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A B S T R A C T

The human gut microbiota comprises wide diversity of microorganisms consisting of bacteria, viruses and eu-
karyotes. This normal flora plays a critical role in maintaining the gut's wellbeing and integrity of gut immunity.
The interaction among gut microbiota and host immune system influences the normal balance in the gut and any
mal-interaction contributes to the development of diseases. IBD is characterized by dysbiosis of gut normal flora
compared to healthy state, yet no specific pattern of dysbiosis has been found. Dysbiosis affects the immune
response which encourage the incidence of IBD. Different environmental factors contribute to the microbiota
diversity and pattern throughout the human life. This review describes the alteration of normal gut microbiota in
patients with IBD and how environmental factors including mode of birth, breastfeeding, diet, antibiotics use,
smoking, BMI, medications intake and pollution alter the gut's normal flora contributing to the incidence of IBD.

1. Introduction

Inflammatory bowel disease is a chronic inflammatory state of the
gastrointestinal tract that is divided into Ulcerative Colitis and Crohn's
Disease. It is believed to be the result of both genetic predisposition and
environmental factors leading to gut associated immune response
(Xavier and Podolsky, 2007). Many of the involved genes have been
shown to intermediate the balance between immune system and gut
Microbiota (Jostins et al., 2012). A total of 163 different loci have been
associated with IBD. All of them code for innate and adaptive immune
system elements (Jostins et al., 2012). Similarly, different environ-
mental factors have been associated with the development of in-
flammatory bowel disease though alternation of gut microbiota
(Ananthakrishnan, 2015a; Frolkis et al., 2013). IBD first appeared in the
western world and was associated with the white Europeans (Kaplan,
2015). Thereafter the incidence of IBD has increased rapidly in the
western world to cover North America, Australia and New Zealand in
addition to Europe (Molodecky et al., 2012). Recently, the epide-
miology of this disease is expanding to include more developing
countries as they enter the industrialized world (Kaplan, 2015). This
has linked IBD to westernization. Although the description of IBD goes
back to the 1800s (Mulder et al., 2014), only recently the effect of
environmental factors can be studied with the rise of IBD in newly
westernized countries (Molodecky et al., 2012). Uncovering the effect
of diverse environmental factors on dysbiosis and incidence of IBD
helps in reducing the risk of IBD development.

Human gut contains various types of microbiota, estimated to ex-
ceed 1014 microorganism (Gill et al., 2006), with bacteria constituting
the majority (99.1%) (Qin et al., 2010). It is considered the richest
ecosystem in bacteria (Andersson et al., 2008), with more than 1000
different bacterial species (Eckburg et al., 2005). The remaining mi-
croorganisms are mostly archaea in addition to very low percentages of
eukaryotes and viruses (Qin et al., 2010). The main bacterial phyla
found in the human gut microbiota are: Actinobacteria, Firmicutes, Pro-
teobacteria, Verrucomicrobia and Bacteriodetes (Eckburg et al., 2005;
Costello et al., 2009), and low percentages of Spriochaetes, and Lenti-
sphaerae (Rajilić-Stojanović et al., 2007). Several recent studies have
focused on the role of microbiota including viruses, eukaryotes and
bacteria in the pathogenesis of IBD. Especially that patients with IBD
have altered gut microbiota compared to healthy individuals (Kostic
et al., 2014). The aim of this review is to highlight the association be-
tween human gut microbiota and different environmental factors that I
fluence the development of IBD.

1.1. Normal microbiota

Knowledge about gut microbiota remained minimal until the use of
high through-put sequencing. The first bacterial species to be isolated
from the gut is E. coli, obtained from a child diarrhea, back in 1885
(Klaassens et al., 2011). Early attempts to discover the gut ecosystem
used the culture-based analysis of gut microbiota. Because of these ef-
forts, it was suggested that people share core bacterial species in their
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intestine (Claesson et al., 2009; Lozupone et al., 2012), and that lead to
overestimation of the abundance of easily cultured bacteria especially
E. coli (Niewold et al., 2005). However, with the use of sequencing, the
huge inter and intrapersonal diversity in microbiota was discovered
(Claesson et al., 2009; Lozupone et al., 2012). It is estimated that up to
70% of the intestinal microbiota cannot be cultured using standard
culture techniques (Hayashi et al., 2002). After the use of 16S rRNA
sequencing, one study showed that 76% of the rRNA obtained belonged
to new species that were not cultured previously (Gill et al., 2006).

The gut microbiota differs between different segments of the GI
tract, it even differs in the same region of GI between lumen and mu-
cosal layer (Campbell et al., 2016). Starting from the esophagus, the
normal flora is characterized by restricted diversity with Streptococcus
species being the most prominent (Hollister et al., 2014). Interestingly,
as opposed to other sites of the GI tract, the esophageal microbiota is
observed to increase in diversity in states of inflammation and diseases
(Pei et al., 2004). Similarly, the stomach's microbiota is very limited in
its diversity with dominance of Streptococcus species. The acidity of the
stomach is what limits its microbial components to only acidophiles. So,
it consists of the genera: Prevotella, Streptococcus, Veillonella, and Rothia
(Bik et al., 2006). Its important to mention that this diversity further
decreases if H. pylori was present as part of the stomach normal flora
(Yang et al., 2009).

As for the small intestine, the diversity of microbiota is increased
compared to that of stomach and esophagus while Streptococcus remains
the dominant species. Remarkably, the diversity and complexity of this
microbiota increases gradually throughout the small intestine to reach
highest levels in the ileum (Andersson et al., 2008).

