa showing crowded, back to back colonic glands lined with hyperplastic and dysplastic epithelial cells ((c) red arrow). (d) Colon tissues from
the DMH + inulin treated group, showing colonic mucosa lined with columnar mucin-secreting cells with regenerative changes (red arrow) and chronic
inflammatory cells (orange arrow). (e) Colon tissues from the DMH+ L. casei treated group, showing colonicmucosa linedwith columnarmucin-secreting
cells (red arrow) with regenerative changes (dark blue arrow), chronic inflammatory cells (orange arrow) and inflammatory cells (orange star). (f) Colon
tissues from the DMH + inulin + L. casei treated group, showing almost normal mucosa lined with columnar mucin-secreting cells (red arrow) overlying
crypts (yellow arrow) with normal muscularis mucosa (green arrow). 400�. (B) H&E staining of DMH-treated colon tissues showing adenoma and
adenocarcinoma. (a and b) Colonic mucosa of DMH group showing both tubular adenoma with high grade dysplasia and malignant changes. (a) Colonic
mucosa showing crowded, back to back colonic glands linedwith hyperplastic and dysplastic epithelial cells (red arrow), 100�. (b) Colonicmucosa showing
malignant colonic acini, malignant irregular sheets of mucin secreting cells with signet cell differentiation, invading lamina and muscle layer (black arrow),
200�. (c) Colonic mucosa of DMH group showing malignant colonic acini, malignant acini forming irregular tubular structures, with nuclear stratification
(black arrow), 100�. (d) Multiple lumens and reduced stroma (“back to back”) (red arrow) invading lamina andmuscle layer are seen, 400�. (C) Table shows
the percentage of incidence of the histopathological changes in groups. aSignificantly different from control group (p < 0.001). bSignificantly different from
DMH group (p < 0.001). Number of mice is 8 per group.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 29368–29383 | 29373
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Fig. 4 Methylene blue staining of the aberrant crypt foci among the studied groups. (A) Photomicrograph of colon tissues showing aberrant crypt foci. (a)
Colonic section from the control group stainedwithmethylene blue showing normal crypts (black arrow). (b and c) Colonic sections from theDMH-treated
group showing tumoral signet ring cells (yellowarrow) andnormal crypts canbe seen (black arrow). (d)Colonic section from theDMH+ inulin treatedgroup
showing few aberrant colonic crypt foci (red arrow) and normal crypts (black arrow). (e) Colonic section from the DMH + L. casei treated group showing
scattered aberrant colonic crypts (red arrow) and normal crypts (black arrow). (f) Colonic section from the (DMH+ inulin + L. casei) treated group showing
normal crypts (black arrow),�400. (B) Quantification of the colonic ACF per focus in the studied groups, (C) Quantification of the goblet cells in the studied
groups. Data are represented as mean � SE. aSignificantly different from control group (p < 0.01). a*Significantly different from control group (p < 0.001).
bSignificantly different fromDMHgroup (p <0.001). cSignificantly different fromDMH+ inulin group (p < 0.001). dSignificantly different fromDMH+ L. casei
group (p < 0.001).
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Fig. 5 The CEA expression in the colon tissues among the studied group. (A) Photomicrograph of mice colon tissues showing the expression
level of CEA. (a) Colon tissue from the control group showing normal mucosa with negative CEA expression (black arrow). (b) Colonic mucosa
from the DMH-treated group showing high expression level of CEA was no longer restricted to the apical surface (red arrow points to apical
surface staining) and significant intracellular localization of CEA in the malignant cells (black arrows). (c) Colon tissues from the (DMH + inulin)
group showingmild expression level of CEA in the apical surface (red arrow points to apical surface staining) and positive staining of inflammatory
cells (yellow arrow). (d) Colon tissues from the (DMH+ L. casei) treated group showingmoderate expression of CEA in the apical surface of crypts
(red arrow points to apical surface staining & red star point to basolateral staining) and significant intracellular localization of CEA in aberrant
colonic crypts (black arrow) in addition to a positive staining of inflammatory cells (yellow arrow). (e) Colon tissues from the (DMH + inulin + L.
casei) treated group showingminimal expression level of CEA restricted to the apical surface (red arrow points to apical surface staining), positive
staining of inflammatory cells (yellow arrow), �400. (B) Quantification of the expression level of CEA. Column figure shows the relative
expression level of CEA on (Y-axis) among control, DMH, DMH + inulin, DMH + L. casei and DMH + inulin + L. casei treated groups on (X-axis).
Number of mice is 8 per group. Data are represented as mean� SE. aSignificantly different from control group (p < 0.001). bSignificantly different
from DMH group (p < 0.001). cSignificantly different from DMH + inulin group (p < 0.001). dSignificantly different from DMH + L. casei group (p <
0.001).
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Fig. 6 Western blotting of b-catenin, p-JNK-1 and p-GSK3b expression in colonic tissues from the studied group. (A) Western blot analysis of b-
catenin, p-JNK-1 and p-GSK3b proteins expression versus housekeeping protein b-actin in the following order: Lane 1: control group, Lane 2:
DMH group, Lane 3: DMH + inulin group, Lane 4: DMH + L. casei group and Lane 5: DMH + inulin + L. casei group. (B) The quantitative
densitometry of the expression level of b-catenin protein. (C) The quantitative densitometry of the expression level of p-JNK-1, (D) the quan-
titative densitometry of the expression level of p-GSK3b. Number of mice is 8. Data are represented as mean � SE. aSignificantly different from
control group (p < 0.05). bSignificantly different from DMH group (p < 0.05). cSignificantly different from inulin group (p < 0.05). dSignificantly
different from L. casei group (p < 0.05).
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expression level of both b-catenin and p-GSK3b by four folds
compared to the DMH-treated group at p < 0.05. In the same
way, administration of probiotic increased the expression level
of p-JNK-1 protein by ve folds while decreasing the expression
of b-catenin and p-GSK3b by three folds compared to the DMH-
treated group at p < 0.05. Interestingly, the synbiotic-treated
group showed an increased p-JNK-1 expression level by nine
folds with a decreased expression of b-catenin and p-GSK3b
proteins by eight and seven folds respectively compared to the
DMH-treated group at p < 0.05 (Fig. 6).
29376 | RSC Adv., 2019, 9, 29368–29383
3.6. Microbiome analysis

