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Abstract
Colorectal cancer (CRC) is a major health problem in industrialized countries. Although inflammation-linked 
carcinogenesis is a well accepted concept and is often observed within the gastrointestinal tract, the underlying 
mechanisms remain to be elucidated. Inflammation can indeed provide initiating and promoting stimuli and 
mediators, generating a tumour-prone microenvironment. Many murine models of sporadic and inflammation-
related colon carcinogenesis have been developed in the last decade, including chemically induced CRC 
models, genetically engineered mouse models, and xenoplants. Among the chemically induced CRC models, 
the combination of a single hit of azoxymethane (AOM) with 1 week exposure to the inflammatory agent 
dextran sodium sulphate (DSS) in rodents has proven to dramatically shorten the latency time for induction of 
CRC and to rapidly recapitulate the aberrant crypt foci–adenoma–carcinoma sequence that occurs in human 
CRC. Because of its high reproducibility and potency, as well as the simple and affordable mode of application, 
the AOM/DSS has become an outstanding model for studying colon carcinogenesis and a powerful platform 
for chemopreventive intervention studies. In this article we highlight the histopathological and molecular 
features and describe the principal genetic and epigenetic alterations and inflammatory pathways involved 
in carcinogenesis in AOM/DSS–treated mice; we also present a general overview of recent experimental 
applications and preclinical testing of novel therapeutics in the AOM/DSS model. 
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INTRODUCTION 

Colorectal cancer (CRC) is the third most common 
malignancy in the world. This malignancy can develop 
spontaneously or as a late complication of a chronic 
inflammatory state. Many environmental causes of cancer and 
other risk factors are associated with some form of chronic 
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inflammation. Up to 20% of cancers are linked to chronic 
infections, 30% can be attributed to tobacco smoking and 
inhaled pollutants (such as silica and asbestos), and 35% can 
be attributed to dietary factors (for example, 20% of the cancer 
burden is linked to obesity).

In the context of the chronic inflammation that precedes 
tumor development there is deregulation of the immune 
system. Inflammatory bowel disease (IBD) represents an 
example of a condition that greatly increases the risk of 
colorectal cancer.[1] Furthermore, the development of CRC 
is influenced by a genetic predisposition, which is especially 
high for somatic mutations of the tumor suppressor gene 
adenomatosis polyposis coli (APC) that causes familial 
adenomatosis coli syndrome.[2]

A variety of available CRC animal models have provided 
important tools for investigating the complex development 
and pathogenesis of CRC. These models can be used to 
provide new insights into the etiologic and pathophysiologic 
mechanisms as well as the treatment of human CRC. 
For example, the animal models help us to understand 
the sequential acquirement of genetic and epigenetic 
alterations, with consequent changes in cell behavior and 
tumor biology, that is observed in man. A number of models 
which display the metastatic process and the characteristic 
sensitivity to therapeutics have also been provided.[3] 
Animal studies cannot replace human clinical trials, but 
they must be opportunely used in preclinical studies so 
that human diagnostic- and therapeutics-oriented trials can 
become more focussed, with greater chances of success. 
Indeed, these models are not only precious instruments for 
uncovering new mechanisms of CRC pathophysiology but 
are also promising tools for advancing our understanding 
of the tumor response to novel chemopreventive and 
therapeutic strategies. 

There are numerous CRC animal models that approximate 
some of the characteristics of human CRC, each with its 
own peculiar advantages and limitations. Thus, any specific 
experimental issue should be studied by choosing the model 
best suited to resolve particular tasks. In this review, different 
rodent models developed in the last few years for the study 
of CRC are described, with an extensive overview of the 
currently most commonly used model of chemically induced 
colon carcinogenesis, the AOM/DSS model. In this article 
we compare the different protocols of tumor induction, 
present a comprehensive description of the histopatologic 
and molecular features of the AOM/DSS model and discuss 
its main advantages and limitations, as well as its recent 
experimental applications.

EXPERIMENTAL COLON CARCINOGENESIS 
IN RODENTS

CRC development is a long-term process, from normal 
epithelial cells via aberrant crypts and progressive adenoma 
stages to carcinomas in situ and then metastasis. A variety 
of models of CRC have been developed that mimic the 
etiology and pathobiology of human tumors; both in vitro 
and in vivo models are available to reflect every stage of CRC 
development.

In vitro models permit isolation of specific aspects of tumor 
biology, such that functional analysis of relevant genes or 
the assessment of effects of endogenous mediators and 
pharmacological compounds are faster and simpler than in 
the intact organism. However, in vitro models can reflect 
only specific stages of tumor development, depending on 
the stage they have originated from. For cell lines, this 
limitation restricts the model to tumor stages with sufficient 
intrinsic growth potential, i.e., carcinoma and, with much 
more difficulty, adenoma. In contrast, primary cultures 
that still largely resemble the cell population in vivo can be 
obtained from any stage, including normal epithelium.[4] 
On the other hand, the major disadvantage of in vitro models 
when investigating a complex disease like CRC is the loss 
of tissue context that affects tumor growth and metastasis in 
vivo. By contrast, the ability to reliably induce colon tumors 
in in vivo models provides us the opportunity to study 
various aspects of the carcinogenesis or metastatic process 
as seen in human CRC but, usually, not both. Many rodent 
models have been developed to evaluate various features 
of CRC in humans. Some of these models date back 
almost 80 years. These models have provided information 
on the initiation, promotion, and progression of tumors. 
Oncogenesis studies using these models have elucidated 
the role of genetic and environmental factors and of other 
influences on the various aspects of this complex disease. 
The established models can be used for chemoprevention 
studies as well as to evaluate immunological, chemical, and 
surgical therapy regimens. Rodent models of CRC may be 
a) genetically modified animals (e.g., Min/ΔAPC-mouse 
strains, which reproduce tumor development, starting 
from initiated (mutated) epithelial cells to cover polyp 
growth through tumor progression and, rarely, metastases; 
b) xenoplant models, which reflect tumor growth and 
metastasis (only feasible using malignant cells that have 
sufficient intrinsic growth potential to form tumors in 
animal hosts); or c) chemically-induced models (chemical 
induction of tumors acts on the normal epithelium to form 
carcinomas via the multistage process previously described 
and only rarely metastases).
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Genetic models
Mutant mice carrying a heterozygous germline mutation in 
the APC gene (Min/ΔAPC-mouse), similar to that found 
in familial adenomatous polyposis (FAP) patients, have 
been obtained.[5] These animals develop multiple intestinal 
neoplasia (Min-mouse); they mimic the rapid tumor 
development seen in FAP patients and model the process of 
polyp growth and progression. In the tumors, the loss of the 
APC allele, which normally prevents binding and degradation 
of β-catenin, constitutively activates the Wnt-pathway and 
deregulates growth in tumor cells. K-ras mutations and 
inactivation of p53 have not been observed in Min-mouse 
tumors.[5] Different ΔAPC-mouse strains have been used for 
functional analysis of the APC gene product and mapping 
of essential domains.[5] In addition, double mutant mouse 
strains have been constructed that carry both a mutated 
APC gene and alterations in modifier genes. For example, 
mice with homozygous deletions of phospholipase A2,[6] 
cyclooxygenase-2 (COX-2),[7] and prostaglandin-receptors 
EP2 and EP4[8] present impaired neovascularisation of 
polyps and attenuated tumor development, which has also 
been observed in human colorectal polyps. Inactivation of 
Smad3, a frequent defect in human CRC, causes accelerated 
tumorigenesis and metastasis to the lymph nodes.[5,9] 

The one striking difference between Min/ΔAPC-mice 
and human FAP patients is tumor location, which is 
predominately in the small intestine and extremely rare in 
the colon of Min-mice[10] whereas, by contrast, FAP patients 
while also developing small intestinal tumors, carry large 
numbers of adenomatous polyps in their colon and rectum. [11] 

In spite of this, Min-mouse models are widely used in the 
search for nutritional risk factors and chemopreventive 
compounds, usually by adding the test compound to the 
animal’s diet. 

Construction of mouse models for hereditary nonpolyposis 
colorectal cancer (HNPCC) has been less successful as the 
heterozygous deletion of the mismatch repair genes involved 
(Msh2, Mlh1, Msh6, Msh3, Pms2, and Pms1) did not prove 
to be sufficient to predispose to cancer. Consequently, mice 
carrying homozygous deletions have been used as disease 
models for HNPCC-like cancers.[9] Although such mice are 
more susceptible to tumor formation, the tumor spectrum 
observed consists of various lymphomas that are almost never 
encountered in HNPCC affected patients. Gastrointestinal 
tumors are only observed in animals that do not succumb 
to lymphomas in early life. Deletions in Msh2 and Pms2 
potentiated APC-mediated intestinal tumorigenesis.[9] 

Xenoplant models
The ability of tumor cells to develop tumors after 

subcutaneous or intravenous injection in immunodeficient 
mouse strains (nude, bg/nu/xid, or SCID mice), allowed 
the analysis of human tumors in vivo.[12] As the xenoplant 
model is straightforward and easily achievable, it has been 
used to supply human tumors in an experimental in vivo 
environment for the assessment of cytostatic therapeutic 
compounds. Although the introduction of xenoplant models 
represents an important step towards a pathobiologically 
relevant model of tumor metastasis, subcutaneous or 
intravenous injections of tumor cells establish a model that 
neglects the complexity of tumor growth and metastasis and 
the interactions between tumor and microenvironment, 
which largely controls the biological characteristics of 
tumors. Orthotopic transplantation into the cecum and 
rectum has been developed to overcome this problem and 
create a clinically accurate model for human CRC. From 
orthotopically-transplanted tumors, metastasis occurs to 
local lymph nodes and liver as expected.[13] However, an 
important practical limit of orthotopical transplant is the 
complexity of the surgical procedure involved, along with 
the lack of immune function that is a necessary element of all 
xenoplant models. These limitations eliminate the principal 
mechanisms that govern the effects of inflammation and 
immunity on tumor development.

