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Inflammatory bowel disease (IBD), comprising Crohn’s disease and ulcerative colitis, is a lifelong disease that manifests with
chronic intestinal inflammation, sequential fibrosis, and an increased risk of colitis-associated colon cancer (CAC). The com-
bined effects of genetic, immunological, environmental, and microbial factors render it difficult to determine the specific mech-
anism underlying the induction and perpetuation of IBD. Various animal models of IBD have contributed enormously to the
understanding of IBD pathogenesis in terms of genomics, transcriptomics, proteomics, microbiome, and drug development of
novel therapeutics. Although comprehensive research on IBD has been enabled by advanced technologies, such as genetically
engineered models, there is a great need to develop relevant in vivo models of colitis and fibrosis. Here, we review 4 categories
of animal models of acute and chronic intestinal inflammation, fibrosis, and CAC: chemically induced, genetically engineered,
T cell transfer, and spontaneous gene mutation models. (Intest Res 2023;21:295-305)
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INTRODUCTION

Inflammatory bowel diseases (IBDs), including Crohn’s dis-
ease (CD) and ulcerative colitis (UC), are traditionally regard-
ed as diseases in Westernized nations affecting over 1.5 and 2
million people in the United States of America and Europe, re-
spectively."* However, at the turn of the 21st century, the epi-
demiology of IBD is changing worldwide, due to rapid socio-
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economic development.” Epidemiological reports suggest that
the incidence of IBD is rising rapidly in South America, Asia,
and Africa.' It has become a global economic concern in terms
of resource utilization and healthcare costs.” IBDs, symptom-
atically characterized by chronic diarrhea, abdominal pain,
gastrointestinal bleeding, and weight loss, are idiopathic chron-
ic and relapsing immunoinflammatory disorders of the gas-
trointestinal tract. Patients with IBDs show various disease
courses owing to chronic inflammation, resulting in fibrosis
and colitis-associated colon cancer (CAC).

The etiology of IBD remains unclear, although numerous
studies have attempted to reveal the factors underlying the
pathogenesis of IBDs over the last three decades when experi-
mental models of intestinal inflammation that resemble IBD
have become popular.”” However, the accumulation of epide-
miologic, genetic, and clinical studies in patients with IBD, as
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well as animal IBD models, suggests that a complex combina-
tion of causative factors such as genetic, environmental, mi-
crobial, and immunologic factors are related to the initiation
and perpetuation of intestinal inflammation.”” Owing to mul-
tifactorial etiology and heterogeneous phenotypic symptom-
atology, there is no single translatable experimental animal
model that entirely represents human IBD pathophysiology
and related complications, such as fibrosis and CAC. In addi-
tion, there is a need to develop relevant in vivo models of IBD
to translate the preclinical effects of novel drugs into clinical
treatment options.

Recently, numerous murine models of colitis have been de-
veloped and implemented. Each murine model has its strength
in unraveling the pathogenesis of colonic inflammation, fibro-
sis, or CAC. However, these models have limitations, such as a
self-limiting nature and marked variability in colitis develop-
ment. Therefore, it is imperative to select an appropriate ani-
mal model and standardize experimental design. In this re-
view, we provide an update on animal models of IBDs, high-
lighting each method in terms of acute/chronic colitis, intesti-
nal fibrosis, and CAC research.

CHEMICALLY-INDUCED MODELS

In 1957, an experimental colitis model was first devised using
crystalline egg albumin, which sensitizes rabbits with dilute
formalin." Since then, many other types of chemically-in-
duced colitis models have been developed, mainly in rats,
mimicking several key immunological and gut histopathologi-
cal features of human IBDs."" These models could be divided
into those that disrupt the gut mucosal/epithelial barrier and/
or that involve hapten-induced hypersensitivity reactions. In
addition to the types of models, each chemically-induced
model can be used to investigate intestinal fibrosis and inflam-
mation-associated carcinogenesis, as summarized in Table 1.
Advantages: The primary advantage of these models is the
ease of induction, reproducibility, rapidity, and capability of
using healthy wild-type mice as well as genetically engineered
mice. Thus, they have been widely adopted to identify the key
factors underlying intestinal inflammation and cytokines dys-
regulation. Moreover, compared with genetically engineered
models, these models can avoid developmental defects in lab-
oratory animals by genetic modification or high variability in
penetrance and severity of colitis between animals.
Limitations: Inducing self-limiting inflammation rather than
a chronic phase remains a limitation that cannot fully describe
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the complex pathogenesis of IBDs in humans. Several reports
attempted to overcome this limitation of the acute inflamma-
tory phase as modification of dosages and cycles allows even-
tual relapsing and chronic forms of intestinal inflammation

and fibrosis."*"