High-throughput sequencing resulted in 585 554 reads, average
117 110 reads per sample, more detailed results are found in
ESI Tables S1–S7.† The data ltration resulted in reduction in
the reads count, the highest reads count recorded was 114 847
in DMH treated group, while the lowest reads count was 57 980
in the control group (Fig. 7A). The total reads obtained were
classied into 23 phyla, 40 classes, 103 orders, 201 families and
464 genera. Alpha diversity of the groups was calculated
including Chao1, ACE and Fisher indices (Fig. 7A). The Shan-
non and Chao1 indices were highest at the synbiotic-treated
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Overview of the microbiome analysis. (A) The obtained reads count for the different groups used in the study showing the original and the
filtered reads count. The alpha diversity factors Chao1, ACE and Shannon indexes are shown. (B) Heatmap representation of the microbiome
results shown to the order level. (C) Principal component analysis PcoA determined based on the reads count per genus. The principal
component 1 was calculated to 27.5% and PC2 was calculated to 25.5%. ClustVis webserver with a built-in program was used to calculate the
principal components.
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group. Fig. 7B shows the heatmap representation calculated at
the order level of the classied reads obtained. Importantly, the
principal component analysis among the ve tested groups
showed distinct separation of the synbiotic-treated group
compared to all other sample groups (see also ESI Fig. S1†). The
PC1 was computed at 27.5% while the PC2 was computed at
25.5% (Fig. 7C).

Fig. 8 shows the reads counts recorded for the highly rep-
resented bacterial phyla among the ve tested groups. Inter-
estingly the Verrucomicrobia phylum was enriched in animal
groups treated with L. casei (probiotic group and synbiotic
treated group). The major contribution to the phylum Verruco-
microbia is due to the genus Akkermansia, the only identied
genus from this phylum. Bacteroidetes were found at highest
abundance in the DMH treated group, while the lowest abun-
dance was at the prebiotic treated group. On the contrary, Fir-
micutes were found at the lowest abundance at the DMH-treated
group, while the highest abundance was found in the prebiotic
treated groups.
This journal is © The Royal Society of Chemistry 2019
The genus Akkermansia reads count were 1821 and 14 231 in
the case of probiotic and synbiotic treated groups respectively
compared to zero and 40 in the non-L. casei treated groups
(DMH) and prebiotic respectively (Table 2). Similarly, the genus
Turicibacter reads count were 1094 and 1841 in probiotic and
synbiotic groups respectively compared to 681 and 465 reads
count in the DMH and prebiotic treated groups respectively.
Based on these observations, the genera Akkermansia and
Turicibacter were signicantly enriched in response to L. casei
treatment (Table 2, p < 0.05).
4. Discussion

