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Abstract: Natural phytochemicals are extensively considered to potentially ameliorate or reverse the pathological 
progression of colitis-associated colon cancer (CAC). The present study aimed to evaluate the therapeutic effect 
of menthol on CAC and the promoting effect on the gut microbiome and metabolites. In this study, azoxymethane 
(AOM) combined with dextran sulfate sodium (DSS) was adopted to build CAC mouse models. H&E staining was 
performed to identify the pathological damage of colon tissue. By immunohistochemistry and immunofluorescence, 
the expression levels of β-catenin and Ki67 were measured. The mRNA expression of inflammatory cytokines and 
myeloperoxidase (MPO) was evaluated through RT-PCR. The infiltration of immune cells was measured by flow cy-
tometry analysis. With 16SrDNA sequencing technology, the composition of gut microbiome were detected. To de-
termine the concentration of short-chain fatty acids (SCFAs) in the feces, gas chromatography coupled to mass 
spectrometry (GC-MS) was performed. A significant inhibiting effect of menthol on AOM/DSS-induced tumorigenesis 
was observed, as indicated by the significantly fewer small adenomas, lower disease activity index (DAI) scores 
and histopathological scores, lower expression of proliferation biomarkers (β-catenin and Ki67) and pro-inflam-
matory cytokines (IL-6, TNF-α and MPO), and decreased immune cells infiltration. As suggested from the results 
of 16SrDNA sequencing, compared with AOM/DSS (AD) group, MSD exhibited higher α-diversity and shared more 
similar β-diversity with the control (Ctrl). Moreover, a higher abundance of butyrate-producing bacteria (Allobaculum, 
Roseburia and Intestinimonas) and the higher fecal butyrate concentrations were measured in the MSD compared 
with the AD group. MSD effectively ameliorated AOM/DSS-induced tumorigenesis and facilitated the predominant 
growth of butyrate-producing bacteria.
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Introduction

Accumulated evidences indicate that CAC is an 
important lethal complication of inflammatory 
bowel disease (IBD), accounting for approxi-
mately 15% of IBD deaths [1]. Severity of intes-
tinal inflammation, extent of lesions, and dura-
tion of symptoms show positive correlations 
with the pathogenesis of CAC [2, 3]. Moreover, 
anti-inflammatory therapies have been sug-

gested to effectively relieve or prevent the con-
version of IBD to CAC [4, 5]. Medicinal plants, 
especially plant components and phytochemi-
cals exhibiting anti-inflammatory biological ac- 
tivity, have been extensively considered novel 
therapeutic agents to restrict the pathogenesis 
of IBD and reduce the incidence of adverse 
events. Furthermore, over the past few years, 
intestinal microbiota has aroused broad atten-
tion to reveal the crucial role and mechanism of 
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intestinal inflammation in the initiation and pro-
gression of colon adenoma. Various probiotics 
or natural medicinal plants and chemical com-
ponents with prebiotic properties, (e.g., Bac- 
teroides fragilis [6], American Ginseng [7] and 
Apple Polysaccharide [8]), have suggested a 
significant inhibiting effect on AOM/DSS-
induced colon tumorigenesis by modifying the 
gut microbiome. 

Menthol, one of the major ingredients that  
leading to the cooling effect or sensation of 
mint plants, has extensively used as an addi-
tive in a range of pharmaceuticals, cosmetics, 
confectionery and toothpastes [9]. Moreover, 
anti-inflammatory, antibacterial, antifungal, an- 
tiviral, antiallergic, antipruritic, analgesic prop-
erties and other biological properties of men-
thol have been supported by various clinical 
and experimental evidences [9, 10]. Over the 
past few years, menthol has been reported  
to effectively improve the macroscopic and 
microscopic lesions of experimental colitis rat 
model [11, 12]. Besides, it has been generally 
evidenced that diets rich in menthol signifi- 
cantly have an effect on the gastrointestinal 
and ruminal microbiota of piglets and sheep 
[13, 14]. However, after searching the litera-
ture, rare convincing evidence has been found 
regarding the therapeutic effect of menthol on 
AOM/DSS-induced CAC and its effect on intes-
tinal microbes and metabolites.