With the standardized experimental design,
careful selection among diverse chemically-induced models

are suggested to ensure translational value.

1. Disruption of Mucosal/Epithelial Barrier
1) DSS-Induced Murine Models for Acute and Chronic

Colitis
Dextran sulfate sodium (DSS) is a water-soluble chemical. The
colitogenic potential depends on its molecular mass, which
ranges from 5 to 1,400 kDa." Of note, 40 to 50 kDa is known as
the appropriate molecular weight for colitis induction. The
DSS solution is typically prepared on the administration day
with a magnetic stirrer to ensure complete dissolution, with
the DSS concentration varying between 3% and 5%. Before
administration of the DSS solution, the mice are weighed. Af-
ter administering the DSS solution via drinking water, re-
searchers should monitor the body weight, stool consistency,
hematochezia, and activity of the mice. The duration of DSS
administration can be determined according to body weight
and disease activity index (DAI) assessed by weight loss, stool
consistency, and hematochezia for colitis.

Oral administration of DSS causes chemical damage to the
epithelial monolayer of intestinal tissue, which affects the im-
mune response and causes mucosal barrier dysfunction. The
DSS-induced murine model exhibits human UC-like histopa-
thology mainly in distal colon segments, such as colon and
cecum shortening, erosions, ulcers, crypt loss, and neutrophil
infiltration, as well as weight loss, occult blood in feces, and
bloody diarrhea. Importantly, T and B cells are minimally re-
quired for the induction of intestinal inflammation in this
model, as shown in a study with strains characterized by the
absence of adaptive immunity, such as severe combined im-
munodeficiency and Rag”” mice."”"® Although the mechanism
differs substantially from that of colitis in human IBD, it is worth
analyzing the innate immune system in the development of
colitis and regeneration of injured gut epithelium.

Owing to its self-limiting properties, this model is appropri-
ate for revealing key cellular events and cytokines in acute
inflammatory settings. However, a chronic DSS colitis model
has been successfully established. Several studies have re-
vealed that oral administration of DSS via the drinking water
of BALB/c mice and Swiss—-Webster mice causes chronic coli-
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tis after multiple cycles of DSS."™" In addition, dysregulation
of T helper 1 (Th1)/T helper 2 (Th2) balance has been shown
over time in chronic DSS colitis."

2) A DSS-Induced Murine Model for Fibrosis

The DSS-induced fibrosis model could be driven by gut
wound-healing responses developed immediately after an
acute epithelial injury in the study with FVB-N wild-type mice
and C57BL6 procollagen o1(1)-GFP reporter mice.” Further-
more, inducing chronic inflammation with several cycles of
DSS reportedly triggers fibrosis.*' In certain strains, a substan-
tial amount of fibrosis has been observed. However, the rela-
tionship between the DSS-induced model and fibrosis in hu-
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man CD remains controversial. There is insufficient evidence
to suggest that chemical damage results in fibrotic complica-
tions in patients diagnosed with CD.

3) DSS with Chemical Carcinogens

Compared to the administration of DSS alone, colorectal can-
cer following colitis can be rapidly initiated by adding colon
carcinogens, such as heterocyclic amines, aromatic amines,
alkylnitrosamide compounds, 1,2-dimethylhydrazine, and
azoxymethane (AOM).”* Each compound has its own advan-
tages and limitations according to its effects on histogenesis,
cell proliferation kinetics, genetics, and environmental traits.
As one of the most commonly used colonic carcinogen, AOM

Table 1. Synopsis of Chemically-Induced Models in Aspects of Colitis, Fibrosis and Colitis-Associated Colon Cancer