Chemically induced models
Carcinogen-induced colon cancer in rodents can recapitulate 
in a highly reliable way the phases of initiation and progression 
of tumor that occur in humans. Such models are frequently 
used to assess activity of chemopreventive compounds and 
to identify risk factors.

Even if the high carcinogen dose given in experimental 
settings differs from the common situation in humans, where 
tumors arise from exposure to small doses of carcinogen 
present in the typical Western-style diet plus additional 
environmental factors, there are a number of advantages 
in studying the pathogenesis of carcinogen-induced colon 
cancer in rodents. These models are highly reproducible, 
they can be readily tested on animals with different genetic 
backgrounds, and the pathogenesis can recapitulate human 
CRC.

A variety of chemical agents have been used to induce colon 
tumors in animals. They include direct- and indirect-acting 
agents, according to the requirement of biological catalysis 
to form the ultimate reactive species. Unlike direct-acting 
agents, the indirect-acting carcinogens require enzymatic 
action to be converted into the active species which are able to 
alter cellular macromolecules such as nucleic acid or proteins. 

Chemical carcinogens widely used to induce colon lesions 
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similar to human malignancy are: (a) heterocyclic amines, 
(b) aromatic amines, (c) alkylnitrosamide compounds, 
and (d) dimethylhydrazine and azoxymethane. The 
carcinogenic properties of these substances and their effects 
on histogenesis, cell proliferation kinetics, interaction 
between genetic susceptibility traits, and enviromental factors 
have been reported.

Heterocyclic aromatic amines: After the identification of 
heterocyclic aromatic amines in grilled or broiled meat, 
the main representatives of this group of carcinogens, i.e., 
2-amino-33-methylimidazo[4,5-f]quinoline (IQ) and 
2-amino-1-methyl-6-phenylimidazol[4,5-b]pyridine (PhIP), 
have been introduced into experimental CRC.

These compounds show a multi-target-organ specificity, with 
induction of lesions also in the mammary gland and prostate 
of rodents.[14] Liver metabolic activation of IQ to its ultimate 
carcinogen is required prior IQ-DNA adduct formation 
which has been reported in different organs. Metabolic 
activation of PhIP proceeds through steps involving enzymes 
of phase I and phase II metabolic reactions, mainly in the 
liver and in the target organs. Studies on PhIP activation 
and detoxification suggest that repeated exposures in colonic 
mucosa are required to activate PhIP in vivo.[15] Dietary 
administration of IQ and PhIP in rodents for 52 weeks 
resulted in a low tumor incidence (5%–28%),[16] whereas 
with a PhIP-feeding regimen for 104 weeks[14] colon tumor 
incidence (43%–55%) was associated with severe toxicity. 

Moreover, combining PhIP with a high-fat diet or with 
AOM[17] causes enhancement of mutagenic and tumorigenic 
effects. PhIP induces a higher frequency of mutations in APC 
as well as microsatellite instability, but causes neither K-ras 
nor p53 mutations.[18]

Aromatic amines: Chemical induction of both benign and 
malignant epithelial neoplasms in rat and in rodent models 
with 3,2’-dimethyl-4-aminobiphenyl (DMBA) has been 
described.[19] However, DMBA tumorigenic activity is less 
potent than that with the series of compounds derived from 
the other chemical carcinogens. Two important disadvantages 
of this compound are: (i) multiple injections of DMAB are 
required to induce colon tumors and (ii) there is induction 
of neoplasms in other tissues.[20]

Alkylnitrosamide compounds: Methylnitrosourea (MNU) and 
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) are 
alkylating carcinogens that require an intrarectal injection 
to induce lesions in the distal colon and rectum in rodent 
models.[21] Because biochemical activation is not required, 
these compounds might be ideal topical carcinogens. On 

the other hand, the mode of administration represents their 
weakness. 

Dimethylhydrazine and metabolic derivatives: Classically, 
1,2-dimethylhydrazine (DMH) or its metabolite azoxymethane 
(AOM) have been used to induce CRC in mice and rats. DMH 
is a precursor of methylazoxymethanol (MAM), a carcinogen 
found in cycad flour.[22] Both DMH and AOM require 
several metabolic activation steps (including N-oxidation 
and hydroxylation) to induce DNA-reactive adducts. 
Hydroxylation of AOM results in the formation of the reactive 
metabolite MAM, which can alkylate macromolecules in the 
liver and colon, and operate the addition of methyl groups at 
the O6 or N7 position of guanine (O6-methyl-deoxyguanosine 
and N7-methyl-deoxyguanosine) in the DNA molecule. 
Methylation at the O6-position of guanine has been shown 
to be the primary promutagenic lesion produced by AOM.
[23] Other enzymes are involved in the metabolic activation 
of AOM. An in vitro study suggested that MAM activation in 
mouse is independent of colon alcohol dehyidrogenase.[24] 
On the other hand, the alcohol-inducible cytochrome P-450 
isoform, CYP2E1, plays an important role in the conversion 
of AOM to MAM.[25] 

In the earliest published studies repetitive administration of 
DMH in rodents was demonstrated to induce colon tumors 
with pathological features similar to that seen in sporadic 
human disease,[26,27] Later studies switched to AOM,[28–30] due 
to practical advantages such as reproducibility, high potency, 
simple mode of application, excellent stability in solution, 
and low price.[29]

DMH- or AOM-induced tumors share many of the 
histopathological characteristics of human CRC and they 
frequently carry mutations in K-Ras and β-catenin; some 
show microsatellite instability indicative of a defective 
mismatch repair (MMR) system. APC mutations, however, 
are less frequent in rodents; p53 mutations are rarely 
observed; and the tendency to metastasize is low as has been 
summarized by Kobaek-Larsen et al.[18]

COMPARISON OF DIFFERENT AOM/DSS 
PROTOCOLS IN DIFFERENT RODENT 
STRAINS

The combination of AOM with the inflammatory agent DSS 
for induction of CRC in rodents has proven to dramatically 
shorten the latency time observed in the classical model 
of spontaneous CRC, which is based on several repeated 
intraperitoneal (i.p.) AOM injections. The administration 
of AOM with DSS in drinking water causes rapid growth of 
multiple colon tumors per mouse within 10 weeks, whereas 
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there is a latency time of 30 weeks in the other models.[29]  
The AOM/DSS model is also particularly applicable when 
the focus of the study is on tumor progression driven by 
colitis, as in ulcerative colitis (UC) or Crohn disease (CD).

Experimental CRCs develop in the colon of AOM/DSS-
treated mice from aberrant crypt foci (ACF)[31] and adenomas, 
which are both induced in a dose-dependent manner. 
Depending on the mouse/rat strain, the dose, and the regimen 
of application, the latency time is approximately 20 and 50 
weeks, respectively, for mouse and rat models[28,32] [Figure 1].

Genetic susceptibility of rodent strains
As in the human population, the genetic background of 
rodent strains has been demonstrated to play an important 
role in the risk for colorectal tumorigenesis. Notably, genetic 
heterogeneity has been found to be a relevant modifier of 
AOM-induced tumorigenesis, which is reflected by the 
wide differences in susceptibility to AOM between different 
mouse and rat strains. 

Several studies to investigate the susceptibilities of different 
murine strains to AOM/DSS treatment have been conducted. 
Suzuki et al.[30] demonstrated differential sensitivities to the 
AOM/DSS protocol among four different murine strains 
(BALB/c, C3H/HeN, C57BL/6N, and DBA/2N). The 
protocol used in this study included a single i.p. injection 
of AOM (10 mg/kg body weight), followed by 1% (weight/
volume) DSS in drinking water for 4 days. There was 100% 
tumor frequency in Balb/c mice and only 50% in C57BL/6N 
mice. C3H/HeN and DBA/2N mice did not develop 
adenocarcinomas but only a few adenomas. Interestingly, 
in mice subjected to AOM injection followed by 0.25% or 
0.1% of DSS in drinking water, only dysplastic crypts were 
observed and no colon tumors were reported.

Several studies have also been done to clarify the differences 
in susceptibility of rats with different genetic backgrounds. 
Morten Kobaek-Larsen et al.[18] reported a strain-dependent 
susceptibility to AOM among rat strains: AOM-treated 
BDIX/OrlIco rats showed a higher incidence of tumor 

Figure 1: Comparison of different protocols based on DMH-AOM-DSS administration for induction of colorectal tumors in the murine model. 
Different protocols based on DMH or AOM, administered individually or in combination with DSS, are schematically represented. The time of 
tumor identification (T) has been indicated. Protocol number 6 shows a short latency time and a very simple procedure of tumor induction.



