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Inflammatory bowel disease (IBD) is a complex condition resulting from environmental, microbial, 
immunologic, and genetic factors. With the advancement of Mendelian randomization research in 
IBD, we have gained new insights into the relationship between these factors and IBD. Many ani-
mal models of IBD have been developed using different methods, but few studies have attempted 
to model IBD by combining environmental factors and microbial factors. In this review, we exam-
ine how environmental factors and microbial factors affect the development and progression of 
IBD, and how they interact with each other and with the intestinal microbiota. We also summarize 
the current methods for creating animal models of IBD and compare their advantages and disad-
vantages. Based on the latest findings from Mendelian randomization studies on the role of envi-
ronmental factors in IBD, we discuss which environmental and microbial factors could be used to 
construct a more realistic and reliable IBD experimental model. We propose that animal models 
of IBD should consider both environmental and microbial factors to better mimic human IBD 
pathogenesis and to reveal the underlying mechanisms of IBD at the immune and genetic levels. 
We highlight the importance of environmental and microbial factors in IBD pathogenesis and of-
fer new perspectives and suggestions for improving experimental animal modeling. Our goal is 
to create a model that closely resembles the clinical picture of IBD. (Gut Liver 2024;18:370-390)

Key Words: Inflammatory bowel disease; Environmental factor; Microbiota; Gastrointestinal mi-
crobiome; Mendelian randomization analysis

INTRODUCTION

Inflammatory bowel disease (IBD), which includes 
Crohn's disease (CD) and ulcerative colitis (UC), is a 
global health problem with increasing incidence in recent 
years.1,2 Current researches suggest that IBD results from a 
complex interaction between environmental factors (such 
as diet, lifestyle habits, air pollution, additives, drugs, etc.), 
microbial factors (such as changes in intestinal microbiota 
composition, function and metabolites), immune system 
and gene expression, leading to intestinal inflammation.3-10 
However, the environmental factors and microbial factors 
are still uncertain to be the cause or result of IBD.

Animal models are widely used and useful tools for 
studying the pathogenesis of IBD. Researchers can ma-
nipulate environmental factors by controlling variables, 
microbial factors by fecal transplantation, immune mecha-
nisms by cell transfection, and genetic factors by gene en-
gineering in animal models. However, the animal models 
induced by dextran sulfate sodium (DSS) or trinitroben-
zenesulfonic acid (TNBS) only cause colonic epithelial 
barrier disruption and inflammatory injury that resembles 
colitis more than IBD, remaining a gap between the mod-
els with real human IBD environment.

Mendelian randomization is a method that uses natural 
experiments or instrumental variables based on genetic vari-
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ation, which can be of a great deal of help to determine the 
relationship between those risk factors and IBD, providing 
a reference for us to select environmental and microbial fac-
tors that can be incorporated into establishing animal mod-
els.11 It can help answer causal questions about how chang-
ing exposures can affect different outcomes. The method 
relies on the assumption that genetic variants only influence 
the outcome through the exposure, and avoids the bias of 
reverse causality and largely eliminates confounding.12,13

Aspired by Mendelian randomization, we propose that 
in order to create the more realistic and reliable animal 
models of IBD, we also consider both environmental and 
microbial factors, based on the existing evidence of their 
roles in IBD pathogenesis. A possible way to devise a 
model that mimics the actual human situation of IBD is to 
introduce several environmental and microecological risk 
factors in both the control and experimental groups.

In this review, we will summarize the current knowl-
edge on the roles and interactions of environmental and 
microbial factors in IBD pathogenesis. The current meth-
ods for creating animal models of IBD will be evaluated for 
their strengths and weaknesses. Our goal is to enhance our 
understanding of IBD by using animal models that closely 
resemble the actual condition of IBD (Fig. 1).

ENVIRONMENTAL RISK FACTORS IN IBD

1. Diet
1) Diet structure

Many studies have shown that a high-fat diet increases 
the inflammation of the intestinal epithelium.14-16 Among 
the different types of fatty acids, most unsaturated fatty 
acids have a protective effect against IBD, but n-6 poly-

unsaturated fatty acid, a kind of unsaturated fatty acid, 
increases the risk of UC.17,18 Studies showed that high-fat 
diet can increase the level of saturated fatty acids, which 
can alter the host bile acid composition and disturb the 
intestinal microbiota, leading to inflammatory injury in 
IBD-susceptible mouse models.19 Moreover, high-fat diet 
and antibiotics can have a synergistic effect on disrupting 
the intestinal microbiota and causing inflammation of the 
intestinal epithelium in mouse models.20

Another dietary component that is related to IBD is 
protein. Excessive intake of protein, especially animal 
protein (red meat), is a risk factor for IBD.21 This may be 
explained by the fact that meat contains high amounts of 
iron, sulfur-containing amino acids and fat, which can in-
duce inflammation of the intestinal epithelium in animal 
models.19,22-24 However, reducing animal protein intake in 
the diet does not seem to have a significant impact on the 
course and severity of CD.25

High-sugar diet, especially high fructose diet (HFrD), 
can also induce pro-inflammatory changes similar to IBD 
in mice.26 HFrD can increase the contact between intes-
tinal microbes and colonic mucosa by reducing colonic 
mucosal thickness and altering colonic mucus quality. 
HFrD can also affect the composition and metabolism of 
intestinal microbes, such as reducing beneficial symbiotic 
bacteria and microbes that express bile salt hydrolase, and 
increasing lumen-bound bile acids.27 In addition, fructose 
can directly impair the integrity of colonic cells by reduc-
ing the expression of tight junction proteins and increasing 
cell permeability.28

Dietary fiber can modulate the intestinal environment 
by providing substrates for microbial growth, allowing 
microbial species to utilize these substrates and expand 
their populations.29 Therefore, low dietary fiber intake may 
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risk factors
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micro-organisms

Immune dysfunction
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Poor living habits, diet, air pollution,
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frequently exposed to in their daily life
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Fig. 1.Fig. 1. Factors, including environ-
ment, intestinal microecology, 
genes, and immunity, involved in 
inflammatory bowel disease patho-
genesis.
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result in the loss of specific bacterial species in the diges-
tive system,30 which may contribute to the development of 
chronic inflammatory diseases such as IBD. In mice colo-
nized with human microbiota, low intake of microbiota 
accessible carbohydrates, a type of dietary fiber, led to a 
significant reduction in microbial diversity within three 
generations, and this effect was not reversed by restoring 
normal microbiota accessible carbohydrate intake.31

2) Microelements
Zn2+ deficiency impairs the integrity of the intestinal 

epithelial cell barrier and increases its osmotic pres-
sure, leading to intestinal epithelial injury in IBD.32,33 A 
population-based study found that patients with CD and 
UC had significantly lower levels of iron, selenium and 
manganese than healthy controls.34 In mice, Mn deficiency 
aggravated colitis induced by DSS, and Mn-deficient mice 
showed damage to intestinal tight junctions and increased 
intestinal permeability. Supplementing Mn improved the 
tolerance to colitis.35 Selenium deficiency was observed in 
30.9% of IBD patients.36 Selenium and selenoproteins are 
important for counteracting oxidative stress, dampening 
inflammatory signaling pathways and enhancing anti-in-
flammatory M2 macrophage numbers. Low selenium lev-
els may worsen the inflammation.37 Aluminum can induce 
intestinal inflammation through various mechanisms, such 
as triggering inflammatory response to bacteria, affecting 
epithelial cell renewal and claudin expression, disrupting 
the intestinal barrier and promoting granuloma forma-
tion. Oral aluminum exacerbated intestinal inflammation 
in mice induced by 2,4,6-TNBS or DSS, as well as chronic 
colitis in interleukin 10-deficient (IL-10-/-) mice.38 Vitamin 
D deficiency reduces the number and function of regula-
tory T cells, which increases the susceptibility to CD and 
aggravates its symptoms.39,40

3) Emulsifiers
Processed foods often contain synthetic emulsifiers 

that help mix oil and water. However, these substances 
can harm the gut by changing its bacterial composition.41 
For example, when researchers added polysorbate 80 to a 
model of human gut bacteria, they found that the diversity 
of bacteria decreased by half and the expression of genes 
related to bacterial adhesion and invasion increased.42 
These genes can trigger inflammation in the gut lining.

Another substance that can affect gut bacteria is car-
rageenan, which provides sulfur for bacteria that produce 
hydrogen sulfide (H2S), such as Bilophila wadsworthia. H2S 
can damage DNA and cause inflammation in the colon.14

Maltodextrin is another substance that can influence gut 
bacteria. It is a modified starch molecule that can increase 

the formation of Escherichia coli biofilms in mice.43 Bio-
films are sticky layers of bacteria that can attach to surfaces 
and resist antibiotics. People with CD, a type of IBD, have 
higher levels and activity of a gene that breaks down malt-
ose, a sugar related to maltodextrin, than healthy people.44

Some food additives and drugs contain nanoparticles, 
which are very small particles. In animal models, orally 
administered nanoparticles have been shown to accumu-
late in the intestinal epithelium, activate NOD-, LRR- and 
pyrin domain-containing protein 3 (NLRP3) inflamma-
some and increase intestinal inflammation.45

2. Air pollution
In mice models, short-term exposure to certain par-

ticles in the air will lead to increased intestinal osmotic 
pressure and hyperactive innate immune response; long-
term exposure to these particles will significantly increase 
the expression of inflammatory cytokines and change the 
composition of intestinal microbiota.46

There are different opinions on how various types of 
particles in the air affect IBD. Exposure to Ox in childhood 
will increase the risk of IBD;47 epidemiological evidence 
shows that CD incidence is high in areas with high NO2 
concentration in the air, and UC incidence is high in areas 
with high SO2 concentration in the air, suggesting that NO2 
and SO2 are involved in the inflammatory response process 
of CD and UC respectively.48 Exposure to air pollutants 
(PM2.5, O3, and CO) may increase the risk of IBD, and the 
most sensitive season is mainly in warm seasons, and the 
impact on CD is more obvious than on UC.49 PM10 is a 
highly complex mixture of elements and organic carbon, 
metals, sulfates, nitrates and organic pollutants. Short-term 
treatment with PM10 changed the expression of immune 
genes in wild-type mice, enhanced the secretion of pro-
inflammatory cytokines in the small intestine, increased 
intestinal permeability, and induced hyporesponsiveness 
of splenocytes. Long-term treatment of wild-type and IL-
10-/- mice increased the expression of pro-inflammatory 
cytokines in the colon and changed the concentration 
and composition of short-chain fatty acids (SCFAs). The 
disease of IL-10-/- mice increased, manifested as enhanced 
histological damage.46

The promotion or reduction of mucosal inflammation 
by H2S depends on its concentration. When H2S comes 
from endogenous metabolism, H2S can maintain the 
integrity of the mucus layer, but when intestinal micro-
organisms produce excessive H2S, H2S can inhibit colon 
epithelial cell proliferation by reducing mitochondrial ATP 
production, because it inhibits complex IV in mitochon-
drial respiratory chain, and interferes with various signal-
ing pathways in colon cells.50
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Many studies have shown that reactive oxygen species 
may play a pathogenic role in IBD.51 Exogenous sources, 
also known as exposures, include ultraviolet radiation, 
chemotherapy drugs, environmental toxins, ionizing ra-
diation, inflammatory cytokines, etc.52 And endogenous 
sources include mitochondria, lipoxygenase, NADPH 
oxidases, peroxisome, cytochrome p450, which have high 
oxygen consumption.53 Moderate production of reactive 
oxygen species is beneficial for humans.54 Excessive pro-
duction of reactive oxygen species induces oxidative dam-
age and disrupts homeostasis.55

3. Smoking
It has been reported that nicotine may modulate the 

pathogenesis of IBD by stimulating DNA damage in intes-
tinal cells, inducing microflora dysbiosis and increasing 
susceptibility to infection, enhancing the likelihood of 
epigenetic changes and modulating the intestinal immune 
response.56 For instance, noncoding microRNAs pathways 
may account for part of the epigenetic mechanism, where 
the upregulation of miR-124 is considered to have an im-
portant anti-inflammatory role.57,58 Smoking can alter the 
intestinal microecology to some degree. It is a risk factor 
for CD patients, but a protective factor for UC patients. 
Smoking cessation may result in an increased incidence 
of UC.3 A possible mechanism that could account for this 
phenomenon is that nicotine worsens Mycobacterium 
avium subspecies paratuberculosis infection in macro-
phages of CD patients, causing a shift to M1 polarization 
and excessive production of pro-inflammatory cytokines. 
On the other hand, in UC, nicotine activates cholinergic 
pathways via α7nAChR, causing a shift in macrophage po-
larization to M2 and an increase in IL-10, and conferring 
anti-inflammatory effects such as a reduction in the levels 
of pro-inflammatory cytokines such as IL-6, IL-12, and tu-
mor necrosis factor-α.59

4. Drugs
Some drugs can harm the gut by affecting its function 

or microbiota. For example, non-selective cyclooxygenase 
inhibitors in nonsteroidal anti-inflammatory drugs can re-
duce protective prostaglandins such as prostaglandin E and 
increase intestinal osmotic pressure and mucosal damage. 
Both short-term and long-term use of nonsteroidal anti-
inflammatory drugs increases the risk of IBD.3

Proton pump inhibitors, which reduce stomach acid 
production, also increase the risk of IBD and its subtypes 
when used for a long time.60

Antibiotics can change the diversity, richness, and 
evenness of intestinal microbiota in healthy people, mak-
ing them more susceptible to inflammatory damage.3,61 A 

meta-analysis showed that most antibiotics were associated 
with IBD, especially metronidazole and fluoroquinolones.62 
Triclosan and triclocarban, which are antibacterial chemi-
cals in many products, can worsen colitis in mice by alter-
ing intestinal microbiota.63

Oral contraceptive pills contain estrogen, which has 
anti-inflammatory and immune-mediated effects.64 How-
ever, oral contraceptive pills also increase the risk of IBD, 
especially CD and UC.65

5. Surgery
1) Tonsillectomy

Some surgical procedures can affect the risk of IBD by 
removing or altering parts of the body that are involved 
in immune function or microbiota. For example, tonsil-
lectomy, which removes the tonsils, may also influence 
the development of IBD by affecting immune function or 
microbiota. A meta-analysis showed that tonsillectomy 
was positively correlated with CD development, but no 
evidence was found that tonsillectomy had a protective ef-
fect on UC development.66

This can be explained by some known findings. First, 
CD4+FOXP3+ Treg cells constitute an important T cell 
compartment in palatine and lingual tonsils,67 CD4+CD25+ 
Treg cells play a key role in maintaining tolerance by inhib-
iting activation and proliferation of autoreactive T cells.68 
Powrie et al.69 demonstrated that transfer of CD4+CD25+ 
Treg cells could prevent the development of IBD and even 
reverse established gastrointestinal inflammation in IBD 
animal models. Therefore, tonsillectomy involving deple-
tion of tonsillar Treg cells may play a role in CD develop-
ment. Second, tonsillectomy may alter gut microbiota in 
CD development by affecting bacterial invasion or coloni-
zation in the gut. It is also possible that tonsillectomy af-
fects IBD development by acting as a surrogate marker for 
hygiene conditions or antibiotic use.66

2) Appendicectomy
Appendectomy has a complex and inconsistent relation-

ship with IBD. A meta-analysis showed that appendectomy 
increased the risk of CD by 61%, but this risk declined to 
baseline levels after 5 years or more,70 it can even become 
a protective factor of IBD after this long time.71 However, 
some studies suggested that appendectomy for appendi-
citis had a protective effect against UC, especially in pa-
tients under 20 years old.72-74 A study in Asian populations 
showed that appendectomy increased the incidence and 
risk of both CD and UC, regardless of appendicitis.75 The 
appendix may act as a reservoir of gut bacteria that regulate 
immune response to host microbiota.76 It may also serve as 
a biofilm inoculant for commensal microbiota in the prox-
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imal colon and terminal ileum. The appendix can balance 
pro-inflammatory and anti-inflammatory responses in the 
gut and maintain homeostasis.77 More research is needed 
to determine whether changes in appendix or surrounding 
gut microbiota or related immune responses are involved 
in mediating these risks.

A mouse model of appendectomy after appendicitis was 
proposed by Cheluvappa78 as a unique experimental model 
to study the effects of appendectomy on colitis. This model 
showed that appendectomy protected mice from experi-
mental colitis in a way that depended on their age, bacteria, 
and antigen exposure. Appendectomy reduced T helper 
cell 17 (Th17) cell activity, autophagy, interferon activity 
and endothelin-vascular activity in the colon, which are 
all involved in inflammation and immune response. These 
changes reduced colitis pathology in the mice.79-81

GUT MICROORGANISMS IN IBD

1. Composition and function of normal intestinal 
microorganisms
The disruption of the gut microbiome is associated 

with various diseases, such as IBD, colorectal cancer and 
metabolic disorders. The most abundant bacteria in the 
human gut microbiome are Firmicutes and Bacteroidales, 
while the less abundant ones vary greatly among different 
individuals. The ratio of Firmicutes and Bacteroidales is 
abnormal in many diseases. The main functions of the gut 
microbiome include digestion and absorption of nutrients, 
regulation of host metabolism, immune system develop-
ment and function, prevention of pathogens, and gut-brain 
axis modulation.7,82

Fungi account for about 0.1% of the total microbes and 
can survive on any mucosal surface of the human body. 
There are about 160 species of fungi in the human body, 
among which Candida species dominate, such as Candida 
albicans, Candida glabrata, and Candida parapsilosis . 
Fungi can be affected by environmental factors, mainly 
diet, especially carbohydrate (sugar) intake, and long-term 
antibiotic use can induce fungal infection. Fungal abnor-
malities can induce IBD. The body has a specific anti-fun-
gal cell wall immune response such as Toll-like receptors, 
complement system, and so on. These immune functions 
are abnormally activated and cause damage to the intesti-
nal epithelium, leading to the occurrence and development 
of IBD.83-85

Viruses (mostly phages) infect bacteria in the gut and 
integrate their genetic material into the bacterial genome 
or exist as extrachromosomal plasmids, thus participating 
in the formation and regulation of the gut microbiome. 

Due to the strong evolutionary ability of viruses, there is a 
large difference in the gut viral community among individ-
uals, but the difference in the viral community at different 
times within the same individual is small, indicating that 
it has a certain stability. The human gut viral community 
may also be regulated by environmental factors such as 
diet, similar to other gut microbial communities.83,86,87

There are quite complex interactions between the mi-
crobial communities of bacteria, archaea, parasites, viruses 
and fungi in the gastrointestinal tract and health or disease 
states. The relationship network contained therein still 
needs researchers to further explore and understand.

2. The disorders of intestinal bacteria in IBD
The gut microbiome of IBD patients has abnormal 

changes, and the resilience of the gut microbiome of IBD 
patients is significantly reduced.88 The changes can be di-
vided into three aspects: changes in the composition of gut 
microbes (including microbial abundance and diversity), 
changes in the function of gut microbes and changes in the 
metabolites of gut microbes.

Common changes in microbial abundance associated 
with IBD include an increase in facultative anaerobes such 
as E. coli and a decrease in obligate anaerobic SCFA pro-
ducers. Other changes may not have individual differences 
and are not common in all IBD patients.

Increased abundance of pathogens includes Enterobac-
teriaceae, Pasteurellaceae, Veillonellaceae, Proteobacteria, 
Fusobacteriaceae, Bifidobacterium bifidum, and Lactoba-
cillus lactis in both UC and CD, whereas Bacteroides fragi-
lis in CD patients.

Decreased abundance of probiotics include Firmicutes, 
Clostridiales (especially clusters IV and XIV disappear al-
most completely), Erysipelotrichales, butyrate-producing 
bacteria, Lachnospiraceae and Ruminococcaceae in CD, 
Bacteroidales in UC. In CD patients, beneficial bacteria 
Faecalibacterium prausnitzii and Roseburia intestinalis are 
significantly reduced.5,89-91

Blautia, Ruminococcus are key bacterial groups in CD 
and UC.5 Blautia is a symbiotic obligate anaerobe that plays 
an important role in maintaining intestinal ecological bal-
ance and preventing inflammation by upregulating regula-
tory T cells in the gut and producing SCFAs.92

Ruminococcus can degrade and convert complex poly-
saccharides into SCFAs and other nutrients for their hosts. 
In CD, Ruminococcus synthesizes and secretes a complex 
polysaccharide glucorhamnan with a rhamnose backbone 
and glucose side chains, which can effectively induce den-
dritic cells to secrete inflammatory cytokine tumor necro-
sis factor-α.93 Faecalibacterium is a genus of anaerobic bac-
teria that belongs to the family Ruminococcaceae, which is 
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one of the important producers of butyrate, which has anti-
inflammatory effects, maintains the activity of bacterial 
enzymes, and protects the digestive system from intestinal 
pathogens.94

Compared with healthy individuals, the gut microbial 
diversity of IBD patients is lower. The imbalance of gut mi-
crobes causes damage to intestinal epithelial cells, increases 
intestinal permeability and disrupts mucosal integrity. 
However, it is not clear whether the decrease in gut micro-
bial diversity is a cause or a consequence of IBD.95,96

The functional disorder of the gut microbiome in IBD 
patients will cause a series of reactive changes in the body, 
mainly including the reduction of SCFAs and amino acids 
synthesized by microbes, increased oxygen consumption, 
increased sulfate transport, and malnutrition.

Among them, SCFAs are an important energy source 
for intestinal epithelial cells and can activate signaling cas-
cades that control immune function through cell surface 
G protein-coupled receptors such as GPR41, GPR43 and 
GPR109A. They can protect the integrity of the gastro-
intestinal mucosa. After the function of the microbiome 
changes, the SCFAs synthesized by the microbes decrease, 
leading to impaired intestinal mucosal protection mecha-
nism and abnormal immune function. These changes are 
strongly correlated with IBD.97,98

The functional disorder of the gut microbiome is also 
related to the expression of some specific genes, which 
increases the susceptibility to IBD. Many genes associated 
with IBD are related to immune function, especially the 

interaction between the immune system and microbes,99,100 
such as nucleotide oligomerization domain 2 (NOD2), au-
tophagy-related 16-like 1 (ATG16L1), caspase recruitment 
domain-containing protein 9 (CARD9), and C-type lectin 
domain family 7 member A (CLEC7A).5

Among them, NOD2 expressed in intestinal epithelial 
cells is involved in expressing a defense factor against in-
tracellular bacteria that can promote immune response to 
common pathogenic microbes. In NOD2-deficient mouse 
models, their microbiome changes and their ability to 
maintain stability decreases, and their susceptibility to coli-
tis increases.101

The metabolites of feces, serum or mucosa in IBD pa-
tients are different from those in healthy populations.102,103 
Ileal CD is associated with increased tryptophan, bile acids 
and unsaturated fatty acids.104,105 The levels of taurine and 
cadaverine in UC patients are increased, and the changes 
in levels of carnitine, ribose and choline are related to in-
flammation levels.106

3. The role of intestinal microbiome in IBD
In summary, gut microbes play an indispensable role in 

the occurrence and development of IBD. After the original 
balance of the gut microbiome is disrupted, it will lead to 
impaired intestinal mucosal protection mechanism, chang-
es in the expression of specific genes (regulating inflam-
mation-related genes), immune dysfunction (inhibition of 
inflammatory system function weakened, inflammatory 
response enhanced). These changes will increase the level 

Environment

Microbiome

Immune
response

Genetics

Fig. 2.Fig. 2. The relationship between in-
flammatory bowel disease (IBD) and 
environment, genes, immune re-
sponse, and intestinal microecology. 
Microbial factors interact with the 
environment, immune system and 
genes to participate in the patho-
genesis of IBD. Therefore, when 
establishing the IBD animal model, 
we can change the intestinal flora by 
certain means, so that the intestinal 
microecology of the animal model is 
in a state of disorder, to better simu-
late the IBD of humans.
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of inflammation in the intestine, aggravate inflammatory 
damage to the intestinal epithelium, and further lead to 
disease occurrence and development. In the future, the ap-
plicability and efficacy of microbial community changes 
for IBD treatment still need further research, and using our 
designed environmental factors combined with microbial 
factors modeling method may facilitate this direction of 
research (Fig. 2).

THE INTERACTION BETWEEN 
ENVIRONMENTAL FACTORS AND 
INTESTINAL MICROORGANISMS

1. Environmental factors can trigger the changes in 
gut microorganisms
Understanding the complex interactions among en-

vironmental factors, gut microbiota and IBD can help us 
prevent and treat IBD based on adjusting environmental 
factors. Meanwhile, we can explore and optimize the meth-
ods of modeling IBD mice based on the synergistic effects 
of environmental factors on microbiota. Table 1 summa-
rizes the effects of some environmental factors with strong 
evidence on gut microbiota.

An increase in dietary fructose content can lead to 
changes in various bacterial populations, including the 
expansion of mucin-degrading Akkermansia muciniphila.  
A. muciniphila is a known mucin-degrading bacterium 
that is associated with colitis.107,108 In vitro experiments 
found that fructose can directly inhibit the growth of Lac-
tobacillus johnsonii and Bifidobacterium pseudolongum, 
which is parallel to the decrease in bile salt hydrolase 
expression, and fecal-bound bile acids levels increased sig-
nificantly after HFrD feeding. Bile acids have been shown 
to have adverse effects on barrier function both in vivo 
and in vitro.109 Experiments showed that HFrD aggravated 
colitis in IL-10-/- mic.27

In mice fed with a high casein diet, the relative abun-
dance of Bacteroidetes increased and Firmicutes decreased. 
The study found that casein reduction was associated with 
increased gene expression involved in cell adhesion, such 
as AOCS3, LAMC1, KRT17, and DES, as well as genes 
related to actin cytoskeleton and intermediate filament or-
ganization. High casein diet mice had reduced expression 
of cell adhesion genes, increased microbiota-dependent 
intestinal permeability, which was related to increased mi-
crobial density, reduced microbial diversity and reduced 
intestinal barrier function.110

In an analysis of pre-IBD patients and healthy controls, 
it was found that a high-fat diet combined with antibiotic 
use increased the risk of pre-IBD by 8.6 times, suggesting 
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that individuals who consume a high-fat diet and have a 
history of antibiotic use are more likely to develop pre-
IBD. Using animal models, it was shown that mice exposed 
to pre-IBD risk factors, namely having a history of antibi-
otic treatment and being fed a high-fat diet, had increased 
levels of fecal calprotectin and an expansion of E. coli in 
their gut microbiota. Moreover, the mice in the high-fat 
diet group excreted significantly more fecal E. coli than the 
mice in the low-fat diet group.20

In a study of UC patients, compared with baseline, LFD 
(low-fat diet, high dietary fiber) resulted in a significant 
increase in Bacteroides and a significant decrease in Ac-
tinobacteria, indicating that dysbiosis was improved after 
LFD. LFD was given to patients in the baseline group and 
iSAD (improve standard American diet, although high di-
etary fiber was added, it was still a high-fat diet) group re-
spectively. After LFD, F. prausnitzii increased significantly 
compared with iSAD. Compared with baseline, Prevotella 
increased significantly.111 LFD increased clostridial clusters 
containing major acetate producers, and the composition 
of microbiota was also significantly correlated with acetate. 
Microbiota metabolized tryptophan to indole metabolites, 
which acted as ligands for aryl hydrocarbon receptor and 
exerted protective and anti-inflammatory effects through 
IL-22.102 This indicates that low-fat diet can reduce in-
flammatory markers, correct intestinal microecological 
disorder to some extent, and improve symptoms of IBD 
patients.

Short-term consumption of a diet composed entirely 
of animal or plant products can change the structure of 
microbial communities and offset individual differences in 
microbial gene expression. Animal-based diets increased 
the abundance of bile-tolerant microorganisms (Bilophila, 
Bacteroides,  and Alistipes), and reduced the levels of 
Firmicutes that metabolize dietary plant polysaccharides 
(Roseburia, Eubacterium rectale, and Ruminococcus bro-
mii).112 In contrast, plant-based diets led to an increase in 
Firmicutes numbers. The most increased bacterium in 
animal-based diets was B. wadsworthia, which is a sulfate-
reducing bacterium whose H2S production is thought to 
induce intestinal tissue inflammatory response and is as-
sociated with IBD.19

Maltodextrin exposure impaired intestinal epithelial 
cells and macrophages' ability to clear Salmonella. Malto-
dextrin exposure enhanced intracellular survival and 
mucosal colonization by inhibiting host antimicrobial re-
sponses, leading to the formation of new protective niches 
for Salmonella.43 These results suggest that consumption 
of processed foods containing polysaccharides may lead 
to an increased risk of intestinal infection, which may be 
an environmental trigger for the development of chronic 

inflammatory diseases such as IBD.113

Oral polychlorinated biphenyls (PCBs) exposure sig-
nificantly altered the abundance of gut microbiota in mice, 
mainly by reducing the level of Proteobacteria. 114 The 
changes in gut microbiota are likely to be a novel mecha-
nism leading to immunological changes that are a response 
to exposure to PCBs. In addition, the changes in gut mi-
crobiota can affect the disruption of intestinal barrier and 
the translocation of lipopolysaccharide to the bloodstream 
caused by PCBs.115

Although the gut microbiota stabilized after treat-
ment with ciprofloxacin, it still changed compared to the 
undisturbed original form. This was due to the fact that 
Bacteroides dorei, A. muciniphila, and several Roseburia 
species could not recover.116 Another study showed that 
using clindamycin for 7 days resulted in a loss of diversity 
of Bacteroidetes. Even after 2 years of treatment, this situa-
tion did not recover.117 It is not clear whether the observed 
effects on gut microbiota are the result of direct action of 
antibiotics or secondary effects (such as changes in physi-
cochemical parameters or immune response modulation 
in the gut). It is also possible that the resilience of micro-
biota affects the response to antibiotic treatment. However, 
the exact mechanism of how antibiotic-induced stress 
perturbations of gut microbial communities translate into 
complex disease etiology remains to be studied.88

Feeding mice with PM10-containing mouse feed re-
duced the number of Bifidobacteria in their feces, which 
have a known role in maintaining host intestinal barrier 
and regulating mucosal immune system.118 PM10 exposure 
also increased serum lipopolysaccharide levels, leading to 
an increased proportion of intestinal microbial transloca-
tion. The disruption of intestinal barrier may be due to 
PM10 directly stimulating the immunoreactivity of basal 
macrophages. Therefore, early exposure to PM10 pollutants 
in the air can lead to premature occurrence of intestinal 
mucosal inflammation in genetically susceptible hosts and 
reduced bacterial clearance rate.119

The mechanism of smoking-related changes in microbi-
ota is not clear. A study of active CD patients showed that 
smokers had a higher abundance of Bacteroides-Prevotella 
than non-smokers.120 On the other hand, smoking cessa-
tion led to an increase in Firmicutes (Clostridium coccoi-
des, E. rectale, and Clostridium leptum), Actinobacteria 
(Propionibacteriaceae and Bifidobacteria), and a decrease 
in Bacteroidetes  (Prevotella  and Bacteroides).121 Some 
studies have shown that Bacteroides strains induce CD4 T 
cell-mediated colitis in animal models.122 And in humans, 
IL-12-positive intestinal dendritic cells are more often co-
existing with CD patients with higher Bacteroides.123

The appendix plays an important role in regulating gut 
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microbiota and mucosal immunity. The intestinal bacterial 
composition of samples from appendectomy (HwA) was 
less diverse than that from non-appendectomy (HwoA) 
samples. The abundance of Escherichia-Shigella, Veillon-
ella, Klebsiella, Megasphaera, Flavonifractor, Ruminococ-
cus gnavus, and Streptococcus in HwA subgroup was sig-
nificantly higher than that in HwoA group, and there was 
a trend of recovery towards HwoA with time after surgery. 
The abundance of Roseburia, Barnesiella, Butyricicoccus, 
Odoribacter, and Butyricimonas species was lower, most of 
which were SCFA-producing microorganisms. Over time 
after surgery, Roseburia, Butyricicoccus, Odoribacter and 
Butyricimonas became more abundant. The abundance-
related network in appendectomy samples showed more 
complex fungal-fungal and fungal-bacterial community 
interactions, and the effect on fecal fungal community was 
more obvious and lasting than that on bacteria.124

2. Gut microorganisms can alter the environmental 
microbes
A systematic review of environmental hygiene and IBD 

risk factors found that people who grew up in hygienic 
environments had a higher risk of IBD, such as Western 
horse-raising families. The bacteria in horse manure in-
creased the microbial diversity in the air, and children may 
enter the gut through breathing or fecal-oral route, thus 
playing a protective role and not prone to IBD.125,126

Being in some relatively unclean sanitary conditions, 
such as keeping pets, contacting farming environment, 
sharing bedrooms, having siblings, etc., can reduce the risk 
of IBD. This may also be related to the increased microbial 
diversity in the air leading to better establishment of intes-
tinal microecology.125 For example, prenatal or postnatal 
exposure to agricultural environment may be related to 
bacterial colonization, such as Acinetobacter lwoffii and 
Lactococcus lactis, which in turn can affect Th1-mediated 
immune response.127 Exposure to household dust pro-
duced by domestic dogs can increase the abundance of L. 
johnsonii, leading to reduced production of Th2-mediated 
cytokines, reduced activated T cells and reduced immune 
damage.128

APPLICATION OF ENVIRONMENTAL 
AND MICROBIAL FACTORS IN THE 

ESTABLISHMENT OF IBD ANIMAL MODELS

1. Mainstream molding methods
Currently, animal models for studying IBD are mainly 

divided into five categories: chemically induced models, 
cell transfer models, spontaneous models, congenital 

(spontaneous gene mutation) models and genetically en-
gineered models. Since no model can fully reflect human 
IBD, and each type of model has its own advantages and 
disadvantages, a suitable modeling method is usually cho-
sen according to the research purpose. Below we discuss 
some of the mainstream modeling methods in research.

1) Chemically induced models
DSS-induced colitis is currently the most widely used 

mouse colitis experimental model, established by admin-
istering molecular weight 40-50 kDa DSS in drinking 
water.129 However, when evaluating the therapeutic effect 
of some candidate drugs on IBD using the DSS model, the 
following issues need to be considered:130 inconsistent DSS 
doses (1% to 5%) and treatment times (3 to 7 days) in dif-
ferent protocols affect the severity of inflammation, and 
genetic background is a key factor determining mouse sus-
ceptibility to DSS colitis,131 which may interact with each 
other when used for modeling.

TNBS-induced colitis is obtained by intrarectal injec-
tion of a mixture of ethanol and 2,4,6- TNBS, similar to 
chronic CD.132 New therapies targeting IL-12 and IL-23 
have been translated from TNBS mouse experiments into 
successful human trials, demonstrating the clinical impor-
tance of this model.133 This model has also been shown to 
help understand the mechanisms by which gene mutations 
may cause IBD, a good example being the exploration of 
NOD2-deficient mice.134 At the same time, this model 
is suitable for exploring possible mechanisms by which 
host intestinal microbiota interactions affect human dis-
eases.135,136 However, TNBS batches, TNBS doses, mouse 
strains and microbial status of animal facilities can all af-
fect intestinal inflammation activity and thus lead to differ-
ences in response.137

Oxazolone colitis is caused by intrarectal injection of 
a mixture of oxazolone (4-ethoxymethylene-2-phenyl-
2-oxazoline-5-one) and ethanol, and distal colonic inflam-
mation is very similar to UC and can be used as a model 
for human UC.138 This model reveals the role of type 2 
immune responses.139 However, clinical trials of new thera-
pies targeting IL-13 derived from the oxazolone colitis 
model were not significant.140,141 The construction of acute 
disease models has problems such as rapid weight loss 
and high mortality in mice. In addition, administration of 
lower doses of oxazolone results in a biphasic inflamma-
tory response characterized by rapid death in most mice 
and selective survival in a few mice with mild, transient 
disease.138

2) Cell transfer models
Transfer of mouse CD45RBhighCD4+T cells from healthy 
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donors to severe combined immunodeficiency mice induc-
es transmembrane colitis by adoption.130 One advantage of 
this model is that it allows examination of early immune 
events associated with intestinal inflammation, including 
regulatory T cell responses.138 The role of IL-17 and IL-23 
in IBD has also been well demonstrated in the CD45RB 
model.142,143 However, human severe combined immuno-
deficiency patients have a low incidence of IBD,144 and this 
model does not accurately simulate the factors that affect 
CD development and progression in research.

3) Spontaneous models
IL-10-deficient mice develop spontaneous small intesti-

nal colitis characterized by progressive cellular infiltration 
in the cecum, colon, rectum and small intestine, with high 
incidence of transmural lesions and colorectal adenocar-
cinoma observed in 6-month-old mice. Many very early-
onset IBD children have IL-10 and/or IL-10R mutations, 
so they are important for studying pediatric IBD.145,146 
Intestinal microbiota plays a major role in this colitis. In 
fact, many microbiological studies, such as probiotics, have 
been using IL-10 deficient mice for research.130 But IBD 
patients are not always deficient in IL-10 and may not ben-
efit from IL-10 treatment.147

2. Usage of environment factors in animal models
Based on Mendelian randomization studies on the rela-

tionship between environmental factors and CD and UC, 
it was found that smoking was positively associated with 
CD, but not with UC risk.148 However, several studies failed 
to demonstrate a significant association between smoking 
characteristics (such as initiation/cessation and intensity) 
and UC or CD risk.149,150 In a study on a wide range of 

modifiable factors for IBD, it was pointed out that smok-
ing was associated with increased UC risk, while vegetable 
fruit intake, appendectomy, high vitamin D levels and 
other factors were protective factors for UC. Antibiotic ex-
posure, appendectomy were associated with increased CD 
risk, while vegetable fruit intake, blood zinc levels, high vi-
tamin D levels and other factors were protective factors for 
CD.151 Another study on the potential causal relationship 
between food and IBD risk found that high intake of poul-
try and cereals had a significant causal relationship with 
CD, while high oily fish intake levels were found to have a 
statistically significant association with UC risk.152

We summarized the environmental factors that can be 
used to improve IBD experimental animal models (Table 
2), mainly including dietary patterns, gas particles and oth-
er aspects, which have been shown to have a more definite 
relationship with IBD onset in clinical observations and 
have been studied more in depth, and the main effects on 
the host are also clearer. Among them, those factors that 
remain relevant to the risk of IBD after screening by Men-
delian randomization studies are listed as recommended 
factors.

3. Usage of microbial factors in animal models
Thanks to the development of deep sequencing tech-

nology for the variable regions of bacterial 16S ribosomal 
RNA genes, we have gained a deeper understanding of the 
complex intestinal bacterial ecology.

The fecal extracts of IBD patients or intestinal micro-
biota transplanted directly into animal models can induce 
inflammatory responses similar to IBD in animal models. 
Infusion of fecal extracts from UC patients into mouse 
colon can cause colonic inflammation, characterized by 

Table 2.Table 2. Environmental Factors That Can Be Used to Improve Experimental Models of IBD

Environmental factor Effect

Low dietary fiber diet* Loss of specific bacterial species and significant reduction in microbial diversity
Deficiency of zinc* Reduced intestinal barrier function, elevated osmotic pressure, and induced intestinal epithelial damage
Deficiency of vitamin D* Reduces the number and function of regulatory T cells
Smoke exposure* Affects the integrity of the intestinal mucosal barrier, mediates oxidative stress, and has pro-inflammatory effects
High-fat diet Disturbed intestinal microecology induces inflammatory damage in a mouse model of genetically susceptible IBD
High sugar diet Reduction of protective commensal and bile salt hydrolase expressing microorganisms, increase of lumen bound 

bile acids, disruption of barrier function, pro-inflammatory effects and aggravation of colitis in IL-10-/- mice
High casein diet Increased intestinal permeability, increased microbial density, decreased diversity, and reduced intestinal barrier 

function
Oral aluminum Mediates intestinal inflammation and facilitates the formation of granulomas
PM10 Enhances secretion of pro-inflammatory cytokines in the small intestine, increases intestinal permeability, and 

induces splenocyte hyporesponsiveness
High concentration of H2S Inhibits the proliferation of colonic epithelial cells
Excessive ROS Induces oxidative damage and disrupts endostasis

IBD, inflammatory bowel disease; IL, interleukin; PM10, particulate matter 10 μm or less in diameter; H2S, hydrogen sulfide; ROS, reactive oxygen 
species.
*Factors recommended by Mendelian randomization.
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pathological changes such as intestinal epithelial cell dam-
age, inflammatory cell infiltration and increased mucus 
production.153 Transplantation of intestinal microbiota 
from CD patients into mice can also result in inflamma-
tory responses similar to CD in mouse intestine.154 When 
germ-free mice were transplanted with fecal microbiota 
from IBD patients, they activated host Th17 responses, 
manifested by increased numbers of Th17 cells in the in-
testine, decreased numbers of RORγt+ Treg cells, leading 
to exacerbation of IBD severity and worsening of disease 
status.155 In addition, using antibiotic-altered microbiota 
transplanted into germ-free Nod2−/− mouse model, it led to 
more severe DSS-induced colitis.101

These studies all illustrate that changing the abundance 
of certain specific bacterial species by microbial transplan-
tation are likely to bring practicable modeling effects, and 
we can further improve the animal model of IBD based on 
the study of pathogenic mechanisms of microbial factors.

However, the intestinal microbiota of IBD patients vary 
widely and are often not universal. It is unclear whether the 
changes in each bacterial group are causes or consequences 
of IBD. Using microbial factors to model rashly may result 

in poor model performance due to reverse causality errors. 
Therefore, the results of Mendelian randomization stud-
ies are very meaningful. Mendelian randomization studies 
indicate the increase of Ruminococcus and Enterobacte-
riaceae are associated with a higher risk of IBD.156,157 Com-
bined with the findings of other studies, R. gnavus and two 
strains under Enterobacteriaceae can be recommended for 
inclusion in animal model construction.

We have compiled a list of "microbial factors recom-
mended for use in experimental animal models" (Table 3), 
paying extra attention to the effects of direct inoculation of 
bacteria into the intestine. That is, it can cause enhanced 
inflammatory response, increased disease susceptibility, 
altered osmotic pressure, and other IBD risk factors in 
the model.5,158-160 Among them, those factors that remain 
relevant to the risk of IBD after screening by Mendelian 
randomization studies are listed as recommended factors.

Table 3.Table 3. Microbial Factors That Can Be Used to Improve Experimental Models of Inflammatory Bowel Disease

Microbial factors Effects

Clostridium difficile (genera) Increased epithelial permeability and luminal fluid accumulation
Causes intestinal epithelial cell death
Induces IL-8, TNF-α, IL-1 and IL-6 production

Adherent-invasive Escherichia coli 
(AIEC) (strain)*

AIEC strain LF82 induces intestinal inflammation in transgenic mice expressing human CEACAMS and in 
conventional mice treated with streptomycin

Persistence of AIEC in macrophages induces increased production of TNF-α and IL-6
AIEC strains induce IL-8 production in epithelial cells

Ruminococcus gnavus (genera)* In Crohn’s disease, complex polysaccharides with a rhamnose backbone and glucose side chains are 
synthesized and secreted to effectively induce dendritic cells to secrete the inflammatory cytokine 
TNF-α

Bacteroides family–Prevotella (genera) Induces CD4 T cell-mediated colitis
Induces production of more IL-12-positive intestinal dendritic cells

Enterotoxigenic Bacteroides fragilis 
(strain)*

Causes deficiency of E-cadherin in intestinal epithelial cells
Induces IL-8 production by intestinal epithelial cells
Induces colitis in a mouse model and promotes intestinal inflammation through Th17 response

Fusobacterium varium (strain) High levels of n-butyric acid are produced in the culture supernatant of the bacillus, which kills Vero cells
Escherichia coli culture supernatant induced colonic ulcer, crypt abscess, inflammatory cell infiltration 

and apoptosis in mice
E. coli induces adaptive immune responses and E. coli antibodies were detected in ulcerative colitis pa-

tients
Fusobacterium nucleatum (strain) Causes intestinal epithelial cell death through autophagy activation

Affects the expression and distribution of zonula ocludens-1
Exacerbates colitis by distorting pro-inflammatory M1

Campylobacter concisus (genera) Causes death of intestinal epithelial cells
C. concisus increased TLR4, MD-2, and COX-2 in intestinal epithelial cells
Induces IL-8 production by intestinal epithelial cells and macrophages
C. concisus Zot protein caused intestinal epithelial cell death and enhanced macrophage response to 

commensal E. coli

IL, interleukin; TNF, tumor necrotizing factor; CEACAMS, carcinoembryonic antigen-related cell adhesion molecules; Th17, T helper cell 17; M1, 
classically activated macrophage; TLR4, Toll-likereceptor4; MD-2, myeloid differentiation protein-2; COX-2, cyclooxygenase-2. 
*Factors recommended by Mendelian randomization.
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HYPOTHESIS AND INNOVATION  
ON THE ENVIRONMENTAL  
AND MICROBIAL FACTORS

1. E+M factors can better establish IBD experimental 
animal models
In recent years, with the advancement of gene detec-

tion and analysis technology, we have found more and 
more IBD susceptibility gene loci, and have made great 
progress in understanding the contribution of genes to 
IBD.161 Meanwhile, both adaptive and innate immune 
responses are thought to play an important role in the 
pathogenesis of IBD.162 However, currently only about 25% 
of IBD heritability can be explained by genetic studies,163 a 
phenomenon known as "the mystery of missing heritabil-
ity of common traits" or "genetic vacuum." Therefore, one 
possibility is proposed that interactions between genes and 
their products can explain most of the apparent vacuum 
and account for a considerable number of causes of IBD.164 
This suggests that in the pathogenesis of IBD, microbial 
and environmental factors may interact with genetic fac-
tors.

Recent studies have found that only genetic susceptibili-
ty is sufficient to drive ileitis in mice with caspase-8 specific 
deficiency in intestinal epithelial cells (Casp8ΔIEC mice), but 
germ-free Casp8ΔIEC mice did not show any signs of colitis 
or colonic E. coli cell death on histopathology, indicating 
that it was disease-associated microbial communities that 
determined the occurrence of colonic inflammation.165 In 
addition, a study on the effect of high sugar diet on IL-10-/-  
mouse colitis onset mentioned that no sugar-induced ex-
acerbation of colitis was observed in germ-free mice, but 
if microbial communities from sugar-treated mice were 
transplanted into germ-free mice, susceptibility to colitis 
increased,166 fully illustrating that the effect of environ-
mental factors on disease severity is microbe-dependent. 
Therefore, we do not recommend using environmental 
factors or microbial factors alone for modeling.

In summary, we innovatively propose a hypothesis that 
"combination of environmental and microbial factors can 
induce IBD better in establishing animal model." And we 
suggest that when constructing animal models for studying 
the pathogenic mechanisms of IBD, such as immune and 
genetic aspects, as well as for conducting drug experiments 
for IBD, both environmental and microbial factors should 
be taken into account in order to better simulate the hu-
man IBD environment and make the research results more 
realistic and reliable. Currently, the limitations of main-
stream IBD mouse models include not reflecting the ge-
netic and environmental diversity of human populations, 
nor explaining inherent variables such as drug exposure, 

smoking, and diet seen in human studies.167 Whether dys-
biosis precedes IBD development and initiates inflamma-
tory processes, or merely reflects changes in immune and 
metabolic environment of inflamed mucosa, remains to 
be answered. To address these issues, thinking about how 
to construct an animal experimental model that reflects 
environmental and microbial factors as important factors 
in IBD pathogenesis becomes crucial. Here, we explore the 
feasibility of using environmental factors (E)+microbial 
factors (M) alone for modeling.

2. The feasibility of using E+M factors alone for 
building animal models
Diet has been shown to have a significant impact on the 

composition of the gut microbiota, altering its function 
and metabolism at the genomic level.168 There is increasing 
epidemiological evidence of the role of diet in the patho-
genesis of IBD. Therefore, when modeling, it is possible 
to consider using diet-induced (E)+simulation of gut mi-
crobial pathogenic factors (M) in IBD patients to induce 
experimental animal IBD.

High-fat diet fed mice are a common animal model 
for detecting the effects of fat intake in vivo. A research of 
high-fat diet animal models shows it can increase the level 
of saturated fatty acid, which impairs the intestinal epithe-
lial cells and intestinal immune system while the animal 
models’ gut microbes are unaffected.169 We presumed it is 
resulted from the difference between human and animal 
models.

Thereby, based on this model, we can include micro-
bial factors in animal models to simulate human’s IBD 
pathogenic mechanism. We can consider using the same 
enterotoxigenic B. fragilis bacterial solution as mentioned 
in the previous text, which has a clear causal relationship 
with IBD in Mendelian randomization studies, to create 
intestinal microbial pathogenic factors by enema on the 
basis of the high-fat diet model, further causing damage to 
intestinal epithelial cells barriers, inducing MMP-7 and the 
activation of transcription factors such as nuclear factor 
kappa-B and activator protein 1, and promoting intestinal 
inflammation through Th17 response.160,166

Such animal models can be used in exploring the related 
mechanisms from immune and genetic aspects in depth, 
and answer the specific role of environmental and micro-
bial factors in the pathogenesis of IBD.

However, at present, only environmental factors and 
microbial factors are used to induce IBD experimental 
models with instability and uncertainty of effect, and more 
research is needed to determine the optimal dose, induc-
tion time, mode, etc. to make this type of model easy to 
repeat experiments and popularize.
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Environmental factors include gas particles, drugs, sur-
gery, etc. in addition to diet. Although there is controversy 
over whether smoking is associated with IBD based on 
Mendelian randomization studies, smoking is a relatively 
recognized risk factor for CD in clinical practice. Com-
pared with never smokers, smokers have almost twice the 
risk of developing CD.167 Direct interactions between IBD 
susceptibility genes, such as NOD2 and ATG16L1, and 
smoking have been found.168 Therefore, after giving experi-
mental mice smoke exposure to simulate human smoking 
environmental factors for research, it has the potential to 
make the experimental model closer to the disease mecha-
nism of smoking CD patients in a short time. It is worth 
noting that currently observed smokers Prevotella in Bac-
teroidetes increased abundance.123 Therefore, although 
there is no Mendelian randomization evidence to support 
the interaction between Prevotella and IBD, the existing 
research results still make us think that it is worth recom-
mending to add Prevotella as a microbial factor that can be 
combined with smoking model. If assisted Prevotella bac-
terial fluid enema mice or may play a synergistic pro-in-
flammatory effect to ensure that mice intestinal microbiota 
toward smoking caused by adverse direction development, 
increasing the probability of successful modeling. If IBD 
model can be induced by smoke exposure (E)+Prevotella 
(M) alone, it will provide strong support on the view that 
smoking is a driving factor for IBD occurrence, and intes-
tinal microbial changes play a key role in it (Fig. 3).

3. The combination of E+M factors and existing 
models
Another approach is to apply environmental factors 

and microbial factors to the improvement of mainstream 
models, such as supplementing the DSS-induced mouse 
model with dietary induction (E)+simulated IBD pa-

tient intestinal microecological disorder (M) or smoking 
(E)+Bacteroides-Prevotella (M) mentioned above. The 
purpose of doing so is to increase the complexity of IBD 
onset in experimental animal models and reduce the dif-
ference between mouse-induced IBD under experimental 
conditions and human IBD in actual situations. Due to 
strictly controlled experimental conditions, mice derived 
from mainstream modeling methods are genetically ho-
mogeneous, consume monotonous food, and live in a clear 
environment, which is different from the environment hu-
mans are exposed to. Supplementing E+M factors not only 
has a more comprehensive consideration when exploring 
the pathogenesis, but also is beneficial for evaluating the 
therapeutic effect of drugs. It can reduce the probability of 
events such as the occurrence of too harsh conditions for 
the applicable population of developed drugs or the discov-
ery of ineffective treatment for IBD in clinical studies. For 
example, the etiology of colitis induced by oxazolone alone 
does not fully reflect the etiology of UC, resulting in no ob-
vious therapeutic effect in phase IIa clinical trials using IL-
13 antibody (anrukinzumab)140 or tralokinumab (another 
IL-13 neutralizing antibody)141 for UC patients. Consider-
ing the repeatability and reliability of experimental results, 
we also need to strictly control the supplemented E+M 
factors, such as strictly controlling the composition, con-
centration and duration of smoking, the concentration of 
enema bacterial fluid, etc. In the future, researchers should 
also try to use those factors with more definite causal re-
lationship in Mendelian randomization studies in Tables 2 
and 3 for combination, in order to find the most suitable 
combination of environmental factors and microbial fac-
tors for improving different modeling methods. We also 
look forward to the follow-up Mendelian randomization 
studies to verify the other risk factors in IBD.

High fat diet

Enterotoxigenic
bacterial solution injection

B. fragilis

Bacteroides fragilis enterotoxin
Free fatty acid
E-cadherin

Dietary fat

Free fatty
acid

Secret IL-8
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�
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Fig. 3.Fig. 3. Schematic diagram of the 
E+M molding mechanism. High-
fat diet combined with enterotoxi-
genic Bacteroides fragilis bacterial 
solution to construct an animal 
intestinal inflammation model. E, 
environmental factor; M, microbial 
factor; IL-8, interleukin 8; Th17, T 
helper cell 17; NF-κB, nuclear fac-
tor kappa; AP-1, activator protein 1.
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SUGGESTIONS FOR FURTHER RESEARCH

Despite the fact that Mendelian randomization provid-
ed strong support for our theory, our suggestion of using 
environmental factors and microbial factors alone to estab-
lish animal models may still need to be better validated by 
building more experimental animal models of IBD in prac-
tice. But it is necessary and meaningful to consider both 
environmental factors and microbial factors when building 
animal models for the pathogenic mechanism of IBD. Our 
review highlights the importance of environmental fac-
tors and microbial factors, and provides new insights for 
experimental animal modeling. Pursuing models that are 
closer to the real situation of IBD is considered as the fu-
ture direction of research and effort.

CONFLICTS OF INTEREST

No potential conflict of interest relevant to this article 
was reported.

ACKNOWLEDGEMENTS

This article is funded by the High-Level Personnel 
Program of Guangdong Provincial People's Hospital 
(2021DFJH0008/KY012021458), Starting Program for 
National Natural Science Foundation of China at Guang-
dong Provincial People's Hospital (8207034250), Na-
tional Natural Science Foundation of China (NSFC, No. 
81300370), Natural Science Foundation of Guangdong 
(NSFG, No. 2018A030313161), and by a General Program 
(No. 2017M622650) and a Special Support Program (No. 
2018T110855) from the China Postdoctoral Science Foun-
dation (CPSF).

ORCID

Zesheng Lin	 https://orcid.org/0009-0002-0225-5579
Wenjing Luo	 https://orcid.org/0009-0008-0850-0604
Kaijun Zhang	 https://orcid.org/0009-0002-6123-3118
Shixue Dai	 https://orcid.org/0000-0001-6428-3634

REFERENCES

	 1.	Kaplan GG, Windsor JW. The four epidemiological stages in 
the global evolution of inflammatory bowel disease. Nat Rev 
Gastroenterol Hepatol 2021;18:56-66.

	 2.	Ananthakrishnan AN. Epidemiology and risk factors for 
IBD. Nat Rev Gastroenterol Hepatol 2015;12:205-217.

	 3.	Ananthakrishnan AN, Bernstein CN, Iliopoulos D, et al. 
Environmental triggers in IBD: a review of progress and evi-
dence. Nat Rev Gastroenterol Hepatol 2018;15:39-49.

	 4.	Piovani D, Danese S, Peyrin-Biroulet L, Nikolopoulos GK, 
Lytras T, Bonovas S. Environmental risk factors for inflam-
matory bowel diseases: an umbrella review of meta-analyses. 
Gastroenterology 2019;157:647-659.

	 5.	Schirmer M, Garner A, Vlamakis H, Xavier RJ. Microbial 
genes and pathways in inflammatory bowel disease. Nat Rev 
Microbiol 2019;17:497-511.

	 6.	Zheng D, Liwinski T, Elinav E. Interaction between mi-
crobiota and immunity in health and disease. Cell Res 
2020;30:492-506.

	 7.	Lynch SV, Pedersen O. The human intestinal microbiome in 
health and disease. N Engl J Med 2016;375:2369-2379.

	 8.	Agrawal M, Allin KH, Petralia F, Colombel JF, Jess T. Mul-
tiomics to elucidate inflammatory bowel disease risk factors 
and pathways. Nat Rev Gastroenterol Hepatol 2022;19:399-
409.

	 9.	de Souza HSP, Fiocchi C, Iliopoulos D. The IBD interactome: 
an integrated view of aetiology, pathogenesis and therapy. 
Nat Rev Gastroenterol Hepatol 2017;14:739-749.

	 10.	Schirmer M, Franzosa EA, Lloyd-Price J, et al. Dynamics of 
metatranscription in the inflammatory bowel disease gut 
microbiome. Nat Microbiol 2018;3:337-346.

	 11.	Sanderson E, Glymour MM, Holmes MV, et al. Mendelian 
randomization. Nat Rev Methods Primers 2022;2:6.

	 12.	Davey Smith G, Hemani G. Mendelian randomization: ge-
netic anchors for causal inference in epidemiological studies. 
Hum Mol Genet 2014;23:R89-R98.

	 13.	Neeland IJ, Kozlitina J. Mendelian randomization: us-
ing natural genetic variation to assess the causal role of 
modifiable risk factors in observational studies. Circulation 
2017;135:755-758.

	 14.	Lewis JD, Abreu MT. Diet as a trigger or therapy for inflam-
matory bowel diseases. Gastroenterology 2017;152:398-414.

	 15.	Paik J, Fierce Y, Treuting PM, Brabb T, Maggio-Price L. 
High-fat diet-induced obesity exacerbates inflammatory 
bowel disease in genetically susceptible Mdr1a-/- male mice. 
J Nutr 2013;143:1240-1247.

	 16.	Hou Y, Wang SF, Zhou K, Dai SX. Comparison and recom-
mendation of dietary patterns based on nutrients for Eastern 
and Western patients with inflammatory bowel disease. 
Front Nutr 2022;9:1066252.

	 17.	Schmitz G, Ecker J. The opposing effects of n-3 and n-6 fatty 
acids. Prog Lipid Res 2008;47:147-155.

	 18.	Scaioli E, Liverani E, Belluzzi A. The imbalance between 
n-6/n-3 polyunsaturated fatty acids and inflammatory bowel 
disease: a comprehensive review and future therapeutic per-

https://orcid.org/0009-0002-0225-5579
https://orcid.org/0009-0008-0850-0604
https://orcid.org/0009-0002-6123-3118
https://orcid.org/0000-0001-6428-3634


Lin Z, et al: Environmental and Microbial Factors in IBD Model Establishing

https://doi.org/10.5009/gnl230179  385

spectives. Int J Mol Sci 2017;18:2619.
	 19.	Devkota S, Wang Y, Musch MW, et al. Dietary-fat-induced 

taurocholic acid promotes pathobiont expansion and colitis 
in Il10-/- mice. Nature 2012;487:104-108.

	 20.	Lee JY, Cevallos SA, Byndloss MX, et al. High-fat diet and 
antibiotics cooperatively impair mitochondrial bioenergetics 
to trigger dysbiosis that exacerbates pre-inflammatory bowel 
disease. Cell Host Microbe 2020;28:273-284.e6.

	 21.	Jantchou P, Morois S, Clavel-Chapelon F, Boutron-Ruault 
MC, Carbonnel F. Animal protein intake and risk of inflam-
matory bowel disease: the E3N prospective study. Am J Gas-
troenterol 2010;105:2195-2201.

	 22.	Mahalhal A, Burkitt MD, Duckworth CA, et al. Long-term 
iron deficiency and dietary iron excess exacerbate acute dex-
tran sodium sulphate-induced colitis and are associated with 
significant dysbiosis. Int J Mol Sci 2021;22:3646.

	 23.	Weiss G. Iron in the inflammed gut: another pro-inflamma-
tory hit? Gut 2011;60:287-288.

	 24.	Ijssennagger N, van der Meer R, van Mil SW. Sulfide as 
a mucus barrier-breaker in inflammatory bowel disease? 
Trends Mol Med 2016;22:190-199.

	 25.	Albenberg L, Brensinger CM, Wu Q, et al. A diet low in red 
and processed meat does not reduce rate of Crohn’s disease 
flares. Gastroenterology 2019;157:128-136.

	 26.	Laffin M, Fedorak R, Zalasky A, et al. A high-sugar diet rap-
idly enhances susceptibility to colitis via depletion of luminal 
short-chain fatty acids in mice. Sci Rep 2019;9:12294.

	 27.	Montrose DC, Nishiguchi R, Basu S, et al. Dietary fructose 
alters the composition, localization, and metabolism of gut 
microbiota in association with worsening colitis. Cell Mol 
Gastroenterol Hepatol 2021;11:525-550.

	 28.	Kawabata K, Kanmura S, Morinaga Y, et al. A high‑fructose 
diet induces epithelial barrier dysfunction and exacerbates 
the severity of dextran sulfate sodium‑induced colitis. Int J 
Mol Med 2019;43:1487-1496.

	 29.	Deehan EC, Duar RM, Armet AM, Perez-Muñoz ME, Jin 
M, Walter J. Modulation of the gastrointestinal microbiome 
with nondigestible fermentable carbohydrates to improve 
human health. Microbiol Spectr 2017;5:BAD-0019-2017.

	 30.	Deehan EC, Walter J. The fiber gap and the disappearing gut 
microbiome: implications for human nutrition. Trends En-
docrinol Metab 2016;27:239-242.

	 31.	Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, 
Wingreen NS, Sonnenburg JL. Diet-induced extinctions 
in the gut microbiota compound over generations. Nature 
2016;529:212-215.

	 32.	Ananthakrishnan AN, Khalili H, Song M, Higuchi LM, 
Richter JM, Chan AT. Zinc intake and risk of Crohn’s disease 
and ulcerative colitis: a prospective cohort study. Int J Epide-
miol 2015;44:1995-2005.

	 33.	Siva S, Rubin DT, Gulotta G, Wroblewski K, Pekow J. Zinc 

deficiency is associated with poor clinical outcomes in pa-
tients with inflammatory bowel disease. Inflamm Bowel Dis 
2017;23:152-157.

	 34.	Cho JM, Yang HR. Hair mineral and trace element contents 
as reliable markers of nutritional status compared to serum 
levels of these elements in children newly diagnosed with in-
flammatory bowel disease. Biol Trace Elem Res 2018;185:20-
29.

	 35.	Choi EK, Aring L, Das NK, et al. Impact of dietary manga-
nese on experimental colitis in mice. FASEB J 2020;34:2929-
2943.

	 36.	Han YM, Yoon H, Lim S, et al. Risk factors for vitamin D, 
zinc, and selenium deficiencies in Korean patients with in-
flammatory bowel disease. Gut Liver 2017;11:363-369.

	 37.	Vaghari-Tabari M, Jafari-Gharabaghlou D, Sadeghsoltani F, 
et al. Zinc and selenium in inflammatory bowel disease: trace 
elements with key roles? Biol Trace Elem Res 2021;199:3190-
3204.

	 38.	Pineton de Chambrun G, Body-Malapel M, Frey-Wagner 
I, et al. Aluminum enhances inflammation and decreases 
mucosal healing in experimental colitis in mice. Mucosal 
Immunol 2014;7:589-601.

	 39.	de Bruyn JR, van Heeckeren R, Ponsioen CY, et al. Vitamin 
D deficiency in Crohn's disease and healthy controls: a 
prospective case-control study in the Netherlands. J Crohns 
Colitis 2014;8:1267-1273.

	 40.	Schardey J, Globig AM, Janssen C, et al. Vitamin D inhibits 
pro-inflammatory T cell function in patients with inflamma-
tory bowel disease. J Crohns Colitis 2019;13:1546-1557.

	 41.	Chassaing B, Van de Wiele T, De Bodt J, Marzorati M, 
Gewirtz AT. Dietary emulsifiers directly alter human micro-
biota composition and gene expression ex vivo potentiating 
intestinal inflammation. Gut 2017;66:1414-1427.

	 42.	Hajam IA, Dar PA, Shahnawaz I, Jaume JC, Lee JH. Bacterial 
flagellin-a potent immunomodulatory agent. Exp Mol Med 
2017;49:e373.

	 43.	Nickerson KP, Homer CR, Kessler SP, et al. The dietary poly-
saccharide maltodextrin promotes Salmonella survival and 
mucosal colonization in mice. PLoS One 2014;9:e101789.

	 44.	Nickerson KP, McDonald C. Crohn's disease-associated 
adherent-invasive Escherichia coli adhesion is enhanced by 
exposure to the ubiquitous dietary polysaccharide maltodex-
trin. PLoS One 2012;7:e52132.

	 45.	Ruiz PA, Morón B, Becker HM, et al. Titanium dioxide 
nanoparticles exacerbate DSS-induced colitis: role of the 
NLRP3 inflammasome. Gut 2017;66:1216-1224.

	 46.	Kish L, Hotte N, Kaplan GG, et al. Environmental particulate 
matter induces murine intestinal inflammatory responses 
and alters the gut microbiome. PLoS One 2013;8:e62220.

	 47.	Elten M, Benchimol EI, Fell DB, et al. Ambient air pollu-
tion and the risk of pediatric-onset inflammatory bowel 



Gut and Liver, Vol. 18, No. 3, May 2024

386  www.gutnliver.org

disease: a population-based cohort study. Environ Int 
2020;138:105676.

	 48.	Opstelten JL, Beelen RM, Leenders M, et al. Exposure to 
ambient air pollution and the risk of inflammatory bowel 
disease: a European nested case-control study. Dig Dis Sci 
2016;61:2963-2971.

	 49.	Ding S, Sun S, Ding R, Song S, Cao Y, Zhang L. Association 
between exposure to air pollutants and the risk of inflam-
matory bowel diseases visits. Environ Sci Pollut Res Int 
2022;29:17645-17654.

	 50.	Blachier F, Beaumont M, Kim E. Cysteine-derived hydrogen 
sulfide and gut health: a matter of endogenous or bacterial 
origin. Curr Opin Clin Nutr Metab Care 2019;22:68-75.

	 51.	Dashdorj A, Jyothi KR, Lim S, et al. Mitochondria-targeted 
antioxidant MitoQ ameliorates experimental mouse colitis 
by suppressing NLRP3 inflammasome-mediated inflamma-
tory cytokines. BMC Med 2013;11:178.

	 52.	Niedzwiecki MM, Walker DI, Vermeulen R, Chadeau-Hyam 
M, Jones DP, Miller GW. The exposome: molecules to popu-
lations. Annu Rev Pharmacol Toxicol 2019;59:107-127.

	 53.	Sies H, Jones DP. Reactive oxygen species (ROS) as pleio-
tropic physiological signalling agents. Nat Rev Mol Cell Biol 
2020;21:363-383.

	 54.	Bhattacharyya A, Chattopadhyay R, Mitra S, Crowe SE. 
Oxidative stress: an essential factor in the pathogenesis of 
gastrointestinal mucosal diseases. Physiol Rev 2014;94:329-
354.

	 55.	Singh V, Ahlawat S, Mohan H, Gill SS, Sharma KK. Balanc-
ing reactive oxygen species generation by rebooting gut mi-
crobiota. J Appl Microbiol 2022;132:4112-4129.

	 56.	AlQasrawi D, Qasem A, Naser SA. Divergent effect of ciga-
rette smoke on innate immunity in inflammatory bowel 
disease: a nicotine-infection interaction. Int J Mol Sci 
2020;21:5801.

	 57.	Zhao Y, Ma T, Chen W, et al. MicroRNA-124 promotes intes-
tinal inflammation by targeting aryl hydrocarbon receptor 
in Crohn's disease. J Crohns Colitis 2016;10:703-712.

	 58.	Sun Y, Li Q, Gui H, et al. MicroRNA-124 mediates the 
cholinergic anti-inflammatory action through inhibiting 
the production of pro-inflammatory cytokines. Cell Res 
2013;23:1270-1283.

	 59.	AlQasrawi D, Abdelli LS, Naser SA. Mystery solved: why 
smoke extract worsens disease in smokers with Crohn's dis-
ease and not ulcerative colitis? Gut MAP! Microorganisms 
2020;8:666.

	 60.	Xia B, Yang M, Nguyen LH, et al. Regular use of proton 
pump inhibitor and the risk of inflammatory bowel disease: 
pooled analysis of 3 prospective cohorts. Gastroenterology 
2021;161:1842-1852.

	 61.	Aparecida Dos Reis Louzano S, de Moura E Dias M, Lopes 
da Conceição L, Antônio de Oliveira Mendes T, Gouveia 

Peluzio MD. Ceftriaxone causes dysbiosis and changes intes-
tinal structure in adjuvant obesity treatment. Pharmacol Rep 
2022;74:111-123.

	 62.	Ungaro R, Bernstein CN, Gearry R, et al. Antibiotics associ-
ated with increased risk of new-onset Crohn's disease but 
not ulcerative colitis: a meta-analysis. Am J Gastroenterol 
2014;109:1728-1738.

	 63.	Sanidad KZ, Wang G, Panigrahy A, Zhang G. Triclosan and 
triclocarban as potential risk factors of colitis and colon 
cancer: roles of gut microbiota involved. Sci Total Environ 
2022;842:156776.

	 64.	Pierdominici M, Maselli A, Varano B, et al. Linking estrogen 
receptor β expression with inflammatory bowel disease ac-
tivity. Oncotarget 2015;6:40443-40451.

	 65.	Ortizo R, Lee SY, Nguyen ET, Jamal MM, Bechtold MM, 
Nguyen DL. Exposure to oral contraceptives increases the 
risk for development of inflammatory bowel disease: a meta-
analysis of case-controlled and cohort studies. Eur J Gastro-
enterol Hepatol 2017;29:1064-1070.

	 66.	Sun W, Han X, Wu S, Yang C. Tonsillectomy and the risk of 
inflammatory bowel disease: a systematic review and meta-
analysis. J Gastroenterol Hepatol 2016;31:1085-1094.

	 67.	Palomares O, Rückert B, Jartti T, et al. Induction and mainte-
nance of allergen-specific FOXP3+ Treg cells in human ton-
sils as potential first-line organs of oral tolerance. J Allergy 
Clin Immunol 2012;129:510-520.e9.

	 68.	Huang H, Peng Y, Liu F, Lei H. Is IgA nephropathy induced 
by abnormalities of CD4+CD25+Treg cells in the tonsils? 
Med Hypotheses 2007;69:410-413.

	 69.	Powrie F, Read S, Mottet C, Uhlig H, Maloy K. Control of 
immune pathology by regulatory T cells. Novartis Found 
Symp 2003;252:92-114.

	 70.	Kaplan GG, Jackson T, Sands BE, Frisch M, Andersson RE, 
Korzenik J. The risk of developing Crohn's disease after 
an appendectomy: a meta-analysis. Am J Gastroenterol 
2008;103:2925-2931.

	 71.	Ng SC, Bernstein CN, Vatn MH, et al. Geographical variabil-
ity and environmental risk factors in inflammatory bowel 
disease. Gut 2013;62:630-649.

	 72.	Hansen TS, Jess T, Vind I, et al. Environmental factors in 
inflammatory bowel disease: a case-control study based on a 
Danish inception cohort. J Crohns Colitis 2011;5:577-584.

	 73.	Andersson RE, Olaison G, Tysk C, Ekbom A. Appendec-
tomy and protection against ulcerative colitis. N Engl J Med 
2001;344:808-814.

	 74.	Baron S, Turck D, Leplat C, et al. Environmental risk factors 
in paediatric inflammatory bowel diseases: a population 
based case control study. Gut 2005;54:357-363.

	 75.	Chung WS, Chung S, Hsu CY, Lin CL. Risk of inflammatory 
bowel disease following appendectomy in adulthood. Front 
Med (Lausanne) 2021;8:661752.



Lin Z, et al: Environmental and Microbial Factors in IBD Model Establishing

https://doi.org/10.5009/gnl230179  387

	 76.	Roblin X, Neut C, Darfeuille-Michaud A, Colombel JF. Local 
appendiceal dysbiosis: the missing link between the appen-
dix and ulcerative colitis? Gut 2012;61:635-636.

	 77.	Vitetta L, Chen J, Clarke S. The vermiform appendix: an im-
munological organ sustaining a microbiome inoculum. Clin 
Sci (Lond) 2019;133:1-8.

	 78.	Cheluvappa R. A novel model of appendicitis and appendec-
tomy to investigate inflammatory bowel disease pathogen-
esis and remediation. Biol Proced Online 2014;16:10.

	 79.	Cheluvappa R. Identification of new potential therapies for 
colitis amelioration using an appendicitis-appendectomy 
model. Inflamm Bowel Dis 2019;25:436-444.

	 80.	Cheluvappa R, Luo AS, Grimm MC. Autophagy suppression 
by appendicitis and appendectomy protects against colitis. 
Inflamm Bowel Dis 2014;20:847-855.

	 81.	Cheluvappa R, Luo AS, Grimm MC. T helper type 17 path-
way suppression by appendicitis and appendectomy protects 
against colitis. Clin Exp Immunol 2014;175:316-322.

	 82.	Ruan W, Engevik MA, Spinler JK, Versalovic J. Healthy hu-
man gastrointestinal microbiome: composition and function 
after a decade of exploration. Dig Dis Sci 2020;65:695-705.

	 83.	Sartor RB, Wu GD. Roles for intestinal bacteria, viruses, and 
fungi in pathogenesis of inflammatory bowel diseases and 
therapeutic approaches. Gastroenterology 2017;152:327-339.

	 84.	Nikou SA, Kichik N, Brown R, et al. Candida albicans in-
teractions with mucosal surfaces during health and disease. 
Pathogens 2019;8:53.

	 85.	Li XV, Leonardi I, Putzel GG, et al. Immune regulation by 
fungal strain diversity in inflammatory bowel disease. Na-
ture 2022;603:672-678.

	 86.	Duan Y, Young R, Schnabl B. Bacteriophages and their po-
tential for treatment of gastrointestinal diseases. Nat Rev 
Gastroenterol Hepatol 2022;19:135-144.

	 87.	Hedžet S, Rupnik M, Accetto T. Broad host range may be a 
key to long-term persistence of bacteriophages infecting in-
testinal Bacteroidaceae species. Sci Rep 2022;12:21098.

	 88.	Sommer F, Anderson JM, Bharti R, Raes J, Rosenstiel P. The 
resilience of the intestinal microbiota influences health and 
disease. Nat Rev Microbiol 2017;15:630-638.

	 89.	Martinez C, Antolin M, Santos J, et al. Unstable composition 
of the fecal microbiota in ulcerative colitis during clinical 
remission. Am J Gastroenterol 2008;103:643-648.

	 90.	Lloyd-Price J, Arze C, Ananthakrishnan AN, et al. Multi-
omics of the gut microbial ecosystem in inflammatory bowel 
diseases. Nature 2019;569:655-662.

	 91.	Wang W, Chen L, Zhou R, et al. Increased proportions of 
Bifidobacterium and the Lactobacillus group and loss of 
butyrate-producing bacteria in inflammatory bowel disease. 
J Clin Microbiol 2014;52:398-406.

	 92.	Liu X, Mao B, Gu J, et al. Blautia-a new functional genus 
with potential probiotic properties? Gut Microbes 2021;13:1-

21.
	 93.	Henke MT, Kenny DJ, Cassilly CD, Vlamakis H, Xavier RJ, 

Clardy J. Ruminococcus gnavus, a member of the human 
gut microbiome associated with Crohn's disease, produces 
an inflammatory polysaccharide. Proc Natl Acad Sci U S A 
2019;116:12672-12677.

	 94.	Lopez-Siles M, Duncan SH, Garcia-Gil LJ, Martinez-Medina 
M. Faecalibacterium prausnitzii: from microbiology to diag-
nostics and prognostics. ISME J 2017;11:841-852.

	 95.	Alam MT, Amos GC, Murphy AR, Murch S, Wellington 
EM, Arasaradnam RP. Microbial imbalance in inflammatory 
bowel disease patients at different taxonomic levels. Gut Pat-
hog 2020;12:1.

	 96.	Khan I, Ullah N, Zha L, et al. Alteration of gut microbiota in 
inflammatory bowel disease (IBD): cause or consequence? 
IBD treatment targeting the gut microbiome. Pathogens 
2019;8:126.

	 97.	Zhang Z, Zhang H, Chen T, Shi L, Wang D, Tang D. Regula-
tory role of short-chain fatty acids in inflammatory bowel 
disease. Cell Commun Signal 2022;20:64.

	 98.	Parada Venegas D, De la Fuente MK, Landskron G, et al. 
Short chain fatty acids (SCFAs)-mediated gut epithelial and 
immune regulation and its relevance for inflammatory bowel 
diseases. Front Immunol 2019;10:277.

	 99.	Hu S, Uniken Venema WT, Westra HJ, et al. Inflammation 
status modulates the effect of host genetic variation on in-
testinal gene expression in inflammatory bowel disease. Nat 
Commun 2021;12:1122.

	100.	Ahlawat S, Kumar P, Mohan H, Goyal S, Sharma KK. In-
flammatory bowel disease: tri-directional relationship be-
tween microbiota, immune system and intestinal epithelium. 
Crit Rev Microbiol 2021;47:254-273.

	101.	Goethel A, Turpin W, Rouquier S, et al. Nod2 influences 
microbial resilience and susceptibility to colitis following 
antibiotic exposure. Mucosal Immunol 2019;12:720-732.

	102.	Lavelle A, Sokol H. Gut microbiota-derived metabolites as 
key actors in inflammatory bowel disease. Nat Rev Gastro-
enterol Hepatol 2020;17:223-237.

	103.	Sands BE. Biomarkers of inflammation in inflammatory 
bowel disease. Gastroenterology 2015;149:1275-1285.

	104.	Nikolaus S, Schulte B, Al-Massad N, et al. Increased trypto-
phan metabolism is associated with activity of inflammatory 
bowel diseases. Gastroenterology 2017;153:1504-1516.

	105.	Nyström N, Prast-Nielsen S, Correia M, et al. Mucosal and 
plasma metabolomes in new-onset paediatric inflamma-
tory bowel disease: correlations with disease characteristics 
and plasma inflammation protein markers. J Crohns Colitis 
2023;17:418-432.

	106.	Le Gall G, Noor SO, Ridgway K, et al. Metabolomics of fecal 
extracts detects altered metabolic activity of gut microbiota 
in ulcerative colitis and irritable bowel syndrome. J Pro-



Gut and Liver, Vol. 18, No. 3, May 2024

388  www.gutnliver.org

teome Res 2011;10:4208-4218.
	107.	Ottman N, Davids M, Suarez-Diez M, et al. Genome-scale 

model and omics analysis of metabolic capacities of Akker-
mansia muciniphila reveal a preferential mucin-degrading 
lifestyle. Appl Environ Microbiol 2017;83:e01014-17.

	108.	Seregin SS, Golovchenko N, Schaf B, et al. NLRP6 protects 
Il10-/- mice from colitis by limiting colonization of Akker-
mansia muciniphila. Cell Rep 2017;19:733-745.

	109.	Stenman LK, Holma R, Korpela R. High-fat-induced intes-
tinal permeability dysfunction associated with altered fecal 
bile acids. World J Gastroenterol 2012;18:923-929.

	110.	Llewellyn SR, Britton GJ, Contijoch EJ, et al. Interactions 
between diet and the intestinal microbiota alter intestinal 
permeability and colitis severity in mice. Gastroenterology 
2018;154:1037-1046.

	111.	Fritsch J, Garces L, Quintero MA, et al. Low-fat, high-fiber 
diet reduces markers of inflammation and dysbiosis and im-
proves quality of life in patients with ulcerative colitis. Clin 
Gastroenterol Hepatol 2021;19:1189-1199.

	112.	David LA, Maurice CF, Carmody RN, et al. Diet rapidly 
and reproducibly alters the human gut microbiome. Nature 
2014;505:559-563.

	113.	Gradel KO, Nielsen HL, Schønheyder HC, Ejlertsen T, Kris-
tensen B, Nielsen H. Increased short- and long-term risk of 
inflammatory bowel disease after Salmonella or Campylo-
bacter gastroenteritis. Gastroenterology 2009;137:495-501.

	114.	Choi JJ, Eum SY, Rampersaud E, Daunert S, Abreu MT, 
Toborek M. Exercise attenuates PCB-induced changes 
in the mouse gut microbiome. Environ Health Perspect 
2013;121:725-730.

	115.	Choi JJ, Choi YJ, Chen L, et al. Lipopolysaccharide potenti-
ates polychlorinated biphenyl-induced disruption of the 
blood-brain barrier via TLR4/IRF-3 signaling. Toxicology 
2012;302:212-220.

	116.	Dethlefsen L, Relman DA. Incomplete recovery and indi-
vidualized responses of the human distal gut microbiota to 
repeated antibiotic perturbation. Proc Natl Acad Sci U S A 
2011;108 Suppl 1:4554-4561.

	117.	Jernberg C, Löfmark S, Edlund C, Jansson JK. Long-term 
ecological impacts of antibiotic administration on the hu-
man intestinal microbiota. ISME J 2007;1:56-66.

	118.	Ewaschuk JB, Diaz H, Meddings L, et al. Secreted bioactive 
factors from Bifidobacterium infantis enhance epithelial cell 
barrier function. Am J Physiol Gastrointest Liver Physiol 
2008;295:G1025-G1034.

	119.	Salim SY, Jovel J, Wine E, et al. Exposure to ingested airborne 
pollutant particulate matter increases mucosal exposure to 
bacteria and induces early onset of inflammation in neona-
tal IL-10-deficient mice. Inflamm Bowel Dis 2014;20:1129-
1138.

	120.	Benjamin JL, Hedin CR, Koutsoumpas A, et al. Smokers 

with active Crohn's disease have a clinically relevant dysbio-
sis of the gastrointestinal microbiota. Inflamm Bowel Dis 
2012;18:1092-1100.

	121.	Biedermann L, Zeitz J, Mwinyi J, et al. Smoking cessation in-
duces profound changes in the composition of the intestinal 
microbiota in humans. PLoS One 2013;8:e59260.

	122.	Hoentjen F, Tonkonogy SL, Qian BF, Liu B, Dieleman LA, 
Sartor RB. CD4(+) T lymphocytes mediate colitis in HLA-
B27 transgenic rats monoassociated with nonpathogenic 
Bacteroides vulgatus. Inflamm Bowel Dis 2007;13:317-324.

	123.	Ng SC, Benjamin JL, McCarthy NE, et al. Relationship 
between human intestinal dendritic cells, gut microbiota, 
and disease activity in Crohn's disease. Inflamm Bowel Dis 
2011;17:2027-2037.

	124.	Cai S, Fan Y, Zhang B, et al. Appendectomy is associated 
with alteration of human gut bacterial and fungal communi-
ties. Front Microbiol 2021;12:724980.

	125.	Cholapranee A, Ananthakrishnan AN. Environmental hy-
giene and risk of inflammatory bowel diseases: a systematic 
review and meta-analysis. Inflamm Bowel Dis 2016;22:2191-
2199.

	126.	Zhou SY, Li H, Giles M, Neilson R, Yang XR, Su JQ. Micro-
bial flow within an air-phyllosphere-soil continuum. Front 
Microbiol 2020;11:615481.

	127.	Debarry J, Garn H, Hanuszkiewicz A, et al. Acinetobacter 
lwoffii and Lactococcus lactis strains isolated from farm 
cowsheds possess strong allergy-protective properties. J Al-
lergy Clin Immunol 2007;119:1514-1521.

	128.	Fujimura KE, Demoor T, Rauch M, et al. House dust expo-
sure mediates gut microbiome Lactobacillus enrichment and 
airway immune defense against allergens and virus infection. 
Proc Natl Acad Sci U S A 2014;111:805-810.

	129.	Eichele DD, Kharbanda KK. Dextran sodium sulfate colitis 
murine model: an indispensable tool for advancing our un-
derstanding of inflammatory bowel diseases pathogenesis. 
World J Gastroenterol 2017;23:6016-6029.

	130.	Mizoguchi A. Animal models of inflammatory bowel dis-
ease. Prog Mol Biol Transl Sci 2012;105:263-320.

	131.	Bauer C, Duewell P, Mayer C, et al. Colitis induced in mice 
with dextran sulfate sodium (DSS) is mediated by the 
NLRP3 inflammasome. Gut 2010;59:1192-1199.

	132.	Fitzpatrick LR, Jenabzadeh P. IBD and bile acid absorption: 
focus on pre-clinical and clinical observations. Front Physiol 
2020;11:564.

	133.	Croxford AL, Kulig P, Becher B. IL-12-and IL-23 in health 
and disease. Cytokine Growth Factor Rev 2014;25:415-421.

	134.	Macho Fernandez E, Valenti V, Rockel C, et al. Anti-in-
flammatory capacity of selected lactobacilli in experimental 
colitis is driven by NOD2-mediated recognition of a specific 
peptidoglycan-derived muropeptide. Gut 2011;60:1050-
1059.



Lin Z, et al: Environmental and Microbial Factors in IBD Model Establishing

https://doi.org/10.5009/gnl230179  389

	135.	Cohen LJ, Cho JH, Gevers D, Chu H. Genetic factors and the 
intestinal microbiome guide development of microbe-based 
therapies for inflammatory bowel diseases. Gastroenterology 
2019;156:2174-2189.

	136.	Hu S, Vich Vila A, Gacesa R, et al. Whole exome sequencing 
analyses reveal gene-microbiota interactions in the context 
of IBD. Gut 2021;70:285-296.

	137.	Wirtz S, Popp V, Kindermann M, et al. Chemically induced 
mouse models of acute and chronic intestinal inflammation. 
Nat Protoc 2017;12:1295-1309.

	138.	Katsandegwaza B, Horsnell W, Smith K. Inflammatory bow-
el disease: a review of pre-clinical murine models of human 
disease. Int J Mol Sci 2022;23:9344.

	139.	Strober W, Fuss IJ. Proinflammatory cytokines in the patho-
genesis of inflammatory bowel diseases. Gastroenterology 
2011;140:1756-1767.

	140.	Reinisch W, Panés J, Khurana S, et al. Anrukinzumab, an 
anti-interleukin 13 monoclonal antibody, in active UC: ef-
ficacy and safety from a phase IIa randomised multicentre 
study. Gut 2015;64:894-900.

	141.	Danese S, Rudziński J, Brandt W, et al. Tralokinumab for 
moderate-to-severe UC: a randomised, double-blind, place-
bo-controlled, phase IIa study. Gut 2015;64:243-249.

	142.	Ahern PP, Schiering C, Buonocore S, et al. Interleukin-23 
drives intestinal inflammation through direct activity on T 
cells. Immunity 2010;33:279-288.

	143.	Harbour SN, Maynard CL, Zindl CL, Schoeb TR, Weaver 
CT. Th17 cells give rise to Th1 cells that are required 
for the pathogenesis of colitis. Proc Natl Acad Sci U S A 
2015;112:7061-7066.

	144.	Kwan A, Abraham RS, Currier R, et al. Newborn screening 
for severe combined immunodeficiency in 11 screening pro-
grams in the United States. JAMA 2014;312:729-738.

	145.	Engelhardt KR, Grimbacher B. IL-10 in humans: lessons 
from the gut, IL-10/IL-10 receptor deficiencies, and IL-10 
polymorphisms. Curr Top Microbiol Immunol 2014;380:1-
18.

	146.	Zhu L, Shi T, Zhong C, Wang Y, Chang M, Liu X. IL-10 and 
IL-10 receptor mutations in very early onset inflammatory 
bowel disease. Gastroenterology Res 2017;10:65-69.

	147.	Marlow GJ, van Gent D, Ferguson LR. Why interleukin-10 
supplementation does not work in Crohn's disease patients. 
World J Gastroenterol 2013;19:3931-3941.

	148.	Carreras-Torres R, Ibáñez-Sanz G, Obón-Santacana M, Du-
ell EJ, Moreno V. Identifying environmental risk factors for 
inflammatory bowel diseases: a Mendelian randomization 
study. Sci Rep 2020;10:19273.

	149.	Pedersen KM, Çolak Y, Vedel-Krogh S, Kobylecki CJ, Boje-
sen SE, Nordestgaard BG. Risk of ulcerative colitis and 
Crohn's disease in smokers lacks causal evidence. Eur J Epi-
demiol 2022;37:735-745.

	150.	Georgiou AN, Ntritsos G, Papadimitriou N, Dimou N, 
Evangelou E. Cigarette smoking, coffee consumption, alco-
hol intake, and risk of Crohn's disease and ulcerative colitis: 
a Mendelian randomization study. Inflamm Bowel Dis 
2021;27:162-168.

	151.	Saadh MJ, Pal RS, Arias-Gonzáles JL, et al. A Mendelian 
randomization analysis investigates causal associations be-
tween inflammatory bowel diseases and variable risk factors. 
Nutrients 2023;15:1202.

	152.	Chen B, Han Z, Geng L. Mendelian randomization analysis 
reveals causal effects of food intakes on inflammatory bowel 
disease risk. Front Immunol 2022;13:911631.

	153.	Kellermayer R, Dowd SE, Harris RA, et al. Colonic muco-
sal DNA methylation, immune response, and microbiome 
patterns in Toll-like receptor 2-knockout mice. FASEB J 
2011;25:1449-1460.

	154.	Gevers D, Kugathasan S, Denson LA, et al. The treatment-
naive microbiome in new-onset Crohn's disease. Cell Host 
Microbe 2014;15:382-392.

	155.	Chen L, Ruan G, Cheng Y, Yi A, Chen D, Wei Y. The role of 
Th17 cells in inflammatory bowel disease and the research 
progress. Front Immunol 2022;13:1055914.

	156.	Liu B, Ye D, Yang H, et al. Two-sample Mendelian random-
ization analysis investigates causal associations between 
gut microbial genera and inflammatory bowel disease, and 
specificity causal associations in ulcerative colitis or Crohn's 
disease. Front Immunol 2022;13:921546.

	157.	Zhuang Z, Li N, Wang J, et al. GWAS-associated bacteria 
and their metabolites appear to be causally related to the 
development of inflammatory bowel disease. Eur J Clin Nutr 
2022;76:1024-1030.

	158.	Na YR, Stakenborg M, Seok SH, Matteoli G. Macrophages 
in intestinal inflammation and resolution: a potential 
therapeutic target in IBD. Nat Rev Gastroenterol Hepatol 
2019;16:531-543.

	159.	Zhang L, Liu F, Xue J, Lee SA, Liu L, Riordan SM. Bacte-
rial species associated with human inflammatory bowel 
disease and their pathogenic mechanisms. Front Microbiol 
2022;13:801892.

	160.	Henke MT, Brown EM, Cassilly CD, Vlamakis H, Xavier RJ, 
Clardy J. Capsular polysaccharide correlates with immune 
response to the human gut microbe Ruminococcus gnavus. 
Proc Natl Acad Sci U S A 2021;118:e2007595118.

	161.	Duerr RH. Genome-wide association studies herald a new 
era of rapid discoveries in inflammatory bowel disease re-
search. Gastroenterology 2007;132:2045-2049.

	162.	Zhang YZ, Li YY. Inflammatory bowel disease: pathogenesis. 
World J Gastroenterol 2014;20:91-99.

	163.	McGovern DP, Kugathasan S, Cho JH. Genetics of inflam-
matory bowel diseases. Gastroenterology 2015;149:1163-
1176.e2.



Gut and Liver, Vol. 18, No. 3, May 2024

390  www.gutnliver.org

	164.	Zuk O, Hechter E, Sunyaev SR, Lander ES. The mystery of 
missing heritability: genetic interactions create phantom 
heritability. Proc Natl Acad Sci U S A 2012;109:1193-1198.

	165.	Stolzer I, Kaden-Volynets V, Ruder B, et al. Environmental 
microbial factors determine the pattern of inflammatory 
lesions in a murine model of Crohn's disease-like inflamma-
tion. Inflamm Bowel Dis 2020;26:66-79.

	166.	Khan S, Waliullah S, Godfrey V, et al. Dietary simple sugars 
alter microbial ecology in the gut and promote colitis in 
mice. Sci Transl Med 2020;12:eaay6218.

	167.	Ni J, Wu GD, Albenberg L, Tomov VT. Gut microbiota and 
IBD: causation or correlation? Nat Rev Gastroenterol Hepa-
tol 2017;14:573-584.

	168.	Albenberg LG, Wu GD. Diet and the intestinal microbiome: 
associations, functions, and implications for health and dis-
ease. Gastroenterology 2014;146:1564-1572.

	169.	Tanaka S, Nemoto Y, Takei Y, et al. High-fat diet-derived free 
fatty acids impair the intestinal immune system and increase 
sensitivity to intestinal epithelial damage. Biochem Biophys 
Res Commun 2020;522:971-977.