Model Colitis Fibrosis Colitic cancer Reference
DSS induced + Most convenient and « Fibrosis could be driven by gut + DSS with azoxymethane is most 15-18, 20-23
reproducible model of colitis wound healing responses after widely used model inducing colitic
+ Acute and chronic colitis could epithelial injury in several murine  cancer due to its rapidity and high
be induced by adjusting dosage strains penetrance
and cycles of administration
Acetic acid induced - Primarily acute colitis is induced - Despite very low incidence rate, - There is no definite study revealing 24-26
by chemical injury and chronic fibrosis has been reported acetic acid as appropriate model for
colitis could be generated in inducing colitic cancer
dose and duration dependendent
manner
+ Mimicking some features of UC
with involvement of distal colon
Carrageenan + Acute and chronic colitis could -« Weak evidence of causing - Several studies demonstrate the 27-30
be induced resembling UC intestinal fibrosis association of colitic cancer
histopathologically + Applying to colitic cancer model is
difficult due to its length of time
Peroxynitrite « Intestinal transmural + Luminal narrowing and intestinal -« There is no definite report 12, 31
inflammation is accompanied stenosis were detected in one suggesting peroxynitrite as
by increment of nitric oxide and  study but further experiments appropriate model for developing
myeloperoxidase production are required to support this colitic cancer
model for intestinal fibrosis
TNBS induced + Colitis can be induced by + One of the most commonly - Several reports support that regular 32-35
haptenization in forms of acute ~ used animal model for studying ~ maintenance of TNBS could induce
and chronic inflammation intestinal fibrosis intestinal adenocarcinoma in mice
resembling human CD
« The susceptibility against TNBS
induced colitis depends on types
of transgenic mice
Oxazolone induced - Intrarectal administration cause  « Weak evidence of causing + Oxazolone-induced colitis model 13, 36, 37
severe colitis in distal half of the intestinal fibrosis has a limitation for investigating
colon which mimics human UC tumorigenesis due to its acute form
of inflammation
+ Colitic cancer was developed using
oxazolone-induced chronic model
with azoxymethane in BALB/c mice
DSS, dextran sulfate sodium; UC, ulcerative colitis; CD, Crohn's disease; TNBS, 2,4,6-trinitrobenzene sulfonic acid.
www.irjournal.org 297
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resembles human colorectal cancer in terms of histopatho-
logical and proteomic features, and frequent mutations in K-
Ras and B-catenin.”*’ Resulting in the rapid development of
intestinal tumors per mouse within 10 weeks, a combination
of DSS with AOM is practically suitable for the colitic cancer
model in IBDs.” Beyond dose dependency, sensitivities to the
DSS with AOM administration reportedly vary in different
murine strains. In a study of BALB/c, C3H/HeN, C57BL/6N,
and DBA/2N strains, BALB/c mice showed the highest tumor
frequency (100%) after a single AOM injection (10 mg/kg)
and 1% DSS for 4 days." In another investigation with weekly
injections of AOM (15 mg/kg), BDIX/OrlIco mice showed a
higher incidence (75%-100%) of tumor development com-
pared to F344/NHsd and WAG/Rij strains.”

4) Other Types of Mucosal-Disrupting Agents for
Inflammation and CAC

In addition to DSS, many other chemicals, such as acetic acid,
ethanol, carrageenan, and peroxynitrite, have been introduced
to IBD animal models with improved methodology. In 1978,
acetic acid was reported as a chemical substance that induces
colonic epithelial injury followed by inflammatory cell infiltra-
tion.*** Acute colitis was induced by chemical injury instilled
via the rectum. Notably, although it has a low incidence rate,
chronic inflammation and fibrosis can also be generated in a
dose- and time-dependent manner.”® Ethanol has been widely
used as a breaking mucosal barrier that enables the hapteniz-
ing agent to induce a hypersensitivity immune response. Car-
rageenan is a highly sulfated hydrophilic colloid that induces
acute and chronic colitis, characterized by mucosal ulceration,
gland distortion, and crypt abscess resembling human UC. Ac-
tivation of B-cell ymphoma 10 and nuclear factor kappa B sig-
nal transduction pathways and the involvement of Toll-like re-
ceptor 4, interleukin (IL)-6, and IL-8 have been shown in this