66

Journal of Carcinogenesis 2011, 10:9 	 http://www.carcinogenesis.com/content/10/1/9

Journal of Carcinogenesis 
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention

formation (75%–100%), with high reproducibility and a 
relatively short latency time (6–8 months), compared to two 
other inbred rat strains (F344/NHsd and WAG/Rij). In this 
study, BDIX/OrlIco rats (9–12 weeks old) were subjected to 
four subcutaneous (s.c.) weekly injections of AOM (15 mg/
kg body weight) with a week off after the first two treatments.

Historically, the majority of colon carcinogenesis studies have 
been carried out in rats. However, the possibility of reliably 
generating tumors with high frequency within the distal colon 
of mice, as well as the histogenesis of multiple adenomas with 
subsequent development of adenocarcinomas in carcinogen-
treated colon of mice, endorses the importance of the murine 
species for studying the pathogenesis of colon cancer. 
Recently, the scientific community has largely switched to 
mouse models of colon carcinogenesis. This is due to the 
advantages of murine models, for example, the availability of 
extensive genetic information on individual mouse strains, 
the existence of recombinant inbred mouse panels, and the 
ever-increasing number of transgenic, knockout and knockin 
genetic models that are available for study.

Comparison of the AOM/DSS protocols in mice
Numerous protocols with AOM and DSS, in combination 
or alone, have been used in different mice strains. Here 
we report the most commonly used protocols of tumor 
induction, describing treatments based on repetitive 
administrations of only DMH or AOM, as well as colitis-
associated CRC models based on the AOM/DSS protocol. 
As shown in Figure 1, when AOM is combined with the 
proinflammatory stimulus DSS, tumor growth is accelerated 
and there is a significantly shorter latency time (2–3 months).

BALB/c mice treated with 10 s.c. injections of DMH (20 
mg/kg body weight/week) and sacrificed 40 weeks after the 
first DMH injection have been shown to develop tumors 
with high incidence, almost exclusively in the distal colon.[33]

SWR/J mice treated with increasing i.p. doses of DMH (6.8, 
34, 68, and 136 mg/kg body weight) showed a dose-dependent 
decrease in survival time.[35] Four different protocols based on 
i.p. injections of DMH (6.8 mg/kg body weight/week) were 
tested, giving the carcinogen once a week for 1, 5, 10, or 20 
weeks. At 20 weeks, colon tumors developed in 26%, 76%, 
and 87% of mice given a total dose of 34, 68, and 136 mg/
kg DMH, respectively; no tumors were detected in animals 
treated with a total dose of 6.8 mg/kg. Most colon tumors 
(79%) were located in the distal colon, with the remainder 
being found in the mid-colon; no tumors were detected in 
either the proximal colon or the small intestine.

SWR/J mice subjected to 3 s.c. injections of AOM (15 mg/kg 

body weight/week) and sacrificed at 35 weeks after the start 
of treatment have been reported to show a high incidence of 
colonic tumors.[35] Interestingly, although AKR/J mice had a 
lower incidence of colonic tumors at 35 weeks than SWR/J 
mice, the frequency of ACF was similar in AOM-treated 
AKR/J and AOM-treated SWR/J mice. In both strains, ACF 
were detected at high frequency in the proximal colon, 
whereas tumors arose mainly in the distal colon.

A/J or SWR/J mice treated with 6 repeated i.p. injections of 
AOM (10 mg/kg body weight/week) and killed at 1, 2, 4, 6, 9, 
and 24 weeks after the last injection showed high incidence 
of colorectal tumors at week 24. Neoplasm formation could 
be revealed as early as 4 weeks after AOM exposure.[36]

Bissahoyo et al. suggested that 4 injections might be sufficient 
for a high tumor induction rate (~90%) in the highly 
susceptible A/J strain but not in moderately susceptible ones 
such as the SWR/J strain.[37]

Female CBA/J subjected to 1 i.p. injection of AOM (7.4 
mg/kg body weight) + three exposition cycles to DSS (each 
cycle included administration of 3% DSS in drinking water 
for 7 days, followed by distilled water for 14 days) showed a 
latency time of 12 weeks.[38] Multiple mucosal tumors (10.5/
mouse) in combination with chronic colitis developed in 
the colorectum. More recently, similar results have been 
reported in FVB/N mice.[39,40] This model reproduces a state 
of chronic inflammation, which is believed to be the driving 
force in tumor progression in colitis-associated CRC (e.g., 
as in UC or CD). [29,38,39]

Crj:CD-1 (ICR) mice (outbred strain)[28] receiving 1 i.p. 
injection of AOM (10 mg/kg body weight/week) followed 
by DSS (2%) in drinking water for 7 days (1 week after the 
AOM injection) showed 100% incidence of adenocarcinomas 
at 20 weeks after the first treatment, whereas another study 
revealed the presence of tumors already at week 6.[15] Four 
other inbred murine strains (Balb/c, C57BL/6N, C3H/
HeN, and DBA/2N) were used in the same experimental 
conditions. Among these, Balb/c mice displayed the same 
findings as was obtained with the ICR strain, whereas 
C57BL/6N, C3H/HeN, and DBA/2N were demonstrated 
to be more resistant to AOM.

AOM/DSS MODEL OF COLORECTAL 
CARCINOGENESIS

A number of experiments have demonstrated the relevance 
of the AOM/DSS mouse model in the study of the 
mechanisms of human colorectal carcinogenesis. Due to 
the synergic effects of AOM (tumor-inducing agent) and 
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DSS (tumor-promoting agent), the AOM/DSS model 
reproduces colorectal carcinogenesis promoted by an initial 
acute inflammation phase, showing a shorter latency period 
than models based on only AOM or DSS administration. 
For instance, oral administration of a DSS solution to 
rodents, a widely used IBD mode, typically requires a long 
time exposure or many cycles of DSS administration and, 
moreover, the incidence of tumors is relatively low.[41]

As described by Tanaka et al.[28] the AOM/DSS model is based 
on a single i.p. injection of AOM (10 mg/kg body weight) 
and a single cycle of the inflammatory agent DSS (2%) in 
drinking water. With this protocol there is rapid development 
of multiple colon tumors in the outbred strain (crj:CD1) as 
well as in the inbred strain (Balb/c) within approximately 
12 weeks. DSS dissolved in drinking water is toxic to the 
epithelial lining of the colon and produces severe colitis, 
which is characterized by loss of body weight and bloody 
diarrhea in the first weeks following DSS consumption; 
however, these phenomena decrease significantly after 5 
weeks from the start of AOM/DSS treatment.

Development of cancer in this model closely mirrors the 
pattern seen in humans. Tumors induced in mice exposed to 
AOM/DSS treatment accurately recapitulate the pathogenesis 
observed in human CRC. For example, tumors are very 
frequent in the distal part of the colon, which is also the 
predominant location of spontaneous CRC in man. They 
often start with a polypoid growth and frequently exhibit 
histopathological features similar to human CRC. However, 
AOM-induced tumors often lack mucosal invasiveness.[42] 
Although AOM-induced colon tumors in mice and rats have a 

very low tendency to metastasize, the analysis of lymph nodes 
and other peripheral organs by macroscopic and microscopic 
techniques might be considered for studies examining factors 
potentially involved in metastasis.

Histogenesis of CRC in the AOM/DSS model
Colon cancer is thought to develop by a multistep process 
in which normal crypts are initiated to form foci of 
aberrant crypts (ACF) that proliferate by crypt fission to 
form microadenoma. The microadenomas enlarge to give 
macroscopic adenomas, adenomatous polyps, and finally 
adenocarcinomas. Thus there is morphological and genetic 
progression through an adenoma–carcinoma sequence.[43]

Such multistep tumor development can be efficiently 
reproduced in the AOM/DSS murine model with high 
reproducibility in both inbred (Balb/c) and outbred [crj:CD-1 
(ICR)] susceptible murine strains [Figure 2]. Usually, 3–10 
macroscopic tumors develop in 80%–100% of the animals, 
with tubular adenoma, dysplasia, and colitis with mucosal 
ulceration being present in male mice of susceptible strains 
at week 12 from the start of the treatment.[37,40]

Colonic crypts can easily be observed by examining the 
mucosal surface of the colon after it has been opened and fixed 
and stained with methylene blue. When examined in this way, 
colons of animals that have been treated with AOM/DSS 3–4 
weeks earlier are found to have occasional, abnormally large, 
darkly staining, and slightly raised ‘aberrant crypts’ [Figure 3]. 
With longer time intervals between carcinogen administration 
and observation, these aberrant crypts are frequently found as 
foci, with two to many hundreds of aberrant crypts appearing 

Figure 2: Schematic representation of multistep tumor progression in the AOM/DSS murine model. The multistep tumor progression 
observed in the AOM/DSS murine model of CRC, based on the ACF-adenoma-carcinoma sequence, is represented on the timeline, 
with the principal molecular alterations assessed in specific phases of the carcinogenic process.
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together in a cluster. Many aberrant crypts on histological 
examination show a high level of dysplasia and are then 
correctly called microadenoma (more than 10 crypts, each 
less than 1 mm in size).[44] As microadenomas grow, they 
might evolve to macroscopic adenoma and, eventually, colon 
cancer [Figure 3].