When it comes to the normal flora of the large intestine, various
conflicting data exists. Several studies tried to uncover the bacterial
components of the large intestine using different techniques. One study
examined the feces of 39 different individuals through DNA sequencing
and showed that Firmicutes and Bacteroidetes are the predominant
bacterial phyla in the human intestine with Bacteroidetes constituting
the majority and has the greatest diversity (Arumugam et al., 2011;
Clemente et al., 2012). Similarly, another study confirmed these results
and estimated that a total of 57 species are shared by more than 90% of
the participating study subjects, but their proportion varies between
individuals (Qin et al., 2010). However, in different studies, Firmicutes
was the most predominant phylum in the intestine (Andersson et al.,
2008; Eckburg et al., 2005; Jalanka-Tuovinen et al., 2011), accounting
for more than 80% of the Microbiota (Eckburg et al., 2005), with
Clostridia the most abundant class (Andersson et al., 2008; Jalanka-
Tuovinen et al., 2011) while Ruminococcus, Clostridium and Eubacterium
are the major genera (Eckburg et al., 2005). Actinobacteria followed in
abundance with dominance of genus Bifidobacterium. While the genus
Bifidobacterium was the 3rd most abundant (Andersson et al., 2008;
Jalanka-Tuovinen et al., 2011) but with the highest diversity
(Andersson et al., 2008; Eckburg et al., 2005).

Yet, most of the evidence comes from the Human Microbiome
Project, which screened the feces of 242 individuals by 16S rRNA and
whole genome sequencing (Human Microbiome Project Consortium,
2012a; Justesen et al., 1984). The dominant phyla in the GI tract are
Firmicutes and Bacteroidetes, followed by both Actinobacteria and Ver-
rucomicrobia in addition to very small percentage of Proteobacteria
(Justesen et al., 1984). Interestingly, Proteobacteria increases in abun-
dance in disease states (Human Microbiome Project Consortium,
2012b). Approximately, 0.1% out of the GI microbiota is classified as
pathogenic (Justesen et al., 1984). The different normal flora in the gut
can be categorized into 3 different enterotypes: Bacteroides, Prevotella,
or Ruminococcus (Wu et al., 2011).

2. The development of gut microbiota

Colonization of newborns with microbiota starts from the moment
of birth (Fig. 1). Initially, the first infant stool is found to be low in

bacterial content (Koenig et al., 2011) and totally devoid of viral par-
ticles (Breitbart et al., 2008). The gut microbiota starts to be shaped
very early in life and is affected by several factors including the mode of
birth. Vaginally-delivered babies acquire the vagina-predominant bac-
teria, Lactobacilli prevotella, or Sneathia spp when born. While babies
born through caesarian section acquire skin predominant bacterial
species mainly Staphylococcus, Corynebacterium, and Propionibacterium
spp (Dominguez-Bello et al., 2010). However, when examining the fecal
bacterial composition of preterm infants, it was noted the dominance of
Proteobacteria, with increasing proportion of Clostridium and Bacter-
oides, associated with decreasing percentage of both Staphylococcus and
Haemophilus overtime (Tulstrup et al., 2015). In early life, the intestinal
microbiota of infants is dominated by aerobic and facultative anaerobic
bacteria. With time these are replaced by strictly anaerobic species (Ley
et al., 2008), particularly those able to help in digestion of lactose
(Koenig et al., 2011). Here comes the role of mode of feeding in early
life in shaping the structure of gut normal flora. Interestingly, breast-fed
kids had more vaginally derived Microbiota (Zivkovic et al., 2011) and
higher proportions of Clostridiales and Lactobacillales in their intestines
compared to non-breast-fed individuals (Tulstrup et al., 2015), where E.
coli and B. fragilis counts where significant in the latter (Penders et al.,
2006). While both breast-fed and formula-fed infants had Actinobacteria
and Firmicutes as the predominant phyla, lower diversity of microbiota
was observed in breast-fed infants. On the other hand, increased pro-
portions of Peptostreptococcus and Clostridium difficile were noted in
formula-fed babies (Ungaro et al., 2014). However, the degree to which
mode of feeding during early infancy affects the gut microbiota is still
not clear. One study examined the development of microbiota in breast-
fed and formula-fed infants during the first 12 weeks of life, through
16S rRNA and quantitative PCR of the fecal samples of infants. The
results highly suggested the importance of individuality in determining
the composition of intestinal microbiota, especially with breast-fed
babies. While the formula-fed infants showed relatively similar com-
position with high levels of bifidobacteria (Arias-Jayo et al., 2018).
Gender also plays a role in shaping the microbiota where female infants
had more Clostridiates, and lower percentages of Enterobacteriales than
male infants (Tulstrup et al., 2015).

The gut microbiota composition remains then stable until the in-
troduction of complex polysaccharides in diet, where a noticeable in-
crease in Bacteroidetes occurs (Koenig et al., 2011). This is associated
with increase in diversity overtime influenced mainly by change in diet
or health status (Koenig et al., 2011). Yet, Children born by cesarean
section continue to have lower proportions of bifidobacterial and Bac-
teroides, and increased clostridium levels than vaginally born in-
dividuals (Penders et al., 2006). Health status also plays important role
in shaping the microbiota of the gut, where the use of antibiotics in
infancy is associated with higher proportions of clostridium (Penders
et al., 2006). By age 3, the gut microbiota of an infant is similar to that
of an adult (Koenig et al., 2011). It is also important to note that the
proportion of Bacteroidetes differ among children from different re-
gions. African children had greater proportion of Bacteroides, especially
Prevotella and Xylanibacter, and greater diversity in Bacteroides species
in their microbiota compared to Asian and European children. This
difference could be attributed to the polysaccharide rich diet of African
infants, where these highly represented bacteria help in the hydrolysis
of cellulose (Filippo et al., 2010). The newly acquired intestinal flora
remains approximately the same in adult life, with stable proportions in
healthy state (Caporaso et al., 2011). As the individual ages, an increase
in Bacteroidetes:Firmicutes ratio compared to younger adults is ob-
served, with varying proportion of clostridium (Claesson et al., 2011).
Analysis of intestinal tissues using 16S rRNA from elderly showed sig-
nificant increase in the microbiota belonging to the clostridia class,
mainly C. coccoides group (Hold et al., 2002). With the influence of all
these environmental factors, the role of genetics in shaping the micro-
biota is evident. Individual genome affects the development of gut
microbiota, where twin studies show that maternal twins share more
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than 60% similarity in their gut microbiota, while this percentage de-
creases in fraternal twins (Zoetendal et al., 2001).