colitis model*"**

In addition, carrageenan could reduce certain
anti-inflammatory bacteria in a murine model.” Several re-
ports have demonstrated an association between degraded
carrageenan in the diet and colonic tumor occurrence. Howev-
er, these studies took a long time to generate colon tumors, ren-
dering this model difficult to utilize in experimental colitis

models**

Promoting lipid peroxidation and sulthydryl oxida-
tion, peroxynitrite experimentally causes transmural inflam-
mation and fibrosis. In a murine model, luminal narrowing and
intestinal stenosis were detected on days 7 and 21, respectively,

after enteral peroxynitrite administration.”
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2. Hapten-Induced Hypersensitivity Reaction
1) TNBS/DNBS in Ethanol for Inflammation, Fibrosis, and

CAC
2,4,6-Trinitrobenzene sulfonic acid (TNBS) and dinitroben-
zene sulfonic acid (DNBS) are contact-sensitizing agents that
cause T cell-mediated transmural colitis that resembles CD in
humans following the intrarectal administration of ethanol.
Once administered, ethanol primarily damages the intestinal
mucosa and allows TNBS and DNBS to penetrate the bowel
wall. Subsequently, the haptenization of colonic or microbio-
ta-derived proteins causes the generation of trinitrophenyl-
specific B cells and Thl -type responses. A single dose of rectal
administration results in an acute inflammatory reaction by
activating Th1-related cytokines. It has been reported that in-
filtration of inflammatory cells in colon tissue occurs within
2 hours. In addition, the delayed-type hypersensitivity reac-
tion can be driven by the second dose of TNBS approximately
6 days post-induction.” The concentration of TNBS varies
among reports, and the DAI and body weight should be mea-
sured daily. Generally, mice are euthanized after 3 days of rec-
tal enema based on weight and DAL

Weekly rectal enema of TNBS, which takes approximately
45 to 49 days, induces chronic colitis characterized by in-
creased IL-17 and I1L-23 levels.” The susceptibility toward TN-
BS-induced colitis significantly depends on the type of trans-
genic mice. It has been reported that SJL/J] and BALB/c mice
are susceptible to TNBS whereas C57BL/6 and 10 mice are
resistant.” Owing to the susceptibility, SJL/J strain has mainly
been used in the TNBS colitis model. It is also known that ad-
enocarcinoma can be induced by TNBS. CAC developed in
the group administered TNBS twice a week after induction.
Dysplasia and carcinoma were detected at 5 weeks.”

The TNBS-induced model is used most commonly for study-
ing intestinal fibrosis during the early or late course of the dis-
ease. Repetition and escalation of TNBS dosage over 6 weeks
could induce fibrosis in the chronic colitis model. Several stud-
ies have shown an increased amount of collagen in colon tis-
sue and architectural intestinal fibrosis by Masson’s trichrome
tissue staining in BALB/c mice. Transforming growth factor
(TGF)-B1 is regarded as a crucial factor that powerfully drives
fibrosis in the gut as well as in essentially all other organs.™ It
has been revealed that Th2 cytokines and IL-13-induced TGF-
B1 productions are predominantly increased in the late stage
of inflammation, whereas IL-12p70 and interferon-y concen-
trations increase in the early stage.” In addition, TNBS-in-
duced fibrogenesis is also nuclear factor kappa B activation-
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dependent.” The advantage of the TNBS model for studying
intestinal fibrosis is the ease of the experimental execution and
the presence of certain features of CD. However, this model
should be chosen carefully, considering the location of inflam-
mation and fibrosis that might be restricted in the distal colon
due to rectal administration of enema of TNBS and the poten-
tial for results variability among murine strains used.