AOM/DSS-induced tumors typically display adenomatous 
growth before showing malignant degeneration and 
invading the bowel wall, and they are frequently infiltrated 
by T lymphocytes and other immune cells. On macroscopic 
examination, nodular, polypoid, or caterpillar-like colonic 
tumors are exclusively observed in the middle and distal colon 
of AOM/DSS-treated mice. According to Ward, histologically 
these tumors can be tubular adenoma or well/moderately-
differentiated tubular adenocarcinoma.[45] As demonstrated 
by Tanaka et al.,[28] the incidences of adenocarcinoma and 
tubular adenoma at the 20th week is 100% and 38% with 
a multiplicity of 5.60±2.42 and 0.20±0.40, respectively. 
Similarly, there is an incidence of 100% of adenomas and 50% 
of adenocarcinomas as early as week 8, with a multiplicity of 
4±1.6 and 0.3±0.7, respectively (De Robertis, unpublished 
data). After 21 weeks from the start of treatment, only few 
adenocarcinomas are observed to invade the submucosa, 
muscularis propria, or serosa (De Robertis, unpublished 
data) [Figure 4].

Microscopically, these tumors display the characteristics of 
intraepithelial neoplasia, with changes ranging from low-
grade dysplasia (usually located at the periphery of polyps, 
next to non-dysplastic colonic epithelium) to high-grade 

dysplasia/intramucosal carcinoma (predominantly forming 
the central parts of the tumors and infiltrating to the 
submucosa).

Colonic mucosal dysplasia (low- and high-grade) has been 
described by Riddell[46] and Pascal.[47] Specifically, hyperplasia 
(with no dysplasia) shows slightly dilated crypts with a normal 
epithelium. In mild dysplasia the nuclei are elongated, slightly 
crowded, and pseudostratified, but their polarity is well 
preserved and the number of goblet cells is normal or slightly 
reduced. In moderate dysplasia the nuclei are elongated and 
more crowded and also more pseudostratified than in mild 
dysplasia, but their polarity is still well preserved; the number 
of goblet cells is more reduced than in mild dysplasia. In 
severe dysplasia the nuclei are enlarged, round or ovoid, 
with prominent nucleoli; also, nuclear polarity is partly lost, 
numerous mitoses are present, and the number of goblet cells 
is markedly reduced or the cells are completely lost.

Colonic mucosal ulceration with focal dysplasia can be 
found in the distal colon of mice. Colitis is usually graded 
on hematoxylin-eosin stained sections as showing a) normal 
appearance (grade 0); b) mild infiltration of lamina propria 
by inflammatory cells, with no erosion (grade 1); and c) deep 
erosion with marked inflammation, often including crypt 
abscess formation (grade 2).[28] Mucosal ulceration (grade 2) 
and colitis with mild erosion can be found in mice at 2 weeks 
from the end of DSS administration, but the inflammatory 
state progressively decreases in the following weeks and a 
resolution of the acute inflammation can be observed at week 
6 (De Robertis, unpublished data).

Figure 3: Histopathology of early colonic neoplasms developed in AOM/DSS-treated mice. Single aberrant crypt (a, d); 
aberrant crypt focus - ACF (b, e); microadenoma (c, f). Methylene blue (a, b, c) and hematoxylin-eosin (d, e, f) stain. Original 
magnification, (a, b, c) ×10; (d, e, f) ×20. (Unpublished data).
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A particular focus on precancerous lesions observed 
in the AOM/DSS model
It is generally accepted that colon carcinogenesis, irrespective 
of animal species, is a focal and sequential process that 
originates from a single colonic crypt. The growth and the 
morphological and molecular features of ACF support the 
contention that ACF are preneoplastic lesions and so the 
traditional ‘adenoma–carcinoma’ sequence of colorectal 
carcinogenesis has been extended to the ‘ACF–adenoma–
carcinoma’ sequence.[48]

In humans, ACF were described and partially characterized for 
the first time in 1991.[49] In 1994, Pretlow first detected altered 
enzymatic activity and crypt dynamics and proliferation.[50] 
ACF can be observed in patients with both sporadic CRC 
and FAP.[51] They closely resemble the aberrant crypts seen 
in rodents treated with carcinogens.

Identification of ACF both in human colon and in AOM/
DSS-treated rodents makes the study of CRC at the 
precancerous stages possible with this model. In 1987, Bird 
and Good[31] described ACF as preneoplastic lesions in the 
colon of carcinogen-treated rodents. Because classical ACF 
protrude toward the lumen they can be easily scored by light 
microscopic surface examination of formalin-fixed whole-
mount colon preparations stained with methylene blue.

Since the total number and size (crypt multiplicity) of these 
small lesions can be scored easily, ACF have been used as 
a short-term bioassay to evaluate the role of nutritional 
components and chemopreventive agents at an early stage 
of colon carcinogenesis. Under the microscope the aberrant 

crypts are larger and have a thicker epithelial lining than 
normal crypts, and are usually gathered together in foci of one 
to many hundreds of aberrant crypts. These aberrant crypts 
sometimes are slightly elevated above the surrounding normal 
mucosa and often have slit-like lumens in crossection.[44,49]

At weeks 3–4 from the start of the AOM/DSS protocol, 
surface examination of the luminal mucosa of colon 
preparations stained with methylene blue reveals flat ACF, 
classical elevated ACF, and nascent tumors [Figure 3]. Since 
flat ACF are not observed as elevated structures, their bright 
blue appearance and the compressed pit pattern of the crypt 
openings seen with transillumination could be used as 
criteria for their identification. Flat ACF and nascent tumors 
display a uniform picture of severe dysplasia, compressed pit 
pattern, overexpression of cytoplasmic/nuclear β-catenin, 
and nuclear overexpression of cyclin D1.[52] Apparently, 
flat ACF and tumors represent the same type of dysplastic 
lesions at different stages of crypt multiplication. In contrast, 
classical elevated ACF do not seem to be as clearly related 
to tumorigenesis. Furthermore, flat ACF have been shown 
to grow significantly faster than classical elevated ACF.[52]

Although ACF share many morphological, genetic, and 
biochemical features with colonic tumors, the association 
between ACF formation and tumorigenesis is not a simple 
one. Importantly, in carcinogen-treated rodents, a negative 
correlation between ACF formation and tumor formation and 
a discrepancy between distribution of ACF and distribution 
of tumors[53] has been reported. In AOM- or DMH-treated 
rodents and in patients with sporadic CRC, the number of 
tumors is minuscule in comparison with the large number 

Figure 4: Macroscopic observation and histopathology showing late colonic neoplasms developed in AOM/DSS-treated mice. 
Tubular adenoma (a, d); moderately differentiated adenocarcinoma (b, e); and moderately differentiated adenocarcinoma 
invading into the mucosa (c, f). Macroscopic analysis in necroscopy (a, b, c) and hematoxylin-eosin stain (d, e, f). Original 
magnification ×4. (Unpublished data).
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of ACF, indicating that only a very small fraction of ACF 
has the potential to progress to the stage of a tumor.[51] This 
is consistent with the observation that a large fraction of 
ACF is hyperplastic, whereas only a small fraction of ACF 
shows dysplasia, the hallmark of malignant potential. Recent 
findings of the presence of β-catenin accumulated aberrant 
crypts (BCAC),[54] mucin-depleted crypts (MDF),[55] and flat-
dysplastic ACF (FDACF)[56] in AOM/DSS-treated rodents are 
significant advances in the identification of events leading to 
tumor development. As described earlier, the morphological 
features of these lesions resemble those of advanced ACF, 
strongly suggesting that they may be subtypes of advanced 
ACF. However, the exact evolutionary sequence of BCAC, 
MDF, or FDACF and their relevance to the human situation 
is still unclear. These specific ACF-subtypes are purported 
to accurately predict tumor outcome.[51] Indeed, the simple 
methylene blue staining method for assessing ACF in whole 
mounts of colon remains a valuable tool when screening 
compounds for their colon cancer chemopreventive potential. 
However, their use as biomarkers in the screening of 
chemicals/agents for potential colon cancer chemoprevention 
action requires further scrutiny.

MOLECULAR FEATURES OF THE AOM/DSS 
MODEL AND RELEVANCE TO HUMAN CRC

Genetic pathways involved in the AOM/DSS model
Studies in mice and rats have revealed that AOM/DSS-
induced tumors display very similar features to human 
CRC even at the molecular level. Such tumors display 
evidence of dysregulation of the APC/β-catenin-signaling 
pathway, such as aberrant protein expression of APC plus 
mutations and altered cellular localization of β-catenin.[57–59] 
In addition, the target genes of the APC/β-catenin signaling 
pathway, represented by cellular myelocytomatosis oncogene 
(c-Myc), cyclin D1, and cyclin-dependent kinase 4 (Cdk4), 
have also been shown to be dysregulated.[59] Consistent with 
findings in human CRC, AOM/DSS-induced tumors also 
have mutations of K-Ras and increased levels of enzymes 
involved in prostaglandin and nitric oxide synthesis, such 
as cyclooxygenase-2 (COX-2) and inducible nitric oxide 
synthase (iNOS).[58,60]

In a recent study, a comprehensive protein expression analysis 
in the AOM/DSS-induced mouse colon carcinogenesis model 
demonstrated that a number of proteins functionally related 
to metabolism, antioxidant system, oxidative stress, mucin 
production, and inflammation are differentially expressed in 
the cancerous tissues of mice receiving AOM and DSS.[61] 

The number of proteins with altered expression was much 
smaller than the number of genes that showed differential 
expression patterns in a previous DNA microarray analysis.[62]

Wnt/APC/β-catenin pathway
The Wnt signaling pathway, which is normally involved in 
repressing differentiation during embryogenesis and in the 
postembryonic regulation of cell positioning in the intestinal 
crypts, is known to be involved in tumor formation when 
aberrantly activated.[63] β-Catenin is an important molecule 
in the Wnt-APC signal transduction system and a key 
component of the cadherin-mediated cell–cell adhesion 
system. It binds to the T-cell factor-4 (Tcf-4) in the nucleus 
and thereby regulates transcription of genes related to the 
growth, development, and differentiation of colonic cryptal 
cells. Accumulation of cytoplasmic and nuclear β-catenin, 
which may result from mutations in either APC, β-catenin, or 
Axin genes, or in general from activation of the Wnt signaling 
pathway, is associated with colon carcinogenesis.

As in human CRC, mutation of β-catenin is reported to be an 
early event of murine colorectal carcinogenesis. Inactivating 
APC/Apc mutations or activating β-catenin mutations, which 
mimics Wnt stimulation and leads to β-catenin accumulation, 
is observed in the majority of colon cancers in both humans 
and rodents.[64,65]

Tumors in the AOM/DSS carcinogen model, similarly to 
the ApcMin/+ model, have signaling alterations marked by the 
activated canonical Wnt pathway.[37] Immunohistochemically 
aberrant expression of β-catenin has been reported in 
colonic neoplasms and dysplasia in inflammation-related 
colonic cancer in rodents[65] and humans.[66] The presence 
of β-catenin gene mutations might explain the altered 
immunohistochemical stainability of β-catenin in colonic 
neoplasms as well as dysplasias developed within 12 weeks after 
the start of the AOM/DSS treatment.[28] In contrast to human 
colon cancers without APC mutations, where the β-catenin 
gene is frequently mutated at codons 33, 41, and 45 of the 
glycogen synthase kinase-3β (GSK-3β) phosphorylation motif, 
mutations in AOM/DSS-induced colon adenocarcinomas 
are found at codons 32, 33, and 34.[67] This location is slightly 
different from that mentioned in another report, where 
β-catenin gene mutations of murine tumors induced by AOM 
were present at codons 33, 34, 37, and 41, but not at codon 
32.[65] In addition, β-catenin gene mutations have been detected 
at codon 32, 34, 37, and 41 in DMH/DSS-induced colon 
adenocarcinoma.[68] Koesters et al. reported that the β-catenin 
mutations at codons 37 and 41, which are important serine 
and threonine sites for GSK-3β phosphorylation, possess 
higher oncogenic potential. [69] They also demonstrated that 
the different mutational spectra observed in the β-catenin gene 
directly relates to the particular carcinogenic treatment given. 
Therefore, it has been speculated that DSS exposure causes 
a shift in the mutation sites from that induced by treatment 
with DMH or AOM alone. 
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Finally, a large upregulation of the Tcf-4 transcript can be also 
observed in AOM/DSS-induced tumors.[70]

K-Ras
Activating mutations in the K-Ras gene have been identified 
in a great variety of human carcinogenesis. The mutated 
forms are found to stimulate cell proliferation, transformation, 
and differentiation.[71] As in human CRC, K-Ras mutations 
are involved in the early stages of AOM/DSS colorectal 
carcinogenesis and are associated with increased tumor size.[72]

Consistent with findings in human CRC, K-Ras activation 
appears to play an important role both in the AOM and 
the DMH models, whereas this pathway is not frequently 
targeted by PhIP. Jacoby et al.[73] showed that DMH caused 
K-Ras-activating mutations (G to A) in 66% of colon mouse 
carcinomas. 

p53 pathway 
The growth-inhibitory p53 pathway is another important 
molecular checkpoint that is altered in the development of 
colitis-related colonic neoplasms of rodents and human.[74] In 
particular, the ARF/p53 pathway, which is effective at limiting 
the proliferation and survival of oncogenically transformed 
cells, appears to be dysregulated during the carcinogenic 
process in humans.

However, p53 immunohistochemical expression has not 
been detected in AOM/DSS-induced colonic dysplasia and 
neoplasms.[28] Similarly, no mutations of p53 have been 
found in colonic tumors developed in another experimental 
model of colitis-related carcinogenesis in rat.[75] This may be 
related to the absence or low frequency of p53 mutations in 
chemically-induced colon tumorigenesis in rodents.

Immunohistochemical observation revealed that only a few 
colonic tumors induced by DSS show positive reactivity against 
p53.[65] Recently, Nambiar et al. indicated that both ARF and 
p53 are sequence normal in AOM-induced colon tumors but, 
strikingly, the ability of p53 to activate or repress transcription is 
suppressed.[76] Importantly, it has been reported that nongenetic 
inhibition of p53 may play a critical role in the early stages 
of human colon carcinogenesis and in p53 sequence normal 
tumors. Thus, it is possible that the increased stability of p53 
protein in the absence of sequence alterations may be a result 
of an aberrant acetylation and/or phosphorylation process.[77] 
Additional analyses are required to determine whether post-
translational modifications are indeed involved in suppressing 
p53 activity in AOM-induced tumors.

c-Myc
Both Wnt/β-catenin and non-Wnt/β-catenin-mediated 

human CRCs display increased c-Myc expression.[79] c-Myc 
functions as a global mediator of the oncogenic process, 
linking together a seemingly heterogeneous pool of molecular 
mechanisms underlying cancer development.[78] The gene is 
a direct transcriptional target of the Wnt/β-catenin pathway, 
while the transforming growth factor-β (TGF-β) signaling is 
associated with c-Myc repression through SMAD3 binding 
to a repressive SMAD-binding element (RSBE) within the 
c-Myc promoter.[79] Numerous lines of evidence indicate that 
c-Myc may be a central mediator of CRC, perhaps through 
its role in chromatin remodeling.[78] 

Mouse models have been used to show that decreased 
c-Myc expression leads to reduced numbers of CRCs,[80] a 
result confirmed by c-Myc inhibition in human CRC. [82] 
Recently, an increased expression of c-Myc and telomerase 
(TERT) have been observed in foci of high-grade dysplasia/
intramucosal carcinoma isolated from AOM/DSS-treated 
Crj:CD-1 (ICR) mice.[62,70] Of note, telomerase not 
only compensates for natural telomere erosion and thus 
contributes to permanent cell growth, but it is also able to 
activate progenitor cells by controlling c-Myc- and Wnt-
related transcription pathways.[82]

TGF-β
TGF-β has long been implicated in the pathogenesis of 
sporadic CRCs, which often acquire resistance to TGF-β 
signaling. At later stages of cancer progression there is increased 
expression of TGF-β, promoting invasion and metastasis.[83]

Several TGF-β pathway-associated models have been used 
to dissect the complex role of this pathway during CRC 
development. TGF-β1-deficient mice die around 3 weeks 
of age due to extensive inflammation.[84] However, on a 
Rag2-deficient background, lacking functional B- and 
T-cells, TGF-β1-deficient mice survive until adulthood. [85] 
Mice deficient for both TGF-β1 and Rag2 rapidly develop 
carcinoma of the cecum and colon, suggesting that 
inflammation in combination with loss of TGF-β1 results 
in predisposition to cancer.[85]

While Tgfb1 is upregulated in the colonic mucosa of mice 
treated with AOM/DSS, Tgfb3 is a notable downregulated 
gene.[62] Decreased TGF-β3 mRNA level has been shown 
to be mediated by nitric oxide.[86] Becker et al.[87] investigated 
the functional role of TGF-β using the AOM model in 
TGF-β receptor-deficient and TGF-β transgenic mice, 
showing that the TGF-β receptor-deficient mice develop a 
significantly higher number of tumors than wild-type mice. 
Complementary data were obtained by Fantini et al.[88] who 
generated mice transgenic for the TGF-β inhibitor Smad7, 
with overexpression specifically on T-cells.
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Cox-2
COX-2 is a cytoplasmic protein that catalyzes the synthesis 
of lipid inflammatory mediators (prostaglandins and 
prostacyclins) from arachidonic acid. Expression is increased 
at sites of inflammation as well as in ~80% of CRCs and 40% 
of colorectal adenomas.[89] The COX-2 protein is found in 
the cytoplasm of neoplastic colonic epithelial cells and to a 
lesser extent in stromal cells, whereas normal epithelium 
is negative for COX-2. After AOM/DSS challenge, the 
expression of COX-2 is upregulated in neoplastic cells in 
mice with mutations in the tumor suppressor Apc.[90]

COX-2 may contribute to tumor development by modulating 
apoptosis, angiogenesis, and tumor invasiveness. It also 
has a role in the progression of cancer via activation of 
metalloproteases, thereby increasing the invasiveness of 
colon cancer cells.[91]

The significant tumorigenic effect of COX-2 on the 
development of colorectal tumors has been well documented 
not only in the sporadic[7] but also in the colitis-associated 
model of CRC.[28,92] However, Ishikawa et al. have recently 
demonstrated that cyclooxygenase-derived prostanoids are 
not major players in colitis-associated cancer.[93] Indeed, 
despite a significant elevation of COX-2 expression in AOM/
DSS-induced colon tumors, similar tumors also developed in 
AOM/DSS-treated Cox-22/2− and Cox-12/2− knockout mice. 
On the other hand, tumor formation induced by multiple 
injections of AOM (with no DSS-induced colitis) did not 
occur in Cox-22/2− knockout mice. These data suggest that the 
factors responsible for tumor promotion in colitis-associated 
CRC differ from those that promote both inherited and 
sporadic CRC.

iNOS
Although the role of mast cells, which can enhance intestinal 
iNOS activity, in IBD development is still a matter of debate, 
it has been suggested that iNOS is involved in IBD and IBD-
related colon carcinogenesis.[94]

It has been extensively demonstrated that all large bowel 
neoplasms as well as dysplasia that develop within 20 weeks 
after the start of the AOM/DSS treatment show positive 
reactivity for iNOS.[28] However, there has been lack of 
correlation between immunohistochemical signal/Western 
blot assay and iNOS mRNA level[82] found in tumors of 
ICR mice treated with AOM and DSS.[28,92] One possible 
explanation for this discrepancy might be that iNOS 
overexpression is at least partly localized to tumor stroma, 
especially to tumor-associated macrophages. It is also possible 
that there is no simple relationship between steady-state 
transcript level and mature protein. Recent data from Seril 

et al.[95] indicate that mouse iNOS is not essential for the 
development of colitis-associated tumorigenesis, even though 
iNOS inhibition attenuates tumorigenesis in mice treated 
with DSS.[96]

Others
CAR1 (constitutive androstane receptor), a member of 
nuclear receptor superfamily,[97] may play an important 
role in the AOM/DSS carcinogenesis model as this protein 
is drastically decreased in AOM/DSS-induced tumors.[61] 
Specifically, CAR plays central roles in protecting the body 
against environmental xenobiotics.[98] 

The comprehensive DNA microarray analysis using colonic 
mucosa of AOM/DSS-treated and AOM/DSS-untreated 
mice has revealed that certain CYP families (CYP2d26, 
CYP4f16, and CYP2c55) are downregulated in the colonic 
mucosa of mice that receive AOM/DSS, suggesting that CYP 
may play an important role in inflammation-related colon 
carcinogenesis.[62]

INFLAMMATION AND TUMORIGENESIS IN 
THE AOM/DSS MODEL

The multistep process of carcinogenesis is characterized 
by the canonical phases of initiation, promotion, and 
progression. The tumor-promotion process requires both 
sustained exposure to agents that stimulate growth, as well as 
inhibition of apoptosis of cells initiated by the earlier exposure 
to the carcinogen. The inflammatory microenvironment 
classically affects tumor promotion in its role as an altered 
stem cell niche but can also affect tumor initiation and 
tumor progression.[99] Mounting evidence from preclinical 
and clinical studies suggest that persistent inflammation 
is an essential component of all tumors, and some of the 
underlying molecular mechanisms have been elucidated. [100] 
The bacterium Helicobacter pylori, as an example, is one of 
the main contributing factors to the development of gastric 
cancer, the second most common cause of cancer-related 
mortality worldwide.[101]

Interestingly, tumors of the gastrointestinal tract provide a 
paradigmatic connection between inflammation and cancer. 
Epidemiological studies have shown that patients with IBD, 
including UC, are at increased risk of developing CRC.[102] 
IBD-associated colon carcinogenesis can be summarized as 
an inflammation–dysplasia–carcinoma sequence: hyperplastic 
lesions in the inflamed mucosa develop CRC after passing 
through the phase of flat dysplasia.

A number of possible mechanisms by which inflammation 
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can contribute to carcinogenesis have been elucidated, 
including induction of genomic instability, alterations 
in epigenetic events and subsequent inappropriate gene 
expression, enhanced proliferation of initiated cells, 
resistance to apoptosis, aggressive tumor neovascularization, 
invasion through tumor-associated basement membrane 
and metastasis, the production of inflammation-induced 
reactive oxygen and nitrogen species. All of these mechanisms 
can directly or indirectly contribute to malignant cell 
transformation by causing damage to important cellular 
components (e.g., DNA, proteins, and lipids). In this context, 
several inflammatory mediators have emerged as key players 
in the initiation and development of CRC.

The AOM/DSS model represents a very valuable murine 
model to examine the role of inflammation in colon 
carcinogenesis, because it is a variation of a standard UC 
model, which typically requires long exposure periods or 
many cycles of DSS administration, before resulting in a 
relatively low tumor incidence.[103]

Even after only 3–4 weeks of treatment, signs of diffuse 
inflammation are present in the colonic mucosa of AOM/
DSS-treated mice; epithelial crypts are distorted and 
irregularly distributed in the lamina propria, which contains 
high numbers of inflammatory cells, including lymphocytes 
and plasma cells.[28,104] Interestingly, extensive mast cell 
migration can be found surrounding or within carcinomas. [28] 
This parallels what is observed in humans, where colitis-
associated cancer is characterized by a dense infiltrate of 
immune cells, including macrophages, dendritic cells, and 
T-cells (which include the subset of CD8+ and CD4+ 
effector T-cells and CD4+ CD25+ T-cells).[105] Recently, 
Garrett et al. reported that dendritic cells were the necessary 
cellular effectors for the proinflammatory carcinogenic 
program of their T-Bet(−/−) RAG2(−/−) UC model.[106]

Importantly, during the first phase of tumor development 
in the AOM/DSS model it is possible to observe both 
conditions predisposing to cancer – colitis and genetic/
epigenetic events – orchestrate the construction of a particular 
microenvironment which contributes to tumor progression. 
Indeed, alterations of genes representative of all classes of 
oncogenes drive the production of inflammatory mediators. 
Thus, an intrinsic pathway of inflammation (driven by 
genetic alteration in tumor cells leading to the expression 
of inflammation-related programs) as well as an extrinsic 
pathway (driven by inflammatory conditions in the tumor 
microenvironment) have been identified, both of which 
promote tumor growth.[107]

Key components of cancer-promoting inflammation have 

been investigated in the AOM/DSS model, including master 
transcription factors (e.g., nuclear factor kB and STAT3), 
proinflammatory cytokines (TNF-α, interleukin-6), COX-
2, and selected chemokines. Of no less importance are 
mediators that keep inflammation in check, including IL-
10, TGF-β, toll-like receptor (TLR), and the IL-1 receptor 
inhibitor TIR8 (also known as single immunoglobulin IL-
1R-related molecule, SIGIRR), and the chemokine decoy 
and scavenger receptor D6.

Toll-like receptors
In general, a close link between innate and adaptive immunity, 
and inflammation and carcinogenesis is well established in 
many forms of cancer, including CRC. For example, evidence 
is mounting to support a role for TLRs in carcinogenesis. 
TLR4 is upregulated in intestinal epithelial cells in active 
CD and UC and its signaling induces COX-2, prostaglandin 
E2, and reactive oxygen species.[108] Using the AOM/DSS 
mouse model of CRC, it was shown that TLR4-deficient 
mice exhibited significantly reduced tumor number and size 
compared with wild-type controls.[109]

TNF-α
TNF-α is a key regulator of inflammation, inducing the 
recruitment of intracellular adaptor proteins. Its receptor 
(TNFR) can trigger NF-kB and downstream cell survival 
pathways as well as caspase-8 and associated apoptotic 
pathways.[110] TNF-α is found in the microenvironment of 
many types of tumor, including breast, ovarian, colorectal, 
prostate, melanoma, lymphoma, and leukemia. Specifically, in 
CRC, the mRNA and protein levels of TNF-α are increased 
to abnormal levels in the preneoplastic inflamed colonic 
mucosa.[111] The role of the signaling pathways downstream of 
TNF-α was explored in mice deficient in the type 1 TNFR, 
p55.[112] In the absence of TNF-α signaling, in response 
to the AOM/DSS challenge, there was decreased mucosal 
damage, inflammatory cell infiltrate, and cytokine expression 
in the mucosa, as well as a significant reduction in tumor 
formation. When the specific TNF-α antagonist etanercept 
was administered in the AOM-challenged mouse model, 
neutrophil and macrophage infiltration into the mucosa was 
decreased, as was tumor number and size.[113]

NF-kB
NF-kB (nuclear factor of kappa light-chain gene enhancer in B 
cells) is activated by signaling pathways mediated through TLRs 
and other microorganism-sensing molecules, or by TNF-α and 
IL-1β.[107] It mediates the transcription of downstream targets 
that can belong to four functional categories: antiapoptotic 
genes, inflammatory and immunoregulatory genes, genes 
that promote cell-cycle progression, and genes that encode 
negative regulators of NF-kB. Many of these targets have been 
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associated with cancer initiation and progression.[114] Greten 
et al.[115] used the AOM/DSS model to show that when NF-
kB activity was disrupted in colonic epithelial cells of AOM/
DSS-treated mice, there was a dramatic reduction in tumor 
number. This was associated with enhanced epithelial cell 
apoptosis during early tumor development, but there was no 
reduction in inflammation. The authors thus demonstrated 
that NF-kB activation in epithelial cells contributes to tumor 
initiation and promotion, primarily by suppressing apoptosis.

Of interest is netrin-1, a soluble protein that has been 
proposed to play a crucial role during colorectal tumorigenesis 
by regulating apoptosis.[116] Together with the observation that 
the netrin-1 gene is a transcriptional target for NF-kB[117] and 
that IBD-associated CRC is linked to NF-kB and survival[116] 
Paradisi et al. demonstrated that CRCs from IBD patients have 
selected upregulation of netrin-1 and that overexpression of 
netrin-1 in AOM/DSS-treated mice in the gastrointestinal 
tract is associated with IBD-associated CRC.[117]

JAK/STAT pathway
Finally, the AOM/DSS model has also been used to 
demonstrate the importance of the JAK/STAT pathway (Janus 
kinase/signal transducers and activators of transcription). [118] 
Indeed loss of Socs1 and Socs3 (suppressors of cytokine 
signaling) expression results in increased activation of STAT1, 
STAT3, and NF-kB and the development of colorectal 
tumors. [119,120] A direct link between Socs signaling and 
Myc exists since AOM/DSS-induced adenocarcinomas 
from Socs1-deficient mice have increased levels of nuclear 
β-catenin and Myc expression when compared to tumors 
of Socs1 wild-type mice.[119] Intestinal epithelium deficient 
for Socs3 does not result in chronic inflammation or 
development of tumors. However, when treated with AOM/
DSS, these mice develop colon tumors that is preceded 
by inflammation, suggesting that Socs3 expression in 
neighboring stroma may be required to suppress chronic 
inflammation and, subsequently, tumor promotion.

EPIGENETIC MODIFICATION ARISING IN 
THE AOM/DSS MODEL

Environmental and genetic factors contribute to CRC 
formation by promoting the accumulation of gene mutations 
and epigenetic alterations in colon epithelial cells that drive 
the polyp–cancer formation process. Although aberrant 
DNA methylation, one of the most common epigenetic 
alterations, has been recently shown to occur in CRC, the 
causal role of these epigenetic changes in the process of 
cancer initiation and promotion is poorly understood at this 
time. It has been established that aberrant hypermethylation 
of tumor suppressor genes can result in their transcriptional 

silencing, which is the mechanism through which DNA 
methylation is believed to promote cancer formation. DNA 
methylation appears to cooperate with concurrent alterations 
in chromatin structure to repress transcription.[121] However, 
little is known regarding the precise timing of these epigenetic 
alterations in the transition of normal colon epithelial 
cells to cancer cells through the polyp–cancer progression 
sequence. Furthermore, the biological role of these aberrantly 
methylated genes in the development of CRC is still poorly 
understood.

Recent studies have suggested that alterations in DNA 
methylation can contribute to tumor pathogenesis in 
mouse models similarly to what happens in human cancer. 
It has indeed been shown in both the AOM-induced and 
mutant Apc mouse models of intestinal cancer that the 
global DNA hypomethylation observed in human colorectal 
malignancy[122] is also present in tumors arising in these 
mice.[60,123] 

Furthermore, the AOM colon cancer model (lacking the 
initial colitis induction) has been used for assessing the 
methylation state of tumor suppressor genes to determine 
the role of epigenetic alterations in cancer initiation and 
progression. Borinstein et al.[124] investigated the methylation 
status of 11 candidate genes known to be aberrantly 
methylated in human cancer or mouse tumor models and 
demonstrated the presence of specific methylation patterns 
in tumors and normal tissues. Of note, two of these genes, 
Zik1 (zinc finger protein-interacting with K protein 1) and 
Gja9 (gap junction protein alpha-9), show aberrant DNA 
methylation in the tumors, which is either not present 
or is present at low frequency in the normal colon. The 
aberrant DNA methylation of Gja9 has not been reported 
previously, instead Zik1 has also been identified as being 
hypermethylated in intestinal metaplasia (IM) of the stomach, 
in gastric cancer cell lines, and in primary gastric cancer 
tumor samples, suggesting that epigenetic silencing of Zik1 
may contribute to the pathogenesis of gastric neoplasia 

and may play an important role in the transformation of 
gastrointestinal mucosa from normal to cancerous.[125]

Recent studies suggest that alterations in DNA methylation 
can contribute to tumor pathogenesis in mouse models, 
indicating that AOM-induced mouse colonic tumors 
can recapitulate human CRC, although the frequency of 
aberrantly methylated genes in the mouse model appears to 
be less common than in human CRC. Further studies of the 
epigenetic modifications using genome-wide assays should 
provide a comprehensive assessment of the methylation state 
of the DNA in colon cancers arising in AOM-based CRC 
murine models in order to highlight the potential of these 
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models to study a range of issues that remains to be resolved 
in the field of human epigenetic aberrations. 

IMPLICATIONS FOR CHEMOPREVENTION  – 
THE AOM/DSS MODEL IN PRECLINICAL 
STUDIES

Although the number of chemoprevention studies reported 
in the AOM/DSS model is quite limited, recent and emerging 
data show that colitis-associated colorectal carcinogenesis 
could be considered a preventable disease. Preclinical studies 
conducted to date support the use of the AOM/DSS mouse 
model as a highly relevant system that could be considered 
a valuable in vivo platform for chemopreventive intervention 
studies.

The following section summarizes the ability of selected 
classes of both synthetic and natural dietary agents to inhibit 
the formation of AOM/DSS-induced neoplasms [Table 1].

Cox-2 inhibitors
Although the significant contribution of COX-2 to the 
development of sporadic colorectal tumors has been well 
documented in both preclinical[7] and clinical[126] studies, 
the effect of the anti-inflammatory agent 5-aminosalicylic 
acid (5-ASA) on the risk for colitis-associated CRC is still 
controversial. The effect of 5-ASA and its derivates on 
colorectal carcinogenesis has been evaluated in the AOM/DSS 
mouse model. Grimm et al.[127] studied the chemopreventive 
effects of low (100 mg/kg) and high (300 mg/kg) doses 
of 5-ASA in the AOM/DSS model. In this study, mice 
underwent two cycles of DSS treatment after a single i.p. 
injection of AOM (8 mg/kg). 

Similarly, the administration of sulfasalazine, a derivative of 
5-ASA, to AOM/DSS-treated mice reduced the number of 
areas of high-grade dysplasia to less than 20% compared to 
the AOM/DSS controls.[128] In this study only a single dose 
of sulfasalazine was evaluated, but the effect of this agent on 
morphological subtypes of lesions and inflammation was 
not examined. Kohno et al.[129] reported that the suppressive 
effects of sulfasalazine on CRC were relatively weak when 
the drug was given in the promotion/progression phase of 
the development of the disease. This discrepancy may be 
due to differences in experimental protocols and the murine 
strains used. Kohno et al. also reported that treatment with 
ursodeoxycholic acid (UDCA) resulted in inhibition of 
AOM/DSS-induced CRC in mice, without causing any 
adverse effects.

A study conducted by Clapper et al.[130] evaluated the ability 
of 5-ASA to inhibit colitis-associated colorectal neoplasia in 

the model. The results strongly suggest that chronic exposure 
to 5-ASA is able to reduce susceptibility to colitis-associated 
CRC. Although most of the beneficial effects of 5-ASA 
have been attributed to its ability to inhibit cyclooxygenases 
and prostaglandin H synthase, in this study there was no 
significant difference in the level of expression of COX-2 
(stromal cells or epithelial cells) within the colons of AOM/
DSS control mice as compared to those treated with 5-ASA, 
suggesting that the chemopreventive activity of 5-ASA is 
not related to the expression level of COX-2. Indeed, in a 
previous study,[131] 5-ASA has been shown to inhibit the 
proliferation of DLD1 colon carcinoma cells, which are 
deficient in cyclooxygenase. 

Weber et al.[132] have shown the ability of 5-ASA to 
suppress NF-kB activation. Decreased binding of NF-kB 
to target genes leads to a reduction in the expression of 
proinflammatory cytokines, adhesion molecules, cytokines, 
inflammatory mediators, and antiapoptotic genes.

A novel 5-ASA derivative called ‘5-ASA derivative 2-14’ 
seems to be 10-fold more potent than 5-ASA in inhibiting 
CRC cell proliferation.[133] Proliferating cell nuclear antigen 
(PCNA) staining confirmed the antiproliferative effect of 
2-14. By contrast, there was no significant change in PCNA 
staining in the normal colonic mucosa of mice treated with 
2-14, confirming that this compound does not substantially 
affect the growth of normal colonic cells.

Besides 5-ASA and its derivatives, selective COX-2 
inhibitors have been tested in the colorectal carcinogenesis 
animal model. Particularly, nimesulide (4-nitro-2-
phenoxymethanesulfonanilide), a selective inhibitor of COX-
2, effectively inhibited AOM/DSS-induced colitis–related 
colonic carcinogenesis in mice.[134] The suppressive effects of 
nimesulide on the development of colonic adenocarcinoma 
correlates well with the inhibition of cell proliferation activity, 
induction of apoptosis, and the lower immunoreactivity 
of β-catenin, COX-2, iNOS, and nitrotyrosine in colonic 
malignancies. These data suggest that nimesulide could be 
applied as an effective chemopreventor of both sporadic and 
IBD-associated colorectal carcinogenesis.

Peroxisome proliferator-activated receptor ligands
Peroxisome proliferator-activated receptors (PPARs) are 
ligand-activated transcription factors, belonging to the nuclear 
hormone receptor superfamily.[135] Three PPAR isotypes, 
PPARα, PPARβ, and PPARγ, have been identified. PPARγ is 
highly expressed in fat tissue and plays an important role in 
adipocyte differentiation and lipid storage. It is also expressed 
in a number of epithelial neoplasms, such as cancers in colon, 
breast, and prostate. PPARγ ligands, such as troglitazone 
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and rosiglitazone can induce apoptosis and adipogenic 
differentiation and inhibit tumor growth both in vitro and in 
vivo.[136,137] In different studies conducted by Tanaka et al.,[129,138] 
the chemopreventive ability of the PPARγ ligand troglitazone 
or the PPARα ligand bezafibrate has been characterized in 
the AOM/DSS-induced mouse colon carcinogenesis model. 
Inhibition of inflammation in colon mucosa and decrease in 
cell proliferation activity caused by these PPAR ligands might 
be responsible for their chemopreventive effects in colitis-
associated colon carcinogenesis.[139] A new third-generation 
thiazolidinedione, RS5444, which is about 50 times more 
potent than rosiglitazone, was tested in the AOM/DSS 
mouse model.[140,141] RS5444 is able to significantly suppress 
ACF formation in AOM-treated mice[142] and may therefore 
have chemopreventive efficacy. PPARγ ligands inhibited 
proliferation of normal colonic epithelial cells but they did 
not show statistically significant effects on adenomatous 
epithelial cells, suggesting that the ability of these compounds 
to inhibit colonic epithelial cell proliferation is lost at an early 
stage in carcinogenesis. Moreover RS5444-treated mice have 
shown a decrease of about 30% in tumor incidence, though 
this reduction was not statistically significant. In this study, 
tumor volume was highly variable and no significant effect 
on tumor size was observed. Although RS5444 did not 
inhibit the growth of established tumors, it was observed 
that control tumors were significantly more dysplastic than 
the tumors from RS5444-treated mice. It seems indeed that 
PPARγ ligands promote differentiation of both normal and 
transformed gastrointestinal epithelial cells,[143] consistently 
with their ability to promote differentiation of minimally 
transformed colonic epithelial cells. The ability to block 
initiation of transformation may also be explained by their 
ability to inhibit the proliferation of normal colonic epithelial 
cells, thereby decreasing the numbers of target cells where 
the carcinogen could act.

Natural plant compounds
Epidemiological studies clearly demonstrate the existence of 
an inverse correlation between a diet rich in fruits/vegetables 
and human colon cancer. Fruits and vegetables contain active 
compounds able to reduce the risk of this tumor. Several 
natural and semisynthetic agents with anti-inflammatory 
properties have been reported to have chemopreventive 
activity against carcinogenesis in preclinical animal studies. 
Prenyloxycoumarins, including auraptene and collinin, 
are secondary metabolites that are mainly found in plants 
belonging to the families Rutaceae and Umbelellierae 
(orange, lemon, grapefruit, etc). Auraptene and collinin are 
reported to have anti-inflammatory activity.[144] Auraptene 
significantly attenuates the lipopolysaccharide (LPS)-induced 
protein expression of iNOS and COX-2, as well as the release 
of TNF-α.[145] Auraptene and collinin are also able to inhibit 

platelet aggregation induced by arachidonic acid and platelet 
activating factor in vitro.[146]

The effects of these natural compounds have been examined 
in AOM/DSS mouse colon carcinogenesis model.[96] 
The incidence of colorectal adenocarcinomas in AOM/
DSS mouse with different dosages (0.01% and 0.05%) 
of auraptene and collinin was significantly smaller than 
that in the untreated group. The multiplicity of colon 
adenocarcinomas and colonic inflammation scores in those 
groups was also significantly lower than that of the control 
group. The suppressive effect of auraptene and collinin on 
the development of colonic adenocarcinoma correlated with 
the inhibition of cell proliferation activity (PCNA-labeling 
index of colonic adenocarcinoma), induction of apoptosis, 
and inhibition of immunoreactivity of COX-2 and iNOS in 
the colonic malignancies. The protective effects of dietary 
auraptene and collinin after treatment with AOM and DSS 
might be mainly due to their ability to inhibit inflammation 
and oxidative stress.[96] Dietary administration of the 
prenyloxycoumarins, auraptene and collinin, could effectively 
suppress colitis-related colon carcinogenesis induced by 
AOM and DSS. 

The chemopreventive property of auraptene and a novel 
prodrug, 4’-geranyloxy-ferulic acid (GOFA), has been tested 
using inclusion complexes with beta-cyclodextrin (β-CD): 
GOFA/β-CD and AUR/β-CD. These compounds exert their 
chemopreventive effect by modulating cell proliferation, 
inducing apoptosis, and suppressing proinflammatory 
cytokines (NF-kB, Nrf2, TNF-α, Stat3, IL-6, and IL-1β) in 
adenocarcinomas that develop in the setting of colitis. In turn, 
the expression of these cytokines may be involved in AOM/
DSS-induced colon tumorigenesis. It has been demonstrated 
that treatment with GOFA/β-CD and AUR/β-CD 
significantly lowers colonic inflammation induced by DSS. 
Therefore, the suppression of chronic inflammation through 
the modulation of expression of several proinflammatory 
gene products that mediate several events of carcinogenesis 
may be responsible for the chemopreventive properties of 
these compounds.[147]

Recent works have elucidated several biological properties 
of zerumbone (ZER), a major constituent of the subtropical 
ginger plant, Zingiber zerumbet Smith, which seems to 
inhibit carcinogenesis through inhibition of free radical 
generation, iNOS and COX-2 expression, and TNF-α 
release in activated leukocytes, as well as induction of 
apoptosis in human colonic adenocarcinoma cell lines.[148] 
Dietary feeding with ZER strongly suppresses DSS-induced 
acute colitis in mice[149] and the formation of aberrant crypt 
foci (ACF). 
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The incidence and the multiplicity of colonic adenocarcinoma 
in mice groups receiving ZER at different doses (100 ppm, 
250 ppm, and 500 ppm) have been demonstrated to be less 
than that in AOM/DSS-treated mice not receiving the natural 
compound. ZER feeding significantly decreased the PCNA 
labeling index[150] and lowered the immunohistochemical 
scores of NF-kB and HO-1 (heme oxygenase), the expression 
of which correlates with carcinogenesis and inflammation.

Silibinin, a flavanolignan isolated from Silybum marianum, has 
been tested in the AOM mouse model. Interestingly, both 
low (250 mg/kg) and high (750 mg/kg) doses of silibinin, 
besides inhibiting cell proliferation and inducing apoptosis, 
impacts the levels of inflammatory and angiogenic mediators 
such as COX-2, iNOS, and VEGF, suggesting that silibinin 
has chemopreventive efficacy in colon tumorigenesis due 
to its effects on two key events of colon carcinogenesis: 
inflammation and angiogenesis.[151]

Different preclinical studies support the use of the AOM/
DSS-induced colitis mouse model as a highly relevant system 
that allows characterization of the molecular events required 
for the formation of colorectal neoplasia in the setting of 
chronic inflammation. Results from chemopreventive 
intervention studies provide evidence that colitis-associated 
CRC can be prevented.

CONCLUSIONS AND FUTURE 
PERSPECTIVES

In the last two decades murine models of CRC have provided 
detailed insight into the histopathologic and molecular 
processes underlying colorectal tumor progression and have 
contributed to our understanding of human CRC as well as 
IBD-related CRC pathogenesis. 

As powerful model systems, the chemically-induced CRC 
murine models have proved highly valuable. Among them 
the AOM/DSS murine model has been described to be a 
reliably practical tool: tumor development is predictable 
and consistent, with a high incidence of affected animals in 
a narrow time frame. For its particular ability in reproducing 
many aspects of human CRC, along with the possibility it 
offers for studying the earliest succession of events underlying 
tumor initiation when single aberrant crypts appear in colonic 
mucosa, the AOM/DSS model is a powerful experimental 
platform that will be very useful in the development of novel 
and effective chemopreventive agents against CRC; it is also a 
valuable model for investigating novel diagnostic, prognostic, 
and predictive markers for use in clinical practice.

In the future, further improvement of the AOM/DSS 

model, in combination with the development of novel and 
more sophisticated molecular tools and genetic strategies, 
might enable us to define new aspects of CRCs, for example 
dissecting through high resolution approaches the molecular 
networks alterated in the earliest phase of this neoplastic 
disease. It should aid in the identification of the genetic and 
epigenetic events, still partially unknown, that act in the 
preneoplastic phase of colon carcinogenesis and which are 
fundamental in CRC development.
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