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Abstract: Inflammatory bowel disease (IBD) is a chronic and relapsing inflammatory condition of
the gastrointestinal tract; it is a heterogeneous and multifactorial disorder resulting from a complex
interplay between genetic variation, intestinal microbiota, the host immune system and environmental
factors such as diet, drugs, breastfeeding and smoking. The interactions between dietary nutrients and
intestinal immunity are complex. There is a compelling argument for environmental factors such as diet
playing a role in the cause and course of IBD, given that three important factors in the pathogenesis of
IBD can be modulated and controlled by diet: intestinal microbiota, the immune system and epithelial
barrier function. The aim of this review is to summarize the epidemiological findings regarding diet
and to focus on the effects that nutrients exert on the intestinal mucosa—microbiota—permeability
interaction. The nature of these interactions in IBD is influenced by alterations in the nutritional
metabolism of the gut microbiota and host cells that can influence the outcome of nutritional
intervention. A better understanding of diet-host-microbiota interactions is essential for unravelling
the complex molecular basis of epigenetic, genetic and environmental interactions underlying IBD
pathogenesis as well as for offering new therapeutic approaches for the treatment of IBD.
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic and relapsing inflammatory condition of the
gastrointestinal tract. Crohn’s disease (CD) and ulcerative colitis (UC) are the two principal types
of IBD. Its prevalence has been increasing worldwide, with the highest incidence found in Western
countries [1]. The precise etiology of IBD remains unclear; however, interactions between genetic,
microbiotic and environmental factors are associated with its pathogenesis [2]. There is a compelling
argument for environmental factors such as diet playing a role in the cause and course of IBD [3],
given that three important factors in the pathogenesis of IBD can be modulated and controlled by diet:
intestinal microbiota, the immune system and epithelial barrier function.

Patients with IBD tend to present with malnutrition, especially when they are having a flare
or have chronic, only partially controlled, intestinal inflammation. Currently, to deal appropriately
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with malnutrition is considered a clinical quality criterion, especially for preventing the complications
that can arise under a malnutrition situation (e.g., infections, postsurgical complications, immunity
alterations). Thus, there is a tendency to at least consider the patient’s nutritional status before
surgery [4], and a guide has recently been published with dietary recommendations [5]. However, the
gastroenterologist typically gives little advice to patients with IBD regarding daily diet or nutrient
considerations. Patients are often told, “eat what you can tolerate,” and discussion on diet is typically
very limited. Despite the scarce attention gastroenterologists give to nutrients, approximately 40%
of patients with CD believe that diet can control symptoms, and approximately 80% believe diet is
important in the overall management of the disease [6]. Some 40% of patients with IBD have attempted
various diet therapies, often without the assistance of a physician or dietician [7].

Perturbations related to dietary intake are thought to relate to the consumption of a dietary pattern
that negatively alters gut microbiota composition and intestinal permeability [8]. Recent experimental
evidence has suggested a crucial factor of barrier dysfunction in the onset of IBD [9]. The aim of this
review is to summarize the epidemiological findings regarding diet and to focus on the effects that
nutrients exert on intestinal mucosa—microbiota—permeability interaction.

2. Diet Influences Inflammatory Bowel Disease: Epidemiological Clues

Epidemiological studies have shown associations between the intake of specific dietary components
and the risk of developing IBD [10-17]; however, association does not necessarily imply causality.
These studies must be considered with caution, given that methodological inconsistencies and a recall
bias could be affecting the results observed. Furthermore, in a complex disease with dietary triggers,
it can be difficult to unravel the role of individual dietary risk factors because dietary patterns often
involve exposure to clusters of nutrients. These clusters are favored by the industrial processing
of food.

Classically, no environmental factor has been claimed to impact directly on the pathogenesis of
IBD, apart from tobacco [18]. However, a recent systematic review and meta-analysis have shown that
breastfeeding provides a protective factor against the development of CD and UC, both in pediatric
and adult-onset disease. This inverse association is consistent in studies worldwide and supports
the recommendation of breastfeeding in infancy to reduce the risk of IBD development [19]. Further
research on the effects of breast milk on the microbiome and modulation of the innate immune system
are needed.