3. Microbiota and the immune system

More than 1000 bacterial species constituting the gut microbiota
establishes a symbiotic relationship with humans (Guarner and
Malagelada, 2003). Human's outcome from this relationship varies and
includes different levels and systems. Gut microbiota helps in digesting
more carbohydrates through the bacterial enzymes and at the same
time boosts the immune system (Hooper and Macpherson, 2010). A
special relationship exists between the immune system and the gut
microbiota, where a homeostatic balance is always present. The gut
microbiota helps in the development of immune system through various
mechanisms, explained below briefly, and at the same time, the im-
mune system keeps the microbiota under control (Hooper and
Macpherson, 2010). The normal flora helps in development of gut as-
sociated lymphoid tissues (GALT) which play a role in triggering the
immune response (Manichanh et al., 2012). In addition to that, in-
testinal microbiota helps in the development and differentiation of T
helper 17 and that of T regulatory lymphocytes which control the ac-
tivity of T helper cells (Manichanh et al., 2012; Pabst, 2017). Besides,
they regulate the secretion of IgA which inhibits the activity of the
innate immune response by inhibiting the expression of certain bac-
terial genes (Manichanh et al., 2012). Another way by which bacteria
can influence the immune system is through its metabolites. The mi-
crobiota metabolizes the undigested polysaccharides into short chain
fatty acids, which in its turn plays a role in regulation and differ-
entiation of T regulatory lymphocytes (Pabst, 2017). The role of in-
testinal microbiota also extends to the inhibition of penetration and
invasion of the gut by pathogenic microorganisms. This can be achieved
by consuming the limited nutrients available and needed for the

development of the pathogens (Manichanh et al., 2012).
On the other hand, the immune system inhibits these organisms

from invading the body. First, through employing goblet cells which
secrete mucin glycoprotein forming double mucus layer, in which the
inner is resistant to bacteria. This protects the epithelial cells from any
microbial penetration. The second barrier is the secretion of anti-mi-
crobial protein form intestinal epithelial cells which can break down
the bacterial cell wall. These proteins are kept in the mucus layer, not to
attack the bacteria inhabiting the lumen of the gut. The third barrier is
the secreted IgA which inhibits bacterial adhesion (Hooper and
Macpherson, 2010).

Disruption of this homeostatic balance between the immune system
and the gut microbiota results in dysbiosis. Dysbiosis is defined as any
change or alteration in the body's normal microbiota that is usually
associated with certain diseases (Bloom et al., 2011). In general, the
alteration in gut microbiota was found to be associated with auto-
immune diseases. Children at higher risk for insulin dependent type I
diabetes were shown to have decreased levels of diversity in their in-
testinal microbiota with gradual increase in the levels of Bacteroides
ovatus and firmicute strain CO19 over time (Giongo et al., 2011). Yet,
due to the large intra and inter-individual variability in intestinal mi-
crobiota composition, it is hard to associate diseases with specific
dysbiosis (Klaassens et al., 2011).

Inflammatory bowel disease (IBD) was shown to be strongly asso-
ciated with dysbiosis and this may be an essential player in the pa-
thogenesis of the disease. A decrease in microbiota diversity is the in-
testine is noted in IBD patients (Walker et al., 2011). Ulcerative Colitis
(UC) was associated with decrease in members of the phyla Firmicutes
in the intestine compared to healthy individuals as detected through
bacterial stool analysis (Walker et al., 2011; Manichanh et al., 2006),
while significant increase in Enterobacteriaceae in Crohn's Disease (CD)
was documented (Seksik et al., 2003), particularly in E. coli levels

Fig. 1. Summary of distribution and persistence of different microbiota throughout phases of life.
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(Baumgart et al., 2007). Interestingly the proportion of E. coli was re-
lated to the severity of the disease, with the invasive forms of the
bacteria seen only in the inflamed parts of the colon (Baumgart et al.,
2007). While others found the increase in Escherichia levels to be as-
sociated with both UC and CD (Ma et al., 2018). Some studies observed
increased proportion of Proteobacteria in IBD with decreased levels of
Bacteroidetes in active CD and Hemophilus in CD and Prevotella in UC
(Ma et al., 2018). This can be clarified by the ability of microbiota to
influence the immune system and eventually triggering the incidence of
IBD. Faecalibacterium prausnitzii, was found to play anti-inflammatory
role in CD, where its lower proportions were associated with higher
recurrence rate of CD. Through further analysis, it was found to de-
crease the levels of pro-inflammatory cytokines such as NF-KB, IL-2 and
INF gamma and to increase the level of IL-10, an anti-inflammatory
cytokine (Sokol et al., 2008). Even within the same individual, the
proportion of normal flora differs between inflamed and non-inflamed
parts of the intestine (Walker et al., 2011), suggesting a role of dysbiosis
in triggering the inflammatory process. The important role played by
normal flora in the setting of IBD is further supported when fecal
bacteria from patients with UC during its active and remission states
were able to induce activity of inflammatory cells and to increase the
levels of cytokines and interleukins compared to fecal bacteria from
healthy subjects (Wang et al., 2018). However, some studies have
questioned the association between CD and the decrease in Faecali-
bacterium prausnitzii with its protective role, where no clear difference
in proportion of different bacterial species was seen (Assa et al., 2016).

In a meta-analysis studying the effect of breastfeeding on IBD in-
cidence, breastfeeding was shown to be a protective factor for both UC
and CD (Barclay et al., 2009), this protection increases as the duration
of breastfeeding increases (Ananthakrishnan, 2015a), which also re-
flects a role played by microbiota that is shaped by breastfeeding.

On the other hand, conflicting theories exists concerning the pa-
thogenesis of this disease. Some suggest that this alteration in gut mi-
crobiota is due to the actual process of inflammation so is a result of IBD
and not a trigger (Bloom et al., 2011), where mutations in genes in-
volved in immune homeostatic mechanisms such as NOD2 is associated
with IBD (Hugot et al., 2001).