In this study, the effect of menthol against 
AOM/DSS-induced CAC was assessed. The 
results of this study revealed that MSD signifi-
cantly reduced the number of small adenoma, 
DAI scores, expression of proliferation bio- 
markers (β-catenin and Ki67), pro-inflammato-
ry cytokine (IL-6, TNF-α and MPO) and infiltra-
tion of immune cells (leukocytes, neutrophils 
and MDSCs) in spleens. Furthermore, menthol 
was observed to significantly facilitate the 
expansion of butyrate-producing bacteria and 
increase the concentration of butyrate in the 
feces, which might be one of mechanisms of 
menthol inhibiting AOM/DSS-induced tumori- 
genesis. 

Materials and methods

Animal and experimental design

Overall, 60 male C57BL/6 mice aged 4 weeks 
and weighing about 20 g were provided by 

Nanjing Institute of Biomedicine of Nanjing 
University. All animals were maintained in spe-
cific pathogen free facility with 12:12 h light-
dark cycle, 23°C ± 2°C and 55% ± 5% humi- 
dity. The mentioned mice were fed adaptively 
for a week before being intervened to ensure 
the comparability of baseline characteristics  
of intestinal microbiota in each group. Besides, 
these mice were fed and administered by spe-
cialized technicians to eliminate the effect of 
other factors on intestinal microbes. The mice 
were allowed to access food and water ad libi-
tum and randomly split into 5 groups, i.e., 
Control (Ctrl) group, AOM/DSS (AD) group, MSD 
low dose (AD/Men1%) group, MSD medium 
dose (AD/Men1.5%) group and MSD high dose 
(AD/Men2%) group. The variations in body 
weight and food intake were weighed and 
recorded twice a week, while the diet, drinking 
water and litter were changed. The methods 
abided by the Institutional Animal Care and 
Usage Committee of the National Institutes of 
Health approved by the Research Ethical 
Committee of Nanjing University of Chinese 
Medicine.

Preparation of normal diet and MSD

Both the normal diet and the MSD were for- 
mulated and offered by Jiangsu Synergy 
Pharmaceutical Bioengineering Company. To 
be specific, the normal diet fat supply reached 
12%, the carbohydrate supply reached 67.4%, 
and the protein supply reached 20.6%. Low 
(1%), medium (1.5%) and high (2%) doses MSD 
respectively represented 1 g, 1.5 g and 2 g of 
menthol (Sigma-Aldrich) per 100 g of normal 
diet. All diets should be rigorously mixed in the 
preparation to ensure that the various ingredi-
ents were evenly distributed and then undergo 
the ultraviolet sterilization to avoid the impact 
of exogenous bacteria on the intestinal flora of 
mice.

CAC mouse model

As indicated from one existing study, a mouse 
model of CAC was constructed by combining 
AOM and DSS, an extensively used mouse 
model in the field of colon “inflammatory can-
cer transformation”, for its excellent repea- 
tability and simplicity [15]. Figure 1 suggests 
that mice were injected with AOM (10 mg/kg, 
Sigma-Aldrich) intraperitoneally diluted in iso-
tonic saline solution, then a normal diet or MSD 
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was maintained for 7 days. Afterwards, these 
mice received immediate 3 cycles (7 days per 
cycle) of drinking water supplemented by 2% 
DSS (Mp Biomedicals, USA), each cycle was 
separated by 2 weeks of normal drinking water 
(without DSS). Throughout the experiment, all 
mice maintained a normal diet or MSD. After 16 
weeks, the mice were euthanized, and then 
organs and tissues were collected and stored 
as described below for subsequent analyses.

Tissue collection and storage

After 16 weeks, the mice in each group were 
sacrificed by neck removal. Next, the liver, 
spleen, colon and intestinal contents were col-
lected, weighed and then photographed. In 
brief, the colon tissue received a careful longi-
tudinal dissection and the intestinal contents 
were collected in 1.5 ml sterile centrifuge tub- 
es and immediately snap-frozen in liquid nitro-
gen, then they were stored in -80°C for intesti-
nal flora analyses. Moreover, the colon tissue 
was washed with PBS buffer and then flat-
tened. Next, under a dissecting microscope, 
the number and size of colon polyps were 
observed. Finally, colon tissue was fixed in 10% 
formalin buffer for 24 hours and then embed-
ded in paraffin for H&E staining, immunohisto-
chemistry and immunofluorescence.