A systematic review of the literature, initially including 2085 publications, was published in
2011 [20]. Nineteen studies fulfilled the inclusion criteria, containing a total of 2609 patients with
IBD (1340 UC and 1269 CD). The authors concluded that a high intake of total fats, polyunsaturated
fatty acids (PUFAs), omega-6 fatty acids and meat were consistently associated with increased risk of
developing UC as well as CD. High vegetable intake was consistently associated with decreased risk
of UC, whereas fiber and fruit intake were consistently associated with reduced risk of CD.

Dietary fats are associated with an increased or decreased risk for IBD, depending on the type
of fat. Among 170,805 women followed over 26 years, a high intake of dietary long-chain omega-3
PUFAs was associated with a reduced risk of UC. In contrast, high intake of trans-unsaturated fats was
associated with an increased risk of UC [15]. Various data have been extracted from an analysis of
366,351 individuals with IBD from the European Prospective Investigation into Cancer and Nutrition
study cohort. Globally, a dietary imbalance with a high consumption of sugar and soft drinks and a
low consumption of vegetables has been associated with UC risk [12]. Regarding fats, a sub-study
analyzing 126 incident cases of UC showed that the patients ranking in the superior quartile of linoleic
acid intake had a higher risk of developing UC [21]. Similarly, another analysis considering 70 incident
cases of CD has shown that higher intake of the omega-3 PUFA docosahexaenoic acid prevents CD
development [22]. A recent population-based study of environmental risk factors shows an increased
risk of CD with frequent fast-food consumption (Western diet) before the diagnosis [23]. A Western
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diet typically contains high levels of omega-6 PUFAs and low levels of omega-3 PUFAs. The ratio
between the intake of omega-6 and omega-3 PUFAs is considered a risk factor for IBD.

Data from the Nurses” Health Study including 170,776 participants showed that higher long-term
fruit intake was associated with a lower risk of CD but not UC [15]. Multiple studies have reported a
negative association between dietary fiber intake from fruits or fruits and vegetables and subsequent
risk of CD. Fiber is the dietary component with the greatest agreement in epidemiological studies. In a
recent prospective study [24], fiber from fruit has also been implicated in preventing the establishment
of pouchitis in patients with UC. It is important to remember that the fiber implicated in these effects is
soluble fiber, which is fermentable by bacteria. Soluble fiber is usually less present in food; however,
the proportion of insoluble to soluble fiber could be the factor limiting tolerance to various foods.

Animal proteins have also been claimed to increase the risk of IBD [10]. A prospective study
(E3N) that included 67,581 French women showed that high animal protein intake was associated with
a significantly increased the risk of IBD, particularly with UC. However, other smaller studies have not
confirmed this risk [20]. In a separate study evaluating dietary intake and relapse of UC, red meat
was found to have the strongest association (odds ratio 5.19; 95% confidence interval 2.09-12.9) with
relapse [14].

Food additives have been progressively increasing in processed food. Both sweeteners and
emulsifiers, used to enhance the texture and stability of foods, have been shown to disrupt
host-microbiota interaction and to facilitate intestinal inflammation [25]. However, it is difficult
to ascertain whether the additives are risk factors because most of the questionnaires used to assess
dietary intake do not evaluate food additives.

Currently, it seems clear that dietary patterns are more important than individual foods for
considering the risk of IBD. The consumption of vegetables, fruits, olive oil, fish, grains and nuts
(prudent diet) was associated with a decreased risk of developing CD in both boys and girls in a
Canadian pediatric study. A Mediterranean dietary pattern is high in extra-virgin olive oil, vegetables,
fruit, legumes, nuts and seeds, with a moderate consumption of fish, poultry and milk products, and
is low in processed foods, baked goods and red and processed meat. This dietary pattern is high
in monounsaturated fats, omega-3 PUFAs, fermentable fiber and polyphenols, and adherence to a
Mediterranean dietary pattern is associated with lower levels of inflammation biomarkers [26].