2) Oxazolone in Ethanol

Oxazolone is a classical haptenating agent with a colitogenic
potential. It has been used to induce acute and chronic colitis
in murine models. Treatment with oxazolone on days 1 and 8
is the usual protocol for the acute colitis model, while admin-
istration on days 1, 6, 20, and 34 resulted in chronic colitis. Un-
like the TNBS/DNBS-induced colitis model, intrarectal ad-
ministration of ethanol causes severe colitis in the distal half of
the colon, mimicking human UC rather than CD. It has been
known that the C57BL/6 strain is resistant to oxazolone-in-
duced colitis while SJL/] and C57BL/10 mice are highly sus-
ceptible. Histologically, it is characterized by damage to the
mucosa and submucosa with mixed cell (neutrophil, macro-
phage, and lymphocyte) infiltration and has the feature of IL-
4-driven Th2-type colitis rather than IL-12-driven colitis.
Through lymphocyte activation and IL-9 production, the IL-
4R signaling pathway plays a key role in this model. In addi-
tion, the administration of anti-IL-4 agents prevents oxazo-
lone-induced colitis. Compared to TNBS, oxazolone also in-
duces a TGF-f response, limiting the extent and duration of
colitis.”® This model has a limitation in investigating tumori-
genesis due to its acute nature. However, CAC can be induced
in a chronic model using BALB/c mice.”

GENETICALLY ENGINEERED MODELS

In 1993, spontaneous colitis in knockout (KO) mice was dis-
covered, including IL-2 KO, IL-10 KO, and T cell receptor
(TCR) KO mice."” Contemporary gene mutation models that
induce colitis and/or ileitis spontaneously include over 60 dif-
ferent kinds of KO mouse models, as shown in Table 2. Several
types of genetically engineered models can be distinguished
by these precise methods and the extent of their influence.
The conventional model of KO mice is modified to lack a spe-
cific gene in all cell types, including all other organs, such as
the IL-10 KO model."” To overcome this limitation, technology
that allows modification of particular genotypes only in cells
of the targeted organ was invented in the 1990s and the 2000s,

www.irjournal.org
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Conventional KO Cell specific KO Inducible KO
Ahr KO (ROR+/-) C1galt1/C3Gnt KO AGR2 KO
ATF4 KO CD4-PDK1 KO C1galt1iKO
A20 KO CD4-TSC1 KO Enteric glia iKO
Bach2 KO CD4-Uhrf1 KO Epi-FASyn iKO
Cbl-b KO CD4-A, DAR1 KO SHIP iKO
Cgamma KO CD11-Cnb1 KO STAT3 iKO
CRF2-4 KO CX3CR1-IL10Ra KO TAK1 iKO
Gai2 KO DC-TGFR Il KO