Detection of DAI

The previous scoring scheme [16, 17] used to 
detect intestinal DAI was adopted and revised 
in the present study. Briefly, the DAI scores 
complied with the body weight loss, stool con-
sistency and bleeding in the feces. Since exist-
ing studies suggested that menthol exerts a 
significant weight-loss effect, which may ad- 
versely affect the inhibiting effect of menthol 

on AOM/DSS-induced tumorigenesis. There- 
fore, in the scoring scheme of this study, the 
weight loss entry in the DAI scoring rules was 
canceled. To be specific, the scoring method  
of stool consistency was score 0 (normally 
formed stool), score 1 (stool loose with some 
stool particles), score 2 (watery stool). Rectal 
bleeding was detected with the fecal occult 
blood kit (o-toluidine method), and the specific 
scoring rules were score 0 (negative, no  
significant bleeding), score 1 (positive occult 
blood), score 2 (positive occult blood with a 
small amount of visible bleeding) and score 3 
(positive occult blood with a large amount of 
visible bleeding).

H&E staining

According to the previous perfect pathological 
tissue staining protocol [18], the colon tissue 
were sliced into 5 µm thickness with a pa- 
raffin slicer, stained with H&E and then 
observed under a light microscopy. Subse- 
quently, the pathological and morphological 
variations of the mentioned tissues were  
evaluated by professionals (not related to the 
experiment) and scored by complying with the 
following criteria: ① Destruction of the crypt 
structure: labeled 0-3 score according to the 
damage degree of the crypt; ② Infiltration of 
inflammatory cells: labeled 0-3 score accord- 
ing to the degree of infiltration of inflammatory 
cells in colon tissue; ③ Dysplasia of intestinal 
wall: labeled 0-3 score in accordance with the 
degree of dysplasia.

Immunohistochemistry

The tissue slices with a thickness of 5 µm  
were first dried in a 60°C incubator, and then 
dewaxed and rehydrated in serial xylene solu-

Figure 1. Experimental scheme for construction of the mouse model of CAC. First, AOM (10 mg/kg) was injected 
intraperitoneally at week 0, followed by 3 cycles of 2% DSS drinking water (1 week/cycle) in the 2, 5, and 8 weeks. 
All mice randomly fell to 5 groups, i.e., Control (Ctrl) group, AOM/DSS (AD) group, MSD low dose (AD/Men1%) group, 
MSD medium dose (AD/Men1.5%) group and MSD high dose (AD/Men2%) group.
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tions and gradient ethanol solution. Subse- 
quently, the slices were immersed in 0.1  
mol/l sodium citrate antigen retrieval solution 
(PH6.0) and placed in a microwave oven and 
heated for 10-15 minutes for antigen retrieval. 
3% H2O2 was added dropwise to the slices for 
5-10 minutes to eliminate endogenous peroxi-
dase activity. 5% BSA was added dropwise to 
the tissue, then the slices were incubated in 
the humidity box at 37°C for 60-120 minutes. 
Anti-β-catenin antibody (BD Biosciences) was 
added to the sliced tissue in the humidity box  
at 4°C overnight. Next, the slices were incu- 
bated with biotin-labeled secondary antibody  
in a humidity box at 37°C for 30-60 minutes. 
According to the instructions of DAB horserad-
ish peroxidase color kit, HRP-labeled avidin 
was then applied to the slices for 15-30 min-
utes at 37°C. Afterwards, the developer devel-
oped the color and counterstained with a drop 
of hematoxylin about 10 seconds. Finally, the 
sections were observed under a light micros-
copy, and the positive expression range was 
semi-quantitatively analyzed with Image-Pro 
Plus6 software.

Immunofluorescence

Tissue section, dewaxing, rehydration and  
antigen repair followed the same operation pro-
cedures as immunohistochemistry. Next, tis-
sue sections were incubated with primary anti-
body (Ki67, Cell Signaling) in a humidified box 
at 4°C overnight. Subsequently, the sections 
were incubated with the 1:500 diluted fluores-
cent secondary antibody Goat Anti-Rabbit IgG 
H&L (Alexa Fluor® 488) at ambient tempera-
ture in the dark for 2-3 hours. Then, DAPI was 
added to the sections at ambient temperature 

for 10 minutes. Next, the sections were cov-
ered with anti-quenching agent and glycerin. 
Finally, the sections were observed and photo-
graphed under a fluorescence microscopy with-
in 1 week.