Another attempt to explain the process underlying these changes
states that in case of IBD, there is alteration in the immune system. In
fact, defects in the immune system are due to mutations affecting in-
testinal barrier integrity, epithelial cells structure or response to pa-
thogens. Around 200 loci were identified as plyers in the pathogenesis
of IBD. Several of these, encoding parts of the immune system are
widely studied such as NOD2, TG6L1, NLRP6, PTPN2, IL23R, IL10,
IL10R, IL10RB, HNF4 and others (Younis et al., 2020). This alteration
affects the gut microbiota which in its turn plays a role in the patho-
genesis of IBD. When T-bet, a transcription factor involved in regulating
the proinflammatory program, was lost in mice lacking adaptive im-
mune system, Ulcerative Colitis (UC) was induced. At the same time,
the loss of this gene, increases the susceptibility of mice with intact
immune system to develop Ulcerative colitis. This is the results of the
loss of Tumor Necrosis Factor alpha (TNF-α) which is regulated by T-
bet (Garrett et al., 2007). In another study, mice deficient in nucleotide-
binding oligomerization domain protein-like receptors 6 (NLRP6),
where more susceptible to IBD development than mice with intact
NLRP6 gene and showed alteration in gut Microbiota (Elinav et al.,
2011). These results support the suggestion that alteration in immune
system leads to dysbiosis. Another study found that Paneth cells phe-
notype influence the microbiota in the gut. The abnormal Paneth cells
favor the increase in pro-inflammatory microbiota in CD (Liu et al.,
2016). Yet the change in immune system mechanisms must be asso-
ciated with alteration in microbiota to develop the IBD. Mice with
knocked out IL-10 gene developed UC when they had normal gut flora,
but this was not the case in germ free conditions (Sellon et al., 1998).
While IL-10 knock out mice when maintained normal levels of Lacto-
bacillus, had lower susceptibility to develop UC (Madsen et al., 1999).

The role of IBD genetics is mostly evident when dealing with pe-
diatrics IBD (PIBD), which is defined as IBD onset before the age of 17.
It is further subclassified into very early onset IBD (VEO-IBD) if the
onset is before 6 years of age, infantile IBD if the onset is before 2 years
of life and neonatal onset IBD if onset is in the first 28 days of life
(Nemati and Teimourian, 2017; Nameirakpam et al., 2020). In fact,
monogenic IBD is prominent in VEO-IBD group. These patients usually
have poor response to conventional treatment compared to targeted
therapy. Good proportion of these patients are even classified under
IBD-unclassified (IBD-U), where diagnosis of IBD is confirmed via
conventional methods but cannot be specifically categorized under UC
or CD (Nemati and Teimourian, 2017; Nemati et al., 2017). Genetic
basis of IBD in these patients assists in reaching accurate diagnosis and
directs therapy via molecular testing. Hence, recent research efforts are
directed toward studying genetic mutations along with their protein
function and characteristic clinical phenotypes. Indeed, new approach
to deal with VEO-IBD is based on genetics to obtain accurate and rapid
diagnosis. Therefore, family history, disease history, consanguinity,
clinical findings, specific phenotype, age of onset and molecular testing
are all becoming key elements for diagnosis (Nemati and Teimourian,
2017). For example, 2 out of 15 VEO-IBD patients were found to have
IL-10 related gene mutation. Conventional non-genetic based diagnostic
techniques would misdiagnose these patients who would benefit from
allogenic hematopoietic stem cell transplant (Nemati et al., 2017).
Various such genetic defects influencing VEO-IBD occurrence are
heavily investigated such as: IL10, IL10RA, IL10 RB, TTC7A, IKBKG,
ADAM17, COL7A1, FERMT1 among others (Nameirakpam et al., 2020).
This further adds evidence supporting the theory of immune-related
genetic defects as the basis of IBD initiation.

The pathogenesis of IBD is very complex and it involves several
genetic and environmental factors that can influence the development
of IBD throughout the human life. As the incidence of IBD is increase in
the past century, it is noticed that the highest percentages are found in
the developed countries especially Europe and North America, with
important increase in incidence in Asian countries moving to wester-
nized lifestyle (Ananthakrishnan, 2015b). The association between IBD
and modern lifestyle is due to the environmental factors that affect the
gut microbiota differently, thus disrupting the gut homeostasis. As per
Fig. 2, important factors include: antibiotic and probiotic use, obesity,
pollution, urbanization, diet, smoking and medications, all of which are
discussed below.

While others suggest that the human virome plays a role in the
development of CD. Norovirus infection caused abnormalities in Paneth
cells of mice with a hypomorphic Atg16L1 gene, a gene that was shown
to be correlated to CD, compared to wild type mice (Cadwell et al.,
2010). Also upon the introduction of toxic substance dextran sodium
sulfate, the intestine developed a pathology similar to that of CD, this
process was shown to be mediated by TNF alpha and INF gamma
(Cadwell et al., 2010).

IBD patients usually face complication such as co-infection with C.
difficile. In such cases, the change in microbiota is more pronounced
than IBD patients alone. Increase in Ruminococcus gnavus and
Enterococcus and decreased levels of Blautia and Dorea was observed in
these patients (Gut Microbes, 2018).

Change in fungal proportions in the gut is also prominent in IBD.
This microbiota shows increased proportions of C. albicans, Aspergillus
clavatus and Cryptococcus neoformans in CD compared to healthy sub-
jects (Chu et al., 2018).

4. Antibiotics and IBD

In modern life, antibiotic use is emerging early in childhood, this
affects the shape of the gut microbiota, which in its turn affects the
incidence of IBD. One meta-analysis studies the association between
antibiotic and IBD though 11 studies and 7208 IBD patients, shows that
antibiotic use is strongly associated with IBD, and that early use in life
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increases the risk of CD (Ungaro et al., 2014). This relation is valid even
in infancy. Studies assessing the link between antibiotics and IBD show
that children exposed to antibiotics early in life are 1.84 times more
likely to develop IBD than non-exposed children (Hviid et al., 2011).
For Crohn's Disease alone, the relative risk of the disease was 3.34 times
higher for antibiotic users (Hviid et al., 2011). Remarkably, the highest
risk of the disease seen if the antibiotic used in the first 3 months of life
(approached 4.43 in Crohn's Disease). The risk increases as the number
of antibiotic courses increases (Hviid et al., 2011). In one study, 58% of
IBD patients had at least used 1 antibiotic course before the age of 1,
compared to 39% of healthy individuals (Penders et al., 2006; Shaw
et al., 2010). In another large-scale study individuals who had otitis
media before age 5 years had increased IBD incidence risk by 2.8 folds
(Shaw et al., 2013). This emphasizes the likelihood that antibiotics are
implicated in etiology of IBD. This link between antibiotic use and IBD
risk can be explained by the alteration of gut microbiota or the host
immune system after the use of antibiotics (Korpela and de Vos, 2016).
The early exposure of preterm infants to different antibiotics increases
the percentage of Enterobacter at the expense of other genera and at the
same time, lowers the diversity of gut microbiota in later weeks
(Greenwood et al., 2014). In school age children, the use of antibiotics
leads to increase in Actinobacteria and decrease in both Bacteroidetes
and Proteobacteria (Clemente et al., 2012; Korpela et al., 2016a). This
change in microbiota composition lead to decrease in the gut diversity
which didn't recover back to normal even after 3 years (Korpela et al.,
2016a). Patients diagnosed with IBD are more likely to have used an-
tibiotics in the past 5 years, with increase in occurrence as the number
of courses ingested increases, and with stronger association with CD
than UC (Shaw et al., 2011). The use of antibiotics increases the degree
of dysbiosis even more in IBD patients (Kronman et al., 2012). All an-
tibiotics were positively associated with occurrence of IBD except pe-
nicillin, while metronidazole and fluoroquinolones were mainly

associated with recent-onset of IBD (Ungaro et al., 2014). In experi-
mental mice given different types of antibiotics for 10–11 days, the
diversity of intestinal microbiota was deceased, with significant in-
crease in Proteobacteria, when using vancomycin, amoxicillin and ce-
fotaxime. In addition to specific increase in proportion of Bifidobacter-
iaceae in cefotaxmine treated mice only, while increase in both
Lactobacillaceae and Verrucomicrobiaceae in vanvomycin treated mice
only, compared to control (Tulstrup et al., 2015). This was associated
with decrease in intestinal permeability with vancomycin and cefo-
taxime use (Tulstrup et al., 2015). In another study, the use of cipro-
floxacin changes the proportions of bacteria in the intestine with a
decrease in diversity, both of which didn't recover 6 months after the
course (Dethlefsen et al., 2008). Keeping in mind that the use of anti-
biotics is increasing especially in the developed countries and taking
into consideration the emergence of IBD in the west, the relationship
between IBD and antibiotic use is reasonable. In healthy individuals,
after the use of ciprofloxacin for 5 days, a decrease in the diversity of
microbiota was noted (Dethlefsen and Relman, 2011).

Starting from the effect of antibiotics on microbiota and IBD pa-
thogenesis, the focus then shifted toward probiotics. Probiotics are vi-
able bacteria that when consumed appropriately provide health benefit
to the human body (Dylag et al., 2014). For a bacterium to serve as
probiotic, it must be of human body origin, nonpathogenic, stable in the
bile and gastric acid, able to adhere to the intestinal cells, inhabit the
intestine for some time, influence the immune system and to compete
with the pathogenic bacteria (Sheil et al., 2007). Of the bacteria that
can serve as probiotics: Lactobacilli, Bifidobacteria, Streptococcus, En-
terococcus, nonpathogenic E. coli, and Saccharomyces boulardii
(Shanahan, 2001).

The long-term use of Lactobacillus rhamnosus GG in pre-school
children was associated with increase in percentage of intestinal
Prevotella, Lactococcus and Ruminococcus, while a decrease in that of
Escherichia (Korpela et al., 2016b). In children, the administration of,
inceased the levels of IgA in the intestine (Rachmilewitz et al., 2002).

IL-10 knock out mice, which usually develop UC under normal germ
conditions, when given Lactobacilli probiotic had lower susceptibility to
IBD development (Madsen et al., 1999), less severe inflammation
(O'Mahony et al., 2001), reduced levels of pro-inflammatory cyrokines
(O'Mahony et al., 2001) and decreased levels of certain bacterial species
(C. perfringens, coliforms, and enterococcus) (O'Mahony et al., 2001).
Administration of both L. salivarius UCC118 and Bifidobacterium infantis
35,624, to an IL-10 knock out mice was shown to decrease the severity
of IBD, to cause alteration in gut microbiota and at the same time to
decrease the levels of proinflammatory cytokines (McCarthy et al.,
2003). The administration of B. infantis alone, in both Il-10 knock out
mice and wild type mice, lead to significant changes in Peyer's patch
and decreased levels of INF-gamma in both mice (Sheil et al., 2006).
Even with subcutaneous injections of L. salivarius without oral admin-
istration, the levels of pro-inflammatory cytokines were decreased in IL-
10 knockout mice (Sheil et al., 2004). Such probiotics can be sued in
combination with antibiotics to decrease the severity of the diseases, as
shown in one of the studies, where combination with metronidazole
and probiotics decreased the severity of UC (Schultz et al., 2004). The
protective effect of probiotic was also seen when using the bacterial
DNA alone, which leads to decrease in severity of the disease
(Rachmilewitz et al., 2002).

Administration of Lactobacillus GG and fructooligosaccharide for
IBD patients in combination with antibiotics was found to decrease the
symptoms (Friedman and George, 2000). In one clinical trial, the ad-
ministration of E. coli strain Nissle 1717was able to maintain remission-
free period as useful as mesalazine (Kruis et al., 1997). Likewise, re-
mission was reached in UC patients in approximately equal percentages
when using E. coli and mesalamine, with comparable relapse rate and
time (Sheil et al., 2004). Even such beneficial effect of microorganisms
extends to include the yeast Saccharomyces boulardii. When adminis-
tered in combination with mesalamine the relapse rate decreased by

Fig. 2. Different factors influencing the microbiota and immune system.
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30% in CD patients than with mesalamine alone (Guslandi et al., 2000).
Such studies and clinical trials are promising and suggest the im-

portance of microbiota in IBD etiology, yet large-scale clinical trials are
needed.

5. Diet and IBD

Diet is highly associated with the structure of gut microbiota. The
consumption of vegetables and fruits was found to be a protective factor
in CD (Flores et al., 2015). In the same manner, one cohort study in-
volving more than 170,700 women followed for 26 years, found that
the consumption of dietary fibers decreases the risk of IBD incidence
(OR 0.59) (Pituch-Zdanowska et al., 2016). However, this protection is
not offered by all sources of fibers consumed. The highest association
was found between fibers from fruits and CD, while that of grains was
not associated with the decreased risk (Pituch-Zdanowska et al., 2016).
This relationship between diet and IBD can be explained by the effect of
diet on both microbiota and immune system, which in their turn affect
IBD incidence. In one study, when the diet is stabilized the normal
microbiota remains relatively constant (Reyes et al., 2010).

Diet affects microbiota throughout life, where its effect starts as
early as infancy years (Mendall et al., 2011). Breast-feeding increases
the proportion of Bifidobacteria in the gut. Also, daily diet affects the
diversity and proportions of bacteria in a specific manner. High car-
bohydrate diet is associated with predominant Prevotella over Bacter-
oides in the intestine; while protein and fat-rich diet is associated with
increased proportion of Bacteroides over Prevotella (Spor et al., 2011).
This effect is seen within days, without the need for long-term diet
change (Wu et al., 2011; Turnbaugh et al., 2009a). The high fat and
protein diet is considered a westernized diet and is consistent with the
fact that the west has highest prevalence of IBD.

Others noted that in high fat low fiber diet, the predominance of
Bacteroidetes and Actinobacteria in gut microbiota was detected, while
vegans, vegetarians and high carbohydrate diets where associated with
increased Prevotella (Wu et al., 2011).

The gut microbiota is classified into 3 different enterotypes, each
linked to long term dietary pattern. Enterotype1 is dominated by ba-
cetroides spp., which is suggested to be highly correlated with the
westernized diet. While enterotype2 has the Prevotella spp. As the
predominant one and is associated with carbohydrate and fiber rich diet
(Wu et al., 2011). For enterotype3, Ruminococcus is the most abundant
species (Arumugam et al., 2011).

This dysbiosis is associated with change in inflammatory status in
the intestine, thus affecting IBD. The consumption of high fat diet, re-
sulted in change in microbiota composition in animals, with increase in
the phylum Bacteroidetes, detected through 16SRNA and quantitative
PCR. In addition to increase expression of NF-KB, proinflammatory
cytokine leading to intestinal inflammation. These were associated with
damage in intestinal barrier and increase in the secretion of mucin in
these animals (Arias-Jayo et al., 2018).

Micronutrients can also affect IBD incidence. Zinc is one of the
important metals for some enzyme functions. It acts as a co-factor for
metalloproteinases, some of which are involved in the maintenance of
integrity and permeability of the gut (Seminerio et al., 2015). Zinc
consumption was associated with decreased risk of CD (Zietek and
Rath, 2016). While IBD patients with decreased zinc levels where more
likely to face hospitalization, surgery and other complications (Karmiris
et al., 2006).

6. Smoking

The smoking status of the patient is found to be correlated with IBD
incidence but in a complex manner. The study of this association started
early in 1980 where Ulcerative Colitis was found to be more prevalent
among non-smokers (Harries et al., 1982). This observation was also
noted in a meta-analysis study, where smoking was a protective factor

for UC, while quitting smoking was a risk factor for UC (Birrenbach and
Böcker, 2004). These results where shared by other studies, where
smoking cessation was associated with increased risk of UC up to
20 years (Higuchi et al., 2012). In the same meta-analysis, smoking was
associated positively with the incidence of CD (Mahid et al., 2006;
Cosnes, 2008). Similarly, a two-fold increase in the risk of CD was found
in smokers compared to non-smokers, with decrease in this association
after smoking cessation (Higuchi et al., 2012; Cosnes et al., 1996). This
risk increases with the increase in pack-years (Higuchi et al., 2012).
Remarkably, a relationship between IBD and smoking was documented
in passive smokers and in patients exposed to smoking in early life
(Mahid et al., 2007). Early smoking age was associated with CD diag-
nosis at early age (Mahid et al., 2007). Furthermore, this association is
gender-specific, where smoking delayed the onset of UC in men (from
age of onset at 32 to 42-year-old) but not in women (Cosnes et al.,
2004). It also influences therapy in gender-specific manner, where
immunosuppression was not necessary in smoking men with UC but this
was not the case in smoking women (Cosnes et al., 2004). While the
same study found that smoking was correlated with earlier onset of CD
in women (from 35 to 29 years) but not in men (Cosnes et al., 2004).
Consistent with these findings, smoking is associated with more ag-
gressive forms CD (Cosnes, 2008).

Several studies tried to explore the mechanism of which smoking
influences IBD. First, it was suggested that nicotine is the main trigger,
but this was refuted when no difference was found with the use of ni-
cotine replacement therapy (NRT) (Birrenbach and Böcker, 2004). Even
the use of oral tobacco didn't show any significant relationship with IBD
(Birrenbach and Böcker, 2004). This suggest other factors playing role
in this association.

While the real etiology is still unclear several conflicting hypotheses
with supporting evidence have been suggested. One study suggests the
protective effect of smoking in UC is due to decreased gut permeability
with the use of nicotine. Nicotine and its breakdown metabolites act as
anti-inflammatory agents, reducing the production of pro-inflammatory
cytokines and promoting the anti-inflammatory ones. This was also
supported by other studies, where nicotine use decreased the produc-
tion of Tumor Necrosis factor alpha (TNF-alpha) (Sykes et al., 2000;
Van Dijk et al., 1995), and IL-1Beta (Van Dijk et al., 1995). It also in-
creased the production of anti-inflammatory cytokines IL-4 and IL-10 in
CD4 T cells (Zhang and Petro, 1996). Similarly, supplying CD patients
with nicotine improved the symptoms, and none of the patients had
worsened case (Thomas et al., 2005). Yet other argued that in CD, ge-
netic mutations lead to increase gut permeability and inflammation
(McGilligan et al., 2007), which means nicotine must act in a different
pathway not affecting the permeability.

Another hypothesis related the protective effect of smoking to the
carbon monoxide, where it was found to decrease the levels of anti-
inflammatory cytokine IL-10 (Hegazi et al., 2005).

Others suggested that nicotine may exert its effect through binding
to nicotinic acetylcholine receptors in the gut (Richardson et al., 2003).
The use of nicotine was found to increase the number of these receptors
(Richardson et al., 2003), through which nicotine mediates its action
and decreases the production of pro-inflammatory cytokine IL-8
(Summers et al., 2003).

With all these studies, the effect of smoking on progression of IBD is
still not clear and needs further evidence.

7. Medications

The use of some medications was found to be associated with IBD
incidence. One study explored the effect of aspirin use on IBD incidence
in the European population. The use of aspirin increased the risk of CD
(OR = 6.14), but not that of UC. Interestingly, the use of aspirin in
smokers decreased this association between aspirin and CD (OR = 0.3)
(Chan et al., 2011). Yet this association was not detected in another
study (Ananthakrishnan et al., 2012a).
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The effect of non-steroidal anti-inflammatory drugs (NSAIDs) on the
incidence of IBD was also evaluated. One study found a positive cor-
relation between the frequent use of NSAIDs (more than 15 days in
1 month) and the incidence of both UC and CD (Ananthakrishnan et al.,
2012a). Similar positive association was observed between NSAIDs and
relapse if IBD (Takeuchi et al., 2006), with the absence of this corre-
lation when using selective COX-2 inhibitor (Takeuchi et al., 2006). Yet,
contradicting data exists, where the use of NSAIDs was associated with
increased exacerbations in CD but not UC (Moninuola et al., 2018).
While others noted that the use of NSAIDs or COX-2 selective inhibitor
decreased the relapse in UC but no association with CD (Hensley and
Beales, 2015).

Several studies examined the relation between IBD pathogenesis
and vitamin D, where deficiency of vitamin D was documented in pa-
tients with new onset IBD (Mouli and Ananthakrishnan, 2014). Lower
risk of IBD was observed in residents of south latitudes in the unites
states (Khalili et al., 2012). This low incidence is thought to be due to
Ultra violet light exposure in these areas, where more exposure is
correlated with lower incidence of IBD (Nerich et al., 2011). Higher
levels of vitamin D where associated with decreased risk of UC (Joseph
et al., 2009). A cohort study was conducted on nurses on the United
States, where vitamin D levels were recorded, and the participants were
followed for 22 years. Positive correlation was detected between high
serum levels of 25(OH)-D and the reduction of CD incidence. This
correlation was not valid for UC (Ananthakrishnan et al., 2012b).

A second evidence came from mice experiments, where mice with
no Vitamin-D-receptors were more susceptible to injury of the colon by
dextran sodium sulphate than normal mice (Kong et al., 2008). 1,25-
dihydroxyvitamin D acted to protect tight junctions between epithelial
cells (Kong et al., 2008). Even association was noted between vitamin D
receptor gene polymorphism and incidence of IBD (Kong et al., 2008).

Mice with spontaneous IBD incidence after IL-10 gene knock out,
deteriorated very quickly and showed wasting, diarrhea and death
when were not given any vitamin D, compared to mice with same ex-
perimental conditions but with enough vitamin D supplmenetation
(Cantorna et al., 2000). Even after IBD incidence, mice supplemented
with 1,25-Dihydroxycholecalciderol showed improvement of symptoms
(Cantorna et al., 2000). Another study with IL-10 knock out mice which
developed eventually IBD, showed that the mildest form of the disease
was associated with vitamin D and calcium sufficiency in mice, while
the most severe form was associated with the deficiency in both. This
decrease in severity was associated with decreased levels of TNF-alpha
secretions in mice treated with both vitamin D and calcium. While the
levels of TNF-alpha increased after knocking-out the vitamin D re-
ceptors in these mice. Therefore, vitamin D and calcium act on de-
creasing the severity of IBD through decreasing the expression of TNF-
alpha (Zhu et al., 2005). Further evidence concerning the role of vi-
tamin D in IBD was shown, when mice with induced IBD were treated
with both vitamin D and corticosteroids. In these mice, the level of TH1

secreted inflammatory cytokines decreased, as well as the activity of
TH17, while the activity of both TH2 and Treg was upregulated (Daniel
et al., 2008).

In one study, where patients with IBD where given vitamin D sup-
plementation with calcium or calcium alone, only 13% of the vitamin D
treated group relapsed within 1 year, compared to 29% of the calcium-
alone treated group (Jørgensen et al., 2010).

However, studies supporting this correlation between vitamin D
levels and IBD have conflicting results. One study didn't find any sig-
nificant correlation between disease activity and vitamin D levels in
cross sectional study of IBD patients (El-Matary et al., 2011).

This suggests the need for further studies concerning vitamin D le-
vels in IBD patients, where vitamin D supplementation could be used to
decrease the severity.

8. Obesity and microbiota

About 33% of IBD patients are obese (Flores et al., 2015). In IBD
children, 24% were obese and were more likely to need IBD-related
surgery than normal-weight IBD children (OR 1.73) (Long et al., 2011).

On the other hand, some found low association between IBD and
obesity, where only 8.4% of IBD children were overweight or obese
(Pituch-Zdanowska et al., 2016). Even no association was found be-
tween obesity and the frequent need of immune-suppressive therapy or
IBD-related complications that lead to hospitalization, surgery or
Emergency room visits (Seminerio et al., 2015). While other studies
considered obesity as a positive factor decreasing the severity of IBD.
Obese IBD patients were 23% less likely to need anti-TNF medications,
or to go through hospitalization or even surgery for their IBD than
normal weight IBD patients (Flores et al., 2015). Compared with non-
obese IBD patients, obese patients were less likely to have progression
of CD and had less penetrating CD (OR 0.56) (Pringle et al., 2015).

When examining each of UC and CD alone, CD was more likely to be
associated with obesity (OR 3.22) (Mendall et al., 2011). Yet, others
found conflicting results. UC was more associated with obesity than CD
(Seminerio et al., 2015). Some studies even suggest that IBD is the
trigger for obesity. Change in gut's microbiota composition affects
several satiety and appetite related factors and hormones such as gas-
trin and glucagon like protein leading to development of obesity (Zietek
and Rath, 2016; Karmiris et al., 2006). Add to this, the effect of corti-
costeroid use and smoking cessation on weight gain (Berthon et al.,
2014; Tian et al., 2015). The average increase in BMI and weight after
smoking cessation is about 1.14 Kg m−2 and 4.1 Kg respectively (Tian
et al., 2015).

Yet this relationship between IBD and obesity remains unclear be-
cause most of the data on IBD patients are from cross sectional studies.
Not only is obesity associated with IBD, but also low BMI is also a risk
factor for CD (Mendall et al., 2011).

To explain the role of obesity in IBD pathogenesis, its effect on
microbiota and immune system was examined. Obesity has been linked
to change in gut microbiota community. It is found that obese mice and
humans had higher proportion of Firmicutes and Actinobacterium and
decreased that of Bacteroidetes (Ley, 2010; Turnbaugh et al., 2009b).
The new microbiota is associated with increased energy intake from the
diet and to contribute to the low-grade inflammation seen in obese
individuals. After transplanting feces from obese mice to germ-free
mice, increased level of obesity was detected compared to mice who
received feces from leand-mice (Turnbaugh et al., 2008; Turnbaugh
et al., 2006).

In a study trying to examine the effect of obesity and exercise on the
intestine, it was found that sedentary lifestyle and obesity were both
associated with increase in COX-2 expression and change in histology of
intestinal villi compared to mice obese and exercising, lean and ex-
ercising or lean without exercise. Also, it was noted that abundance of
Faecalibacterium prausnitzi, Clostridiumspp., and Allobaculum spp. was
increased in the intestine of exercising mice (Campbell et al., 2016).

Obesity is associated with chronic low grade inflammation (Winer
et al., 2016). This is particularly true when talking about each type of
adipose tissue individually. For visceral adipose tissue, they are asso-
ciated with increased secretion of pro-inflammatory cytokines such as
TNF and IL6 and adipokines such as resistin (Balistreri et al., 2010).
Interestingly, IBD patients show increased mesenteric fats specifically
in areas affected with the disease (Kredel et al., 2014). In CD, the in-
crease in such fats is associated with increases degree of inflammation
as seen histologically and increased infiltrative immune cells (Kredel
and Siegmund, 2014). In addition to a positive relationship between the
severity of CD and the amounts of adipokines and cytokines secretions
(Batra et al., 2009).

Overall obesity is not associated with IBD severity and progression,
yet visceral adipose tissues are directly associated with disease severity.
The higher the amount of visceral fats, and visceral to subcutaneous fats
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ratio, the more complications CD patients are likely to face (Erhayiem
et al., 2011).

9. Pollution

Pollution and urban lifestyle are suspected to increase the risk of
IBD incidence. One cohort study found that urban areas residents are
more likely to develop CD and UC with 1.49- and 1.63-fold increase in
risk respectively (Ng et al., 2015). This is supported by the fact that
prevalence of IBD increased with increasing urbanization (Benchimol
et al., 2017). This is particularly true in developing and developed
countries where industrialization increased over the last period asso-
ciated with increase in IBD prevalence (Ng et al., 2013). This impact of
urbanization on IBD incidence might be explained by the change in
lifestyle, habits, diet and environmental factors.

One of the remarkable factors is the increase in pollution. When
examining the effect of short-term exposure to particulate matter on the
gut microbiota and immune system of the mice, it was found to increase
the amount of pro-inflammatory cytokines in the gut and enhance the
intestinal permeability. While the long-term exposure was found to
both increase the secretion of pro-inflammatory cytokines in the gut
and at the same time to change the microbiota composition there. Even
when IL-10 knocked out mice were exposed to the particulate matter;
the disease severity was increased (Kish et al., 2013). However, the
effect of pollution on incidence of IBD might be restricted to some
specific pollutants. Residents of areas exposed to highest amounts of
NO2 where found to have highest incidence of IBD, specifically CD, at
very young age (Kaplan et al., 2010). In the same manner, those re-
siding in areas with high exposure to SO2, were more likely to be di-
agnosed with Ulcerative Colitis compared to those residing in low-
concentration-SO2 areas (Kaplan et al., 2010). Another study in the
united states found positive correlation between the amount of pollu-
tants emitted and the IBD hospitalization (Ananthakrishnan et al.,
2011).

10. Conclusion

Dysbiosis is at the heart of development of IBD. Environmental
factors starting from birth to adulthood contributes to shaping the
complex interaction between microbiota and the immune system, ul-
timately affecting the incidence of IBD. Recent efforts provided evi-
dence of such interaction. Further studies need to include multi-center
approach and study the interaction between environment, genetics and
epigenetics that influence the association between microbiota, immune
system and IBD. Such information helps in developing new treatment
and prevention methods for this extensively growing disease.
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