GPX1/2 double KO DC-B8 KO

ILTRa KO epi-AP1B KO

IL2 KO epi-Casp8 KO

IL2Ra KO epi-C1galt1 KO

IL2RB KO epi-IKK1/IKK2 dKO

IL2 KO x B2-MG KO epi-IRE1a KO

IL10 KO epi-NEMO KO

Itch KO epi-PTPN11 KO

K8 KO epi-RBPJ KO

Len2/IL10 KO epi-RelA KO

Mdr1o KO epi-TAK1 KO

MHC class-II KO epi-XBP1 KO

Muc2 KO hema-CD51 KO

Nr2f6 KO IEC-Cosmc KO

Rhbdf2 KO M®-STAT3 KO

SHIP KO Teell-Blimp-1 KO

TCRa KO T cell-Pggt1b KO

TCRB KO Treg-GARP KO

TGFB KO Treg-IL10 KO

TLR5 KO Treg-Toet/GATA3 dKO

WASP KO Thumus-Atg5 KO

Ahr, aryl hydrocarbon receptor; AGR2, anterior gradient protein 2 homolog; AP1B,
adaptor protein 1B; ATF4, activating transcription factor; Bach2, broad complex-
tramtrack-bric a brac and Cap'n'collar homology 2; Blimp, B-lymphocyte-induced
maturation protein; Bach2, BTB domain and CNC homolog 2; C1galt1, core 1 syn-
thase, glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransferase 1; Casp8,
caspase 8; CD4, CD4 positive T cells; Cbl-b, Casitas B cell ymphoma b; CRF, cortico-
tropin-releasing factor; CX3CR1, CX3C motif chemokine receptor 1; DC, dendritic
cells; epi, epithelial cells; GATA3, GATA binding protein 3; GARP, glycoprotein-A
repetitions predominant protein; GPX1/2, glutathione peroxidases 1 and 2; IEC,
intraepithelial lymphocytes; IKK, | kappa B kinase; iKO, inducible knockout; IL, Inter-
leukin; IRE, inositol-requiring enzyme; ltch, itchy E3 ubiquitin protein ligase; KO,
knockout; Len2, lipocalin-2; Mg, macrophages; Mdr1e, multidrug resistance protein
1a;; MHC, major histocompatibility complex; Muc2, mucin 2; NEMO, NF-kappa-B
essential modulator; Nr2f6, nuclear receptor subfamily 2; group F, member 6; PDK1,
3-phosphoinositide-dependent protein kinase-1; Pggt1b, protein geranylgeranyl
transferase type 1 subunit beta; PTPN11, tyrosine-protein phosphatase non-receptor
type 11; Rhbdf2, rhomboid 5 homolog 2; ROR, RAR-related orphan receptor; SHIP,
SH-2 containing inositol 5' polyphosphatase; STAT, signal transducer and activator
of transcription; TAK1, transforming growth factor-beta-activated kinase 1; TCR, T
cell receptor; TGFB, transforming growth factor beta; TLR, Toll-like receptor; Treg,
regulatory T cell; TSC1, tuberous sclerosis complex 1; Uhrf1, ubiquitin-like, containing
PHD and RING finger domains, 1; WASP, Wiskott-Aldrich syndrome protein.
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referred to as cell-specific or conditional KO models. Using the
Cre-lox recombination system, it is possible to make a deletion
of genes and its inversion or complete inactivation. Further-
more, technologies such as reversibly controlling expression,
overexpressing by introducing genes of interest in all cells or
specific types of cells, and interfering with overexpressed non-
functional proteins with a target factor, have been developed.
In addition to selecting methods for genetically engineered
models, it is crucial to decide which genes to target. Genotypic
factors that influence epithelial barrier function, T and/or B-
cell regulation, and signal transduction for inflammation
should be selected appropriately for each IBD model.

Advantages: These novel technologies allow researchers to
analyze the genetic influence on the development of colitis that
mimics IBDs. Overexpression and deficiency of specific genes
in animal models could generate knowledge of particular func-
tions and mechanisms of interesting substances in intestinal
inflammation, fibrosis, and CAC. Moreover, examining patho-
genic or regulatory factors is also possible during the develop-
ment of chronic colitis in genetically confined murine models.

Limitations: Genetically engineered models cannot be a
complete surrogate for human IBD, which has diverse risk fac-
tors beyond the genetic background. In addition, considerable
variability in the development of intestinal inflammation can
exist between facilities because of different microbial environ-
ments. There is also the limitation of prolonged disease devel-
opment time compared with other animal models.

1. Genetically Engineered Models of Chronic Colitis

IL-10 is a regulatory cytokine that plays key roles in immuno-
suppression and inflammation. Deletion of the IL-10 gene
causes genetically engineered mice to spontaneously develop
intestinal inflammation after 3 months of age.49 In addition,
nonsteroidal anti-inflammatory drugs such as piroxicam and
sulindac have been recently used to accelerate and synchro-

nize the onset of colitis.*

Spontaneous and unremitting in-
flammation is driven by a Th1 T cell response that causes infil-
tration of lymphocytes, macrophages, and neutrophils in the
colon. It has been revealed that the enteric microbiome plays
a crucial role in immune system activation in IL-10 KO mice.
In several reports, mild colitis occurred under specific patho-
gen-free conditions, and colitis was not induced under germ-

free conditions.”"*

2. Genetically Engineered Models of Fibrosis
It has been reported that intestinal fibrosis could be induced
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in a model of IL-10 deficiency and overexpression of TGF-f31
and monocyte chemoattractant protein 1 (MCP-1). In the late
phase of colitis, the extracellular matrix accumulates in the
damaged intestine with profibrotic cytokine levels such as IL-
132 TGF-B1 is a key cytokine in the development of colon fi-
brosis in IBD. Bioactive TGF-f1 can be transferred by an ade-
noviral vector, which leads to the development of submucosal
fibrosis. Genetic ablation of TGF-B1 results in a fatal outcome
5 weeks after birth, suggesting that the TGF-B1-suppressing
method for anti-fibrogenesis seems to be dangerous. A mu-
rine model of TGF-B1 overexpression is valuable for studying
intestinal fibrosis. MCP-1 is a well-known cytokine that causes
fibrosis in other organs. In the colon targeting murine model,
intramural delivery of the adenoviral vector encoding murine
MCP-1 induced collagen accumulation and transmural in-
flammatory cell infiltration between days 3 and 21.™