3. Impact of Nutrients on Intestinal Permeability, Microbiome and Immunity

Dietary fiber is not digested or absorbed by host cells, given that mammalian cells largely lack the
necessary enzymes to degrade them. Instead, dietary fiber is subjected to bacterial fermentation in the
gastrointestinal tract. Although a wide range of bacteria ferment dietary fiber, each bacterium has a
substrate preference based on its enzymatic activity. Thus, dietary intervention can remodel the gut
microbial composition by customizing the content of dietary fiber [27]. Short-chain fatty acids (SCFAs),
such as acetate, propionate and butyrate, are the major end products of microbial fermentation of
dietary fiber. They are key energy substrates used by colonocytes [28]. Butyrate enhances intestinal
epithelial barrier function via hypoxia-inducible factor-1, which regulates the integrity of epithelial
tight junctions [28-30]. It also increases the synthesis of the MUC?2 protein, the main component of
intestinal mucus [31,32]. Thus, a lack of dietary fiber might compromise epithelial integrity and mucus
production due to insufficient SCFA generation, resulting in impaired intestinal barrier function [33].
Recently, it has been observed that consumption of a low-fiber diet leads to the disruption of intestinal
barrier function through a mechanism that is independent of SCFAs. In the absence of dietary fiber,
some commensal bacteria use host mucus glycans to meet their energy needs [34]. As a result, these
mucolytic bacteria become the predominant species within the gut microbiota. Importantly, a bloom of
mucolytic bacteria results in the degradation of the colonic mucus layer that renders the host susceptible
to enteric pathogens [34] (Figure 1). These changes facilitate bacterial adherence and translocation
into the epithelium, which introduce immunomodulatory effects. In summary, a diet poor in soluble
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fiber can condition both dysbiosis and a subsequent decrease in the mucus layer, which increases the
permeability already affected by the fiber-poor diet.
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Figure 1. Interaction of dietary fiber with the gut microbiota.

The gut microbiota is thought to play a crucial role in human health and prevention of disease
through a variety of mechanisms, including the production of short-chain fatty acids (SCFAs), which
are important for maintaining gut homeostasis and optimal immune function. Ingested fiber can
influence fecal microbiota profiles, cause changes in the complex gastrointestinal environment and
promote the growth of bacteria in general and potentially beneficial bacteria in particular.

Fat- and refined sugar-rich diets can condition a low production of butyrate, which has been
described in patients with CD, together with a diminution in the butyrate receptor [35] Butyrate
plays an important role in downregulating inflammation by suppressing transcription of cytokines
and increasing differentiation and the population of lamina propria Tregs [33,35,36]. Butyrate can
also enhance innate immunity by upregulating defensins and cathelicidins in animal models [36].
Defensins have been reported to be permanently decreased in patients with IBD, and whether a dietary
intervention could reverse this condition deserves further investigation. High-fat diets (without high
sugars) have been shown to increase tumor necrosis factor (TNF)-o and interferon-y expression, and
to decrease levels of colonic Tregs [37].

Dietary amino acids play important roles in gut homeostasis. Amino acid metabolic profiles in
the blood, urine, feces and intestinal tissues are also altered in patients with IBD and correlate with the
severity of the disease. Additionally, metagenomic studies have revealed that amino acid biosynthesis
genes are downregulated and amino acid transporter genes are upregulated in the gut microbiome
of patients with IBD, indicating that the gut microbiota lessens the production of amino acids and
increases the rate of their use [38,39]. Certain amino acids are critical for immune T-cell function as
well as for the proliferation of macrophages [40,41]. Thus, the demand for certain amino acids by host
cells and the gut microbiota can increase as a consequence of inflammation.