In the current study, we found that co-administration of L. casei
and inulin as a synbiotic exhibited a superior protective effect
against a DMH-induced colon cancer in male Swiss mice
through affecting JNK-1/b-catenin signaling pathway as well as
enriching benecial bacteria in the colon such as Akkermansia
and Turicibacter.
RSC Adv., 2019, 9, 29368–29383 | 29377
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Fig. 8 Reads count for major phyla and genera. The reads count for the major phyla recorded among the different groups.
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Our results showed no change in the body weight between
the DMH-treated group and the control group except aer 24
weeks of the experimental period which agrees with the
29378 | RSC Adv., 2019, 9, 29368–29383
previously published reports.42 In addition, DMH showed no
signicant effect on calorie intake between groups.43 However,
in the current study, administration of inulin, L. casei or inulin +
This journal is © The Royal Society of Chemistry 2019
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Table 2 Bacterial genera significantly (Fisher's exact test) enriched in
relation to L. casei or inulin administration in the treated groups

Non-L.
casei L. casei Total P value

Genus Akkermansia
DMH 0 1821 1821 0.0199
DMH + inulin 40 14 231 14 271
Total 40 16 052 16 092

Genus Turicibacter
DMH 681 1094 1775 <0.00001
DMH + inulin 465 1841 2306
Total 1146 2935 4081

Non-inulin Inulin Total P value

Genus Novosphingobium
DMH 8210 20 920 29 130 <0.00001
DMH + L. casei 9750 33 073 42 823
Total 17 960 53 993 71 953
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L. casei together with DMH signicantly decreased the body
weight compared to either the control or the DMH groups. It is
worthy to mention that the effect of administration of pre-, pro-
or synbiotic formulations on the body weight in literature is
controversial so far. For instance, it was observed that ingestion
of inulin or fructo-oligosaccharides for long periods reduces the
body weight.44–47 Nevertheless, in other studies inulin admin-
istration had no effect or even increased the body weight of
experimental animals.48–50 On the same way, administration of
different probiotics either showed a weight loss51 or no effect on
the body weight of mice.52,53 Interestingly, it was found that
administration of a synbiotic mixture (inulin plus Lactobacillus
acidophilus, Lactobacillus bulgaricus, Bidobacterium bidum,
Bidobacterium longum, and Streptococcus thermophilus) for 5
weeks resulted in a decrease in the body weight of animals
consistently with our ndings.54 Although, administration of
Bidobacterium longum BL999 with a prebiotic mixture (fructo-
oligosaccharides and galacto-oligosaccharides) to infants from
14th to 112th day aer birth resulted in a weight gain.55

In the current study, we did not record the food intake of
animals throughout the experimental period. In literature, the
administration of inulin in a model of DMH-induced colon
cancer, showed no signicant effect on food intake of animals
although there was a signicant reduction in the body weight
compared to that of the normal rats.56 On the same way, there
was no signicant difference in the food and water intake
between mice given Lactobacillus casei and control mice
although the L. casei group showed less blood glucose level and
more protection from the diabetes incidence.57,58 In an attempt
to explain the body weight reducing effect, Drissi et al., deter-
mined the differences in the genomes of some Lactobacillus
species that have either weight protection or weight gain effect
and they found that weight protecting Lactobacillus strains
developed mechanisms for increased glycolysis and antioxidant
defense.59 In addition, Lactobacillus species decreased body
This journal is © The Royal Society of Chemistry 2019
weight through decreasing fatty acid synthase activity and
hence white adipose tissue mass without any effect on energy
intake.60 These studies supporting our results that, the decrease
in the blood glucose and lipids is partly responsible for the body
weight reduction. Our results are also compatible with previous
studies showing the reducing effect on inulin on blood glucose,
total cholesterol and triglycerides levels in mice and
humans.50,61 On the same way, administration of Lactobacillus
casei CCFM419 to mice with type 2 diabetes mellitus decreased
the blood glucose level.53 Interestingly, administration of
a synbiotic formula to women suffering from polycystic ovary
syndrome for 12 weeks resulted in decreased levels of plasma
glucose, triglyceride, and cholesterol levels.62

Importantly, it was previously found that certain Lactoba-
cillus strains isolated from human breast milk could combat
cervical cancer via inducing apoptosis and inhibiting prolifer-
ation.63 In particular, L. casei potentiated the antiproliferative
effect of geniposide through the production of b-glucosidase in
oral squamous cell carcinoma.64 Remarkably, the anti-cancer
activity of inulin was previously elucidated against melanoma
as well as the transplanted mammary tumors in rats.65 More-
over, inulin was found to decrease the preneoplastic lesions and
multiplicity in colon cancer.19 It acts through enhancing the
healthy microora which prevents the pathogenic bacteria from
producing toxins or carcinogenic substances.66 Our results
support the previous studies and provide evidence that co-
administration of L. casei and inulin exhibits a superior
protective effect against colon cancer compared to the admin-
istration of either L. casei or inulin alone. This observation was
seen in a signicant decrease in CEA levels, ACF number as well
as colon cancer morphological and histological changes in the
synbiotic treated group compared to either pre- or probiotic
treated groups.