3. Genetically Engineered Models of CAC

Several experiments have suggested that KO and transgenic
murine models can unveil the concepts and details of the
pathogenesis of chronic inflammation toward colon cancer.
Transfection with a dominant negative N-cadherin mutant
causes porous intestinal epithelial cells, resulting in chronic
colitis and neoplasia. Sadlack et al.” found that IL-10/B2-micro-
globulin double-KO mice develop intestinal carcinoma after
modest colitis with a long life span. In addition, deficiencies in
TCR-related genes can cause spontaneous chronic colitis,
dysplasia, and adenocarcinoma. It has been reported that
spontaneous adenocarcinoma of the large intestine develops
in the TCR-P chain and transformation-related protein 53

56,57

double-KO mouse strain.

T CELL TRANSFER MODEL

Numerous experimental studies have suggested that T cell-
dependent models of IBD may be more appropriate for hu-
man chronic colitis than self-limiting models of erosive colitis
because of the critical role of the dysregulated immune re-
sponse. In 1990, a novel method using a T cell transfer system
was introduced, contributing tremendous efforts to accumu-
*'While the onset and
severity of colitis are relatively variable in genetically engineered

late knowledge of regulatory T cells.

models such as IL-10 KO mouse model, the T cell transfer
model of chronic colitis could meet the need to precisely syn-
chronize the onset and severity of inflammation. Small and
large intestinal inflammation is induced after 5 to 10 weeks by
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transferring naive CD4" T cells (CD4"CD45RB™" T cells) into
syngeneic recipients that lack both T and B lymphocytes, such
as RAG1 KO, RAG2 KO, and severe combined immunodefi-
ciency mice.” In contrast, transferring mature CD4" T cells
(CD4"CD45RB"™ T cells) with or without naive CD4" T cells
into recipient mice could not induce colitis.”"* The T cell trans-
fer model of colitis is caused by Th1 responses related to inter-
feron-y and tumor necrosis factor o presenting as transmural
inflammation, crypt abscesses, epithelial cell hyperplasia, and
erosions. In addition to pathogenic CD4" T cells, CD3eTg26-
and hsp60-specific CD8 T cells have also been reported to
trigger colitis via adoptive transfer.”*'

Advantages: Adoptive T cell transfer animal model closely
reflects the pathophysiology of IBD, especially T cell migration
to the intestine. These models are capable of revealing the ear-
liest immunological mechanism and role of regulatory T cells
in the induction and perpetuation phases of colitis. Further-
more, the T cell transfer system has been used to demonstrate
the effects of pharmaceutical agents on induced fibrosis.”

Limitations: These models are relatively difficult to establish
because of their complex experimental process and time-con-
suming nature. Owing to the use of immunodeficient mice, in-
tegrated knowledge of the generation of colitis around com-
plex factors could not be obtained.

SPONTANEOUS GENE MUTATION MODELS

Without any genetically modifying intervention or exogenous
manipulation, few mouse strains exhibit spontaneous colitis
resembling human IBDs. The SAMP1/YitFc strain develops
spontaneous colitis at 10 to 20 weeks of age."**” Showing 100%
penetrance in all animals, mice aged 30 to 40 weeks typically
develop persistent severe ileitis. Characterized by affecting the
terminal ileum and segmental transmural inflammation, this
model resembles CD. Moreover, perianal fistula and intestinal
stricture formation were observed in some mice in this model.
Interestingly, it has been revealed that the SAMP1/YitFc strain
cannot generate colitis in germ-free conditions.” Due to the
low breeding rate and commercial unavailability of SAMP1/
YitFc mice, significant limitations persist for researchers to
perform large-scale experiments. In addition to the SAMP1/
YitFc mouse model of colitis, the C3H/HeJBir strain also de-
velops spontaneous colitis owing to the absence of Toll-like
receptor 4. Increased reaction of CD4" T cells and B cells to-
ward bacterial antigens results in transmural colitis at 3 to 4

weeks of age.”™
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BACTERIA-INDUCED MODELS

Considering the important role of the microbiome in the initi-
ation and perpetuation of chronic colitis in IL-10 KO murine
models, several studies have introduced animal models in-
fected with specific or complex microbiomes into novel ex-
periments. Injection of fecal suspension or selected bacteria,
such as Lactobacillus ssp., Enterobacter aerogenes, Streptococ-
cus viridans, Clostridium ramosum, Bacteroides fragilis, and
Bacteroides uniformis into the colonic wall of rats was per-
formed. Chronic colitis and intestinal fibrosis occurred in all
the groups, with increased amounts of collagen and high lev-
els of TGF-B1. Moreover, these models showed an increased
proportion of bowel strictures in infected rats.” Oral adminis-
tration of Salmonella enterica serovar Typhimurium after 24
hours of streptomycin treatment in mice resulted in edema,
ulceration, and even transmural intestinal inflammation. Fur-
thermore, fibrosis was observed after 7 days of infection with
deposition of type I collagen.” Those experiments provided
important insight and potential for investigation of the bacteri-
al contribution to IBD in aspects of chronic colitis and fibrosis.

SELECTION OF ANIMAL MODELS AND STUDY
DESIGN

Currently, several animal models of disease are available for
IBD research. It is quintessential to select the relevant mouse
model because each murine model has a different type of in-
testinal inflammation in the small and large bowels. However,
there are no standardized methods for selecting a single ap-
propriate model to obtain a reasonable answer to the scientific
question. Instead, some strategies can be suggested to deter-
mine a suitable model. It is inevitable to be concerned about
the costs and experimental facilities before making decisions
regarding particular animal models. For example, novel genet-
ic engineering techniques such as the Cre-lox recombination
system are comparably more expensive than experiments us-
ing chemicals. Moreover, preclinical studies utilizing germ-free
conditions require certified facilities and skilled researchers.
In affordable and available circumstances, it is recommended
to consider each characteristic of the individual model in
terms of anatomy, evoked nature, dominant pathological re-
sponse, and the ultimate purpose of the experiment and hy-
pothesis being tested. As CD and UC can affect ditferent ana-
tomical regions, such as the small intestine, colon, and rectum,
regional differences should be considered in selecting models.
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Acute colitis induced by chemicals such as acetic acid and ox-
azolone administered via the rectum results in inflammation
of the distal colon which is not suitable for studies on CD. In
addition, the acute or chronic nature of intestinal inflamma-
tion and prevalent pathological responses, such as innate or
adaptive immune responses, could be crucial factors to be
considered. Finally, a model that fits well with the ultimate
purpose must be carefully chosen, including studies of trans-
mural inflammation, fibrosis, and colitis-associated cancer.

CONCLUSION

With the development of experimental methods utilizing ani-
mal models, tremendous knowledge of IBD has been gained
in terms of pathogenesis, treatment, and prognosis. Neverthe-
less, it remains a challenge to translate preclinical results into
new drug development. Although intestinal fibrosis and ma-
lignancy are the main complications of IBD, pathogenic fac-
tors have not been fully revealed or used as therapeutic tar-
gets. Currently, the only available treatment for fibrostenotic
and malignant complications is surgery. To overcome these
issues, preclinical studies should be performed using relevant
animal models with appropriate designs. In addition, numer-
ous studies can be conducted, including genomics, transcrip-
tomics, proteomics, and the microbiome based on animal
models. Integration with emerging technologies such as or-
ganoids and humanized mouse models can help overcome
previous limitations of preclinical studies. In order to control
the inherent constraints of preclinical studies, it is also recom-
mended to design experimental studies in the combination of
animal research and human studies. These will lead to the de-
velopment of new therapeutic agents for fibrosis and preven-
tion of CAC, eventually helping improve clinical outcomes in
patients with IBD.
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