Tryptophan is an essential amino acid that can be found in fish, meat and cheese. Its metabolites,
such as kynurenine, indole-3-aldehyde and indole-3-acetic acid, can act as ligands for the aryl
hydrocarbon receptor, a critical regulator of immunity and inflammation involved in adaptive immunity
and intestinal barrier function [42-44]. Indoleamine 2,3 dioxygenase-1 (IDO1) is ubiquitously expressed
in epithelial cells, dendritic cells and macrophages. IDO1 is the first step in the kynurenine pathway, a
major route for tryptophan catabolism. IDO1 regulates the differentiation and maturation of adaptive
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immune cells [45]. Kynurenine is an initial metabolite of IDO1-mediated tryptophan catabolism and
the kynurenine/tryptophan ratio is a surrogate marker of IDO1 activity. A recent clinical study has
shown that serum tryptophan levels are lower and the kynurenine/tryptophan ratio is elevated in
patients with IBD compared with healthy controls [15]. Additionally, indoleamine 2,3-dioxygenase 1
(IDO1) mRNA expression in colonic tissues is significantly higher in IBD and correlates with disease
severity, suggesting the kynurenine pathway is upregulated in IBD.

Arginine and glutamine are two semi-essential amino acids that can impact gut homeostasis
and innate immunity. Both are diminished in prospective cohorts of patients with IBD, and both
are implicated in wound repair mechanisms [46]. Furthermore, arginine regulates macrophage
differentiation into the M1 or M2 phenotype following environmental cytokine guidance, whereas
glutamine reduces oxidative stress and cytokine production via downregulation of the NF-kB and
signal transducer and activator of transcription proteins (§TAT) signaling pathways.

The upregulation of amino acid metabolic pathways is one of the major inflammation-related
metabolic shifts in the host and the microbiota. In other words, host cells and resident microbes have
an increased demand for certain amino acids in the context of IBD. Thus, dietary supplementation of
these amino acids is a key strategy for the treatment of IBD. However, it is noteworthy to mention that
other amino acids can fuel pro-inflammatory responses in IBD, and restriction of certain amino acids
can attenuate intestinal inflammation. A more thorough understanding of the specific roles various
amino acids play in IBD and supplying the optimal amount of anti-inflammatory amino acids while
limiting the consumption of proinflammatory amino acids can lead to the development of effective
amino acid-based dietary interventions.

4. Mesenteric Fat and Epigenetic Considerations

Today, patients with IBD sometimes have malnutrition with obesity, associated with metabolic
syndrome. Obesity has also been associated with the development of more active IBD, with a higher
demand for therapeutic resources. Patients with IBD, especially CD, present fat-wrapping or “creeping
fat,” which corresponds to ectopic adipose tissue extending from the mesenteric attachment and
covering the majority of the small and large intestinal surface. Mesenteric adipose tissue in patients with
IBD presents several morphological and functional alterations; e.g., it is more infiltrated with immune
cells such as macrophages and T-cells. This fat tissue is not an “innocent bystander,” but actively
contributes to intestinal and systemic inflammatory responses [47]. It overexpresses peroxisome
proliferator-activated receptor gamma (PPAR-y), which is a “master” regulator of the adipogenesis
program and the major orchestrator of visceral adipose tissue Treg accumulation, phenotypes and
function. Mesenteric adipose tissue is colonized by luminal bacteria, and PPAR-y expression is
modulated by several bacterial stimuli. Thus, the presence of metabolically active adipose tissue
should be taken into consideration when attempting to change the alterations facilitating bacterial
adherence and/or clearance and permeability regulation of innate/adaptive immunity.

Similarly, epigenetic modulation of gene expression should be contemplated when considering how
other environmental factors can affect the mucosa—microbiome—-immunity interplay. A Westernized
high-fat diet, full of refined carbohydrates, is strongly associated with the development of IBD, contrary
to a diet high in fruit, vegetables and omega-3 PUFAs, which is protective against it [26]. Epigenetic
mechanisms could explain the connection between genes and environmental factors in triggering the
development of IBD. The definition of epigenetics refers to heritable alterations of gene expression
events that are caused independently of genetic information carried by the primary DNA sequence.
The main epigenetic mechanisms controlling gene expression include DNA methylation, histone
modifications and small and long noncoding RNAs [48]. The main objective of epigenetics is to
modulate gene expression without modifying the basic DNA sequence. All the mechanisms involved
in epigenetics are involved in correct cell development, differentiation, function and homeostasis.
Moreover, these mechanisms are influenced by exposure to environmental factors, persist through
mitosis and meiosis and, more importantly, can be reversed. Recent advances have indicated that