There are several types of JNK proteins such as JNK-1, JNK-2,
and JNK-3 involved in the regulation of various biological
processes.67,68 Although JNK-3 is only expressed in the brain and
testis, both JNK-1 and JNK-2 proteins are ubiquitously
expressed. JNK-1 was found to suppress the development of
colon cancer through inhibiting the proliferation of intestinal
epithelial cells and inducing apoptosis.68–70 b-Catenin is
a multifunctional overexpressed molecule in colorectal
cancers.71 Mutations in either b-catenin or adenomatous poly-
posis coli (APC) genes are commonly associated with the
development of various cancer types especially, colon cancer.72

Interestingly, b-catenin is regulated through its phosphoryla-
tion by GSK3b whereas, aer its phosphorylation, a degradation
complex is formed followed by ubiquitination and destruction
by the proteasome.73 Phosphorylation of GSK3b on Ser-9 leads
to its inactivation which in turn prevents b-catenin degradation.
Interestingly, JNK-1 activation decreases the phosphorylation of
GSK3b.73 Fang et al. 2010 described a reverse correlation
between JNK-1 and b-catenin since JNK-1 decreases the activity
of b-catenin.20 Our novel ndings indicate that administration
of L. casei, inulin or both exhibit protective effects against DMH-
induced colon cancer through increasing the expression of
phosphorylated JNK-1 while decreasing the expression of
phosphorylated GSK3b and ultimately b-catenin expression.
RSC Adv., 2019, 9, 29368–29383 | 29379
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The bacterial ora of the gut is found in a dynamic balance
with the host, and their composition is considered an indicator
for the health status. It is worth mentioning that previous
studies aimed to characterize the gut microbiome dysbiosis in
relation to colon cancer showed conicting results and no
specic bacterial populations have been consistently linked to
colon cancer.74,75 We aimed in our microbiome analysis to trace
the alteration in the bacterial taxa in response to different
treatments. The results obtained revealed signicant bacterial
enrichment of the genera Akkermansia and Turicibacter to the
animal groups treated with L. casei compared to those not
treated with L. casei. Similarly, administration of inulin has
resulted in signicant enrichment of the genus Novos-
phingobium compared to animal groups not treated with inulin.
Akkermansia muciniphila is anaerobic bacteria that was recently
identied in the intestinal ora as a specialized mucin
degrader.76 Everard et al., 2013 reported on the benecial effect
of Akkermansia muciniphila as a probiotic in which impairment
of the mucin production by intestinal cells was related to colon
cancer and can rational the reduction of Akkermansia in our
DMH-treated group.77 Derrien et al., 2011 reported on the
immune modulating effect of Akkermansia muciniphila in
mice.76 In addition, our results agree with the data obtained by
Irecta-Nájera et al., 2017, as they showed in their study the
protective effect of L. casei on DMH-treated mice.78 Previous
studies reported on the benecial effect of Turicibacter enrich-
ment in the gut. Turicibacter has been correlated to the
production of butyric acid, a short chain fatty acid, that act as an
immunomodulators.79 Moreover, an anti-inammatory activity
of Turicibacter bacteria has been suggested.80,81 In the light of
95% similarity of the microbiome functional properties of the
mouse and the human, based on Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologous groups, the benecial effect
of the synbiotic treatment should be applicable to humans.82
5. Conclusion

Our novel ndings indicate that administration of L. casei,
inulin or their combination effectively protect from the devel-
opment of colon cancer in male Swiss mice through targeting
the JNK-1/b-catenin axis with the synbiotic treatment showing
a superior effect. In addition, enhancing Akkermansia and
Turicibacter benecial bacteria in the colon was achieved.
However, further studies are needed to elucidate if our pre-, pro-
or synbiotic treatments have the same effect if used aer the
induction of colon cancer. In addition, it will be more infor-
mative to identify the main bacterial metabolites responsible
for the protective effect against colon cancer.
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