Real-time quantitative polymerase chain reac-
tion (RT-PCR)

SYBR green-based RT-PCR was adopted to 
detect mRNA expression in the colon tissue. 
Briefly, following the operating instructions, 
total RNA was extracted with TRIzol agent 
(Thermo Fisher Scientific, USA). Besides, SYBR 
Green Master kit (Bio-Rad, USA) was applied  
for RT-PCR analysis. Table 1 lists the primer 
sequences employed in this study. Glyceral- 
dehyde-3-phosphate dehydrogenase (GAPDH) 
expression acted as the internal control.

Flow cytometry analysis of immune cells infil-
tration in spleens 

After the animals were euthanized, the sple- 
ens were isolated on the ultra-clean platform. 
The spleens were grinded and filtered via a 
200-mesh screen and preparation of a single 
cell suspension. The red blood cells were  
lysed with red blood cell lysate and then centri-
fuged at 1000 rpm for 5 minutes. The collect- 
ed spleen cell suspensions underwent the 
staining with FITC-conjugated anti-mouse 
CD45 antibody, PE-conjugated anti-mouse 
CD11b antibody and PerCP-conjugated anti-
mouse Ly-6G/Ly-6C (Gr-1) antibody (BioLe- 
gend), respectively. Afterwards, the samples 
were analyzed with BD Accuri C6 and the data 
were processed with FlowJo Version 7.6 
software.

Fecal genomic DNA extraction and microbial 
analysis

The fecal genomic DNA was extracted from  
the frozen solid feces according to the operat-
ing instructions of the fecal genomic DNA 
extraction kit (DP328). The Illumina Hiseq  
2500 platform was adopted to sequence and 
analyze the v4-v5 region of the 16SrRNA gene 
of microorganisms in feces. In brief, the valid 
sequence of all samples was first obtained 
according to barcode, and then the quality con-
trol filtering was performed on the quality of  
the reads and pairs of reads were merged into 
a sequence based on the overlapping relation-
ship between PEreads. Finally, the high-quality 

Table 1. The sequences of primers used in 
this experiment
Gene names sequences of primers
GAPDH 5’-GGTTGTCTCCTGCGACTTCA-3’

5’-TGGTCCAGGGTTTCTTACTCC-3’
IL6 5’-CCGGAGAGGAGACTTCAC-3’

5’-TCCACGATTTCCCAGAGA-3’
IL10 5’-GCTCTTACTGACTGGCATGAG-3’

5’-CGCAGCTCTAGGAGCATGT-3’
TNF-α 5’-TAGCCAGGAGGGAGAACAGA-3’

5’-TTTTCTGGAGGGAGATGTGG-3’
MPO 5’-AGCTGCAGTACGTCAAGCAGGA-3’

5’-TTTGCAAACTGTATTTCGCTCTGG-3’
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sequence of each sample was obtained by 
complying with the barcode and primer 
sequence, the sequence direction was corr- 
ected, and the chimera was removed accord- 
ing to the positive and negative barcode and 
primer directions in the process. Usearch soft-
ware was adopted to de-chimerize and clu- 
ster the data. The 97% similarity criterion was 
used to cluster to obtain OTU (Operational 
Taxonomic Units), considered to represent a 
species. The dilution curve of the alpha diver-
sity index was plotted by Qiime software, and 
the reasonable leveling parameters were 
selected according to the dilution curve. To 
analyze the obtained flattened OUT, the qiime 
software was employed. First, a read was 
extracted from the OTU as a representative 
sequence, and the sortmerna method was 
used to compare the representative sequence 
with the 16S database for the classification of 
each OTU. LDA EffectSize (LEfSe) analysis was 
conducted to calculate the magnitude of the 
difference between groups by linear discrimi-
nant analysis (LDA) (Kruskal-Wallis test was 
performed to evaluate the statistical signifi-
cance and the screening criteria were p-value < 
0.05 and LDA score > 3).

SCFAs detection

GC-MS was used to measure the concentra- 
tion of SCFAs in feces. Briefly, nearly 100 mg 
feces were dissolved in 1 ml of NaOH solution 
(0.005 mol/l) and then centrifuged at 13000 
rpm for 10 min. Subsequently, 500 μl superna-
tant were transferred to a glass tube, and 10  
μl of internal standard (d3-hexanoic acid, 500 
μg/ml) was added to the supernatant. Next, a 
mixed solution of each standard was prepared 
and diluted in a gradient, followed by the addi-
tion of 10 μl of internal standard (d3-hexanoic 
acid, 500 μg/ml) to each tube. Afterwards,  
500 μl 1-propanol/pyridine (3:2) reagent and 
100 μl n-propyl chloroformate were introduced 
for derivatization. Finally, the concentration of 
SCFAs was measured by GC-MS (Thermo).

Statistical analysis

All data are presented in the form of mean ± 
standard deviation. Log-rank (Mantel-Cox) was 
adopted to conduct the survival analysis. The 
statistical comparison between three or more 
groups was analyzed by the one-way analysis  
of variance (ANOVA). Besides, all statistical 

analysis and graph drawing were conducted 
with GraphPad Prism 8 or R statistical soft-
ware. P < 0.05 was considered a statistically 
significant difference between groups (*P < 
0.05, **P < 0.01, ***P < 0.001).

Results

MSD increases the weight loss but has no sig-
nificant effect on the survival rate of AD mice

In this study, the effect of MSD on the sur- 
vival rate, body weight and food consumption 
of AD mice was continuously observed in 8 
weeks after AOM injection. As schematized in 
Figure 2A, no statistically significant differen- 
ce in survival analysis was identified between 
MSD and AD groups (P = 0.4795). Similar to 
existing studies, AD mice exhibited a signifi-
cantly lower body weight compared with the 
Ctrl group. Moreover, MSD further increased 
the weight loss of AD mice (Figure 2B). Fur- 
thermore, no significant correlation was sug-
gested between weight loss and food con- 
sumption since no significant difference was 
observed in food consumption between groups 
(Figure 2C).

MSD significantly increases colon length and 
reduce liver and spleen weights of AD mice

After 16 weeks, all mice were euthanized,  
and their colon, liver and spleen were weighed, 
collected and stored. Compared with the  
AD group, MSD significantly increased the 
colon length (Figure 3A, 3B), decreased the 
liver and spleen weights (Figure 3C, 3D). It  
has been evidenced that the colon length 
shows a negative correlation with the intensity 
of inflammation in the intestine [19], while the 
liver and spleen weights are positively correlat-
ed with systemic inflammation [20]. Accord- 
ingly, this study reasonably concluded that the 
significantly prolonged colon length and 
decreased liver and spleen weights in the MSD 
group may be achieved due to the excellent 
anti-inflammatory effect of menthol.

MSD significantly inhibits the intestinal inflam-
matory activity and reduces the number of 
small adenoma of AD mice

The stool consistency and fecal bleeding of 
mice were continuously observed during the 
three DSS cycles. Since menthol could signifi-
cantly induce weight loss [21], which is slightly 
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related to the deterioration of the disease, a 
revised DAI scoring strategy without consider-
ing weight loss was adopted. As expected, AD 
mice achieved a higher DAI scores than the  
Ctrl group, demonstrating a large scale in- 
flammatory response in the intestine of AD 
mice. More importantly, during the three DSS 
cycles, significantly lower DAI scores were  
identified in MSD mice, compared with AD  
mice (Figure 4A-C). After 16 weeks, according 
to the size of adenoma (1-3 mm, 3-5 mm  
and > 5 mm), the number of adenomas in each 
group was counted. It is noteworthy that in  
the adenomas category of 1-3 mm, MSD was 
observed to significantly reduce the number of 
small adenomas compared with AD mice. 
However, in the adenomas category of 3-5 mm 
and > 5 mm, no significant difference was iden-
tified in the incidence of adenomas between 
the MSD and AD (Figure 4D, 4E).

MSD significantly alleviates the pathological 
damage and reduces the expression of prolif-
erative biomarkers of AD mice

To further confirm the inhibiting effect of MSD 
on AOM/DSS-induced microscopic pathologi-
cal destruction of colon tissue, the pathological 
H&E staining was performed, and the expres-

sions of proliferative proteins (β-catenin and 
Ki67) were detected. Compared with AD  
mice, MSD significantly alleviated the intestinal 
pathological damage, as embodied by a rela-
tively more complete crypt structure, longer villi 
and fewer inflammatory cells infiltration and 
lower pathology scores (Figure 5A, 5B). Fur- 
thermore, a significantly lower expression of 
β-catenin and Ki67 protein in the colon tissue 
of MSD was observed, compared with AD 
(Figure 5C-E). Overall, the mentioned results 
suggested that menthol had the potential to 
inhibit AOM/DSS-induced colon tumorigenesis 
for its significant anti-proliferative effect.

MSD significantly regulates the gene expres-
sion of inflammatory cytokines and myeloper-
oxidase (MPO) in colon tissue 

The gene expression levels of inflammatory 
cytokines (IL-6, TNF-α, IL-10) and neutrophil 
biomarkers (MPO) in the terminal colon tissue 
were determined to verify the inhibiting effect 
of MSD on intestinal inflammation and oxida-
tive stress at the micro-molecular level. 
Complying with the pathological staining 
results, significantly lower expression of pro-
inflammatory cytokines (IL-6 and TNF-α) and 
relatively higher expression of anti-inflammato-

Figure 2. Effects of MSD on survival rate, body 
weight and food consumption of AD mice. A-C. 
Survival, body weight and food intake curve of 
Ctrl, AD, AD/Men(1%), AD/Men(1.5%) and AD/
Men(2%) groups in 8 weeks after AOM injection. 
(n = 6-12).
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ry cytokines (IL-10) were detected in MSD mice, 
compared with AD mice (Figure 6A-C). Higher 
MPO levels mean more severe tissue destruc-
tion and inflammation, as well as neutrophil 
activation and infiltration [22]. Fortunately, 
MSD was observed to significantly suppress 
the expression of MPO in colon tissue in a 
dose-dependent manner (Figure 6D). In sum-
mary, the mentioned findings demonstrated 
that the significant intestinal protective effect 
of MSD may be associated with its regulation  
of inflammatory cytokines and MPO gene 
expression.

MSD significantly reduces the infiltration of im-
mune cells in the spleens of AD mice

The infiltration of immune cells in the spleens 
was examined to demonstrate the effect of 

MSD on the alleviation of AOM/DSS-induced 
colon tumorigenesis. As revealed from the 
results of the flow cytometry analysis, MSD 
dose-dependently reduced the infiltration of 
leukocytes (CD45+), neutrophils (CD45+Gr1+), 
and MDSCs (CD11b+Gr1+) in the spleens of AD 
mice (Figure 7A-F). These results suggested 
that menthol could exert its biological effects in 
the process of anti-inflammatory and anti-
tumor by regulating the relevant components of 
the immune system.

MSD significantly improves the structural char-
acteristics of intestinal flora in AD mice

It has been increasingly reported that there is  
a significant intestinal microflora disorder 
(reduction of probiotics and proliferation of 
pathogenic bacteria) in patients with intestinal 

Figure 3. Effects of MSD on the colon length, the liver and spleen weights of AD mice. A. Representative photograph 
of colons. B-D. Colon length, liver and spleen weights of the Ctrl, AD, AD/Men(1%), AD/Men(1.5%) and AD/Men(2%) 
groups. (n = 6-12).
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inflammatory diseases [23]. At present, regula-
tion of intestinal microbes has become a sig-
nificantly promising intervention in the treat-
ment of intestinal inflammation-related diseas-
es [24]. Thus, the effect of MSD on the intesti-
nal flora of AD mice was investigated in depth  
in this study to elucidate the mechanism of 
menthol inhibiting AOM/DSS-induced colon 
tumorigenesis. Consistent with existing find-
ings [25], AD mice were observed to exhibit  
significantly lower species α-diversity (chao1, 
shannon and simpson index) compared with 
the Ctrl group. It is noteworthy that MSD  
(men group) achieved a significantly improved 
microbial community α-diversity (shannon and 
simpson index) compared with the AD (Figure 
8A-C). In addition, the differences of species 
communities between samples through β- 
diversity analysis were further compared. 
Figure 8D, 8E show a clear separation of the 

microbial community between the groups as 
observed by the principal coordinates an- 
alysis. The distance distribution of the sam- 
ples in MSD and Ctrl group was closer accord-
ing to the Weight UniFrac analysis (Figure 8E), 
demonstrating that they have a more similar 
species community. Moreover, compared with 
AD, the intestinal flora of MSD was observed  
to exhibit significantly higher abundance of 
Allobaculum, which is generally considered an 
important strain for the synthesis and secre-
tion of SCFAs [26, 27] (Figure 8F, 8G). To find 
out the significantly different communities or 
species, LEfSe analysis was conducted. This 
analysis showed that the abundance of 
Deferribacteres (phylum level) and Prevotella- 
ceae UCG_001, Mucispirillum, Roseburia, In- 
testinimonas, Thauera (genus level) were sig-
nificantly higher in the MSD (Figure 8H, 8I).  
To be specific, Roseburia and Intestinimonas 

Figure 4. Effects of MSD on the DAI scores and the number of adenomas with different diameters. A-C. DAI scores 
of mice in Ctrl, AD, AD/Men(1%), AD/Men(1.5%) and AD/Men(2%) groups during three DSS cycles. D, E. Representa-
tive photograph and the adenomas number with a diameter of 1-3 mm, 3-5 mm and > 5 mm. (n = 6-12).
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were considered by numerous studies to sig- 
nificantly promote the production of butyrate  
by metabolism and fermentation of indigesti- 
ble carbohydrates (dietary fiber) in the intestine 
[28, 29]. Based on the mentioned results, this 
study reasonably speculates that the mecha-
nism of MSD alleviating AOM/DSS-induced 
colon tumorigenesis may be associated with 
expansion of butyrate-producing bacteria.

MSD significantly increases the concentration 
of butyrate in the feces of AD mice

As a key derivative of intestinal microbes, 
SCFAs are gradually considered to be critical to 

maintain the integrity of intestinal epithelial 
structure and intestinal immune homeostasis 
[30, 31]. To confirm the effect of MSD on the 
SCFAs in the feces of AD mice, GC-MS was  
conducted. Consistent with the above men-
tioned, we found that compared with the AD, 
the concentrations of various SCFAs (e.g., 
butyrate, isobutyrate, isovalerate, propionate, 
valeric acid and acetate) in feces of MSD  
mice increased, of which butyrate, propionate 
and acetate were relatively more significant 
(Figure 9A-F). These results further confirmed 
the hypothesis here that menthol inhibited 
AOM/DSS-induced colon tumorigenesis is in 

Figure 5. Effects of MSD on the pathological damage and the expression of β-catenin and Ki67 of colon tissue. A, B. 
H&E staining (original magnification ×40) and pathological scores. C, D. Epithelial cell proliferation was analyzed by 
immunohistochemical staining of β-catenin and quantification of immunohistochemical images. E. Representative 
immunofluorescence images. (n = 4-6).

Figure 6. Effects of MSD on the gene expression of inflammatory cytokines and MPO. A-D. The mRNA expression of 
IL-6, TNF-α, IL-10 and MPO in distal colon tissue determined by real-time qPCR. (n = 3-5).
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Figure 7. Effect of MSD on immune cells infiltration in the spleen of AD mice. Flow cytometry analysis of immune cells: (A, B) leukocytes (CD45+), (C, D) neutrophils 
(CD45+Gr1+) and (E, F) MDSCs (CD11b+Gr1+). (n = 4-6).
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Figure 8. Effect of MSD on the structure and composition of intestinal flora. Intestinal microbial analysis of Ctrl, AD and Men (AD/Men2%) group was conducted 
using 16SrDNA sequencing technology. (A-C) Effect of MSD on α-diversity of fecal microbiota, assessed by chao1, shannon and simpson index, respectively. (D, E) 
Effect of MSD on β-diversity of fecal microbiota (unweighted UniFrac) (D) and (weighted UniFrac) (E), evaluated by principal coordinate analysis (PCoA). (F, G) Effect 
of MSD on relative abundance of the microbiota at genus level. (H, I) LEfSe cladogram and LDA diagram (LDA score > 3) of each group.
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part attributed to the increased concentration 
of butyrate in the feces of AD mice.

Discussion

According to 2018 global cancer statistics, 
colorectal cancer remains a malignant tumor 
that jeopardizes human health with a sharp 
increase in morbidity and mortality [32]. 
Existing studies confirmed that the risk of IBD 
with a 10, 20, and 30 years eventually pro-
gressing to CRC was 2%, 8%, and 18% higher 
than healthy people, respectively [3]. Anti-
inflammatory therapies (e.g., 5-aminosalicylic 
acid) could reduce the risk of CAC in patients 
with IBD by 49% [33], whereas extensively 
reported clinical adverse effects have limited 
their clinical application [34]. A variety of natu-
ral plant ingredients (e.g., anthocyanin [35], 
HMPL-004 [36] and Wormwood [37]) have 
been reported to significantly mitigate the clini-
cal symptoms and improve the prognosis of 
IBD, as well as reducing or avoiding the corre-
sponding adverse effects. Thus, exploring more 
effective natural plant ingredients as dietary 
supplements is critical to prevent and care CRC 
developed from IBD.

Menthol, a monoterpene natural plant ingredi-
ent derived from the peppermint plant Mentha 
x piperita (Lamiaceae), has been extensively 
applied to skin diseases, digestive system dis-
eases for years because of its excellent anti-
inflammatory, antibacterial and analgesic phar-
macological effects [38-40]. Some recent 
reports claimed that menthol significantly 
restricted the pathological progress of acetic 
acid-induced acute colitis for its significant 
anti-inflammatory and antioxidant effects [11, 
12]. However, to the best of the knowledge of 
the authors, there has been no relevant report 
regarding the therapeutic effect of menthol  
on AOM/DSS-induced CAC, which is closer to 
the pathological characteristics of human CAC 
characterized by distant location tumor and 
aggressive adenocarcinoma [41]. In this study, 
one of the significant findings is that MSD  
was observed to significantly ameliorate the 
AOM/DSS-induced colon tumorigenesis. It is 
macroscopically indicated as significantly 
reduced number of 1-3 mm adenomas in a 
dose-dependent manner, extended colon 
length, reduced liver and spleen weights and 
substantially lower DAI score, as well as micro-
scopically manifested as a significant decrease 

Figure 9. Effect of MSD on the concentration of SCFAs in the feces of AD mice. A-F. Concentrations of butyric acid, 
isobutyric acid, isovaleric acid, propionic acid, valeric acid and acetic acid in feces of the Ctrl, AD, AD/Men(1%), AD/
Men(1.5%) and AD/Men(2%) groups. (n = 6-12).
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in pathological score, expression of prolifera-
tion protein (β-catenin and Ki67), pro-inflam-
matory cytokine (IL-6, TNF-α and MPO) and 
immune cells infiltration in spleens, while the 
up-regulated gene expression of anti-inflam- 
matory cytokine (IL10) in distal colon tissue. 
Though the survival analysis identified no  
significant effect of menthol on the survival 
rate of AD mice, the high-dose MSD mice 
achieved a relatively longer survival time com-
pared with medium and low doses. In addition, 
this study speculates that the weight loss 
caused by MSD may be attributed to the  
weight loss effect of menthol [21], instead of 
the nutritional consumption caused by intesti-
nal inflammation and tumors.

Intestinal microbiota and metabolites have 
aroused considerable researchers in recent 
years to clarify the chemopreventive and  
therapeutic effects of healthy diets or natural 
medicine ingredients on colon cancer. For- 
tunately, significantly higher microbial but- 
yrate-producers (Allobaculum, Roseburia and 
Intestinimonas) abundance and fecal butyrate 
concentration were observed in MSD, comply-
ing with existing studies reporting that resist- 
ant starch restricted AOM/DSS-induced tumor-
igenesis by manipulating intestinal microbiota 
[42]. It is worth noting that a clinical study 
reported that compared with healthy controls, 
patients with advanced colon cancer were 
observed to have significantly diminished  
butyrate-producing bacteria (Clostridium, Ro- 
seburia and Eubacterium spp.) and lower fecal 
butyrate concentrations, complying with the 
findings of this study [43]. Furthermore, a ran-
domized controlled crossover study revealed 
that increasing fecal butyrate concentration by 
dietary fiber supplementation could signifi- 
cantly reduce the increasing risk of colon can-
cer caused by a diet high in red meat [44]. 
Increasing experimental evidences supported 
that butyrate exerts its anti-tumor effect via 
various mechanisms (e.g., anti-inflammatory 
and immunomodulatory effects) [45, 46], 
thereby inhibiting proliferation and promoting 
apoptosis of neoplastic colonocytes [47]. On 
the whole, the results of the mentioned stu- 
dies corroborate the hypothesis here that the 
inhibiting effect of MSD on AOM/DSS-induced 
tumorigenesis may be associated with the 
increased concentration of butyrate in feces 
caused by the expansion of butyrate-producing 
bacteria.

Conclusions

In summary, this study demonstrated that MSD 
significantly increases the abundance of butyr-
ate-producing bacteria and the concentration 
of butyrate in feces of AD mice, thereby reduc-
ing the incidence of small adenoma, mitigating 
intestinal inflammation and suppressing colon 
tissue proliferation. This study suggested that 
menthol may be a potential therapeutic agent 
for prevention and treatment of CAC.
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