Nutrients 2019, 11, 1062 6 of 11

epigenetic variation has an important influence on interactions between nutrients and the genome,
which modifies disease risk [49,50]. Diet is known to influence epigenetic changes associated with
disease and to modify gene expression patterns in a state of disturbed immunity. A number of nutrients
have been shown to modulate immune responses and can potentially counteract inflammatory
processes [51]. Some studies have suggested that secondary plant metabolites, such as polyphenols,
might modulate gene expression, chromatin remodeling and DNA methylation [52]. Epigenetic
effects have also been shown for other dietary components, such as curcumin [53]. Moreover, specific
components of the Mediterranean diet, particularly nuts and extra-virgin olive oil, have recently been
found to be able to induce methylation changes in several peripheral white blood cells, showing a
role for specific fatty acids in epigenetic modulation [54]. Thus, considering the status of epigenetic
mechanisms in particular patients, it is important to understand whether a dietary intervention could
help or not.

5. Diet as Possible Therapy

Despite the fact that a growing body of knowledge related to diet is emerging in terms of IBD
pathogenesis, there is no strong evidence for dietary interventions helping to induce remission or to
maintain response. Dietary therapies, such as enteral exclusive nutrition (EEN), have traditionally and
primarily been used to induce remission in early or new-onset CD. EEN has been shown to be effective
for inducing clinical remission, improving nutritional status, improving body composition, inducing
mucosal healing and decreasing proinflammatory cytokines in pediatric and adult patients with CD.
EEN has been extensively used for induction of remission in pediatric CD, in which avoidance of
steroids is critical for childhood growth. However, EEN has been less often used for adult patients.
Although some studies have assessed EEN in adults, most were less conclusive and had multiple
confounding factors; thus, this practice is uncommon in adults with CD [55]. EEN involves the
exclusive use of liquid nutrition in the form of medical formulas, without exposure to other foods,
usually for 6-8 weeks. This effect does not depend on the protein source (a type of formula), but it does
depend on the exclusion of ordinary table food [56]. Several recent pediatric studies have demonstrated
and confirmed that EEN can induce remission in 60%-86% of children, accompanied by a significant
decrease in inflammatory markers, such as the erythrocyte sedimentation rate, C-reactive protein and
fecal calprotectin [57-59]. This recent body of literature has evaluated the long-term benefits associated
with the use of EEN in mild-to-moderate pediatric CD. In comparison with the use of steroids, and
corrected for disease severity, EEN has been associated with higher remission rates, better growth and
longer steroid-free periods, but it did not differ in regard to other outcomes such as relapse. The benefit
of EEN was lost when partial enteral nutrition (PEN) was used instead, with access to a free diet
granted to patients [60]; thus, reaffirming the principle of exclusivity, suggesting that the mechanism
depends on the exclusion of a free diet. However, a recent study has shown that PEN can be effective
in combination with a “prudent pattern diet” [61]. In this study, PEN, with an exclusion diet based
on components hypothesized to affect the microbiome or intestinal permeability, was effective for
induction of remission in children and young adults with CD. Several randomized controlled trials are
being developed in order to confirm this observation (NCT01728870, NCT 02843100, NCT(02231814).

The idea of maintaining remission with diet is compelling and challenging at the same time.
On the one hand, once remission is established, it is certainly possible that diet will be sufficient to
maintain homeostasis and to prevent the cascade of proinflammatory events leading to flare-ups;
however, long-term studies are challenging to perform, and adherence becomes a serious concern.
Long-term studies on the maintenance of remission have largely focused on the use of semi-elemental
EEN [62,63]. These data show promise for the use of semi-elemental EEN in the maintenance of CD.
On the other hand, an interesting idea has been revealed by a recent study showing that, in patients
with moderate to severe CD undergoing infliximab treatment (anti-TNF« therapy), combined EEN
therapy of >600 kcal/day led to an increase in the remission maintenance rate, preventing loss of
response to infliximab therapy [64]. These studies illustrate the potential benefit of elemental nutrition
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in the maintenance of remission in patients with CD; however, there are as yet no data to support
this hypothesis.

Regarding fatty acids, PUFAs comprise two main groups of fats: omega-3 and omega-6 fatty
acids. Omega-6 is considered an inflammatory fat, whereas omega-3 is anti-inflammatory. In human
IBD, a systematic review has not supported the notion that supplementation of omega-3 fatty acids
can induce and maintain remission of IBD [65]. The latest Cochrane review has reached a similar
conclusion [66]. Interestingly, several studies have demonstrated that different genotypes can be
associated with the variable response to nutritional intervention with omega-3 PUFAs. For example,
genetic polymorphisms of TNFx and PPARy have been associated with an altered response to
nutritional intervention with omega-3 PUFAs [67]. In IBD, genetic polymorphisms, such as CYP4F3
and caspase 9+93C/T, modify the association between dietary fatty acid intake and risk of IBD [68].
Thus, specific mutations should also be considered before considering dietary therapeutic interventions.

6. Conclusions

Apart from EEN in specific situations, no strong evidence has been found to provide solid
dietary intervention recommendations for patients with IBD. However, evidence and knowledge are
accumulating and have suggested that pertinent studies should be prospectively developed in order to
characterize potential dietary therapeutic possibilities. This body of knowledge leads us to recommend
that a “prudent” diet or a “Mediterranean diet” should be advised to patients. Given that diet has been
shown to be important for intestinal homeostasis and to avoid disruption of intestinal permeability;,
the consumption of vegetables, fruits, olive oil, fish, grains and nuts should be recommended, together
with avoidance of the use of excessive additives and industrialized food processing.

Dietary recommendations for patients with IBD should emerge in a personalized manner, taking
into consideration nutrient knowledge, the individual mucosa—microbiome—-immunity interplay, the
status of epigenetic changes and creeping fat metabolism. Dietary recommendations cannot be
generalized for all patients, however. Given that the above elements differ per patient, no single dietary
intervention can offer the same improvement for all patients. Thus, future studies should take this
factor into account and be designed accordingly.

Author Contributions: Conceptualization, B.B., PN. and I.M.; Writing-Original Draft Preparation, E.S.-G. and
B.M.; Writing-Review & Editing, E.S.-G., LM. and PL.-M.; Supervision, PN. and M.L

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cosnes, J.; Gowerroisseau-Rousseau, C.; Seksik, P.; Cortot, A. Epidemiology and natural history of
inflammatory bowel diseases. Gastroenterology 2011, 140, 1785-1794. [CrossRef] [PubMed]

2. Ananthakrishnan, A.N. Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. Hepatol. 2015, 12,
205-217. [CrossRef]

3.  Dutta, AK,; Chacko, A. Influence of environmental factors on the onset and course of inflammatory bowel
disease. World |. Gastroenterol. 2016, 22, 1088-1100. [CrossRef] [PubMed]

4.  Zangenberg, M.S.; Horesh, N.; Kopylov, U.; El-Hussuna, A. Preoperative optimization of patients with
inflammatory bowel disease undergoing gastrointestinal surgery: A systematic review. Int. J. Colorectal. Dis.
2017, 32, 1663-1676. [CrossRef] [PubMed]

5.  Forbes, A.; Escher, J.; Hébuterne, X.; Kiek, S.; Krznaric, Z.; Schneider, S.; Shamir, R.; Stardelova, K.;
Wierdsma, N.; Wiskin, A.E.; et al. ESPEN guideline: Clinical nutrition in inflammatory bowel disease.
Clin. Nutr. 2017, 36, 321-347. [CrossRef] [PubMed]

6.  McDonald, PJ.; Fazio, V.W. What can Crohn’s patients eat? Eur. |. Clin. Nutr. 1988, 42, 703-708. [PubMed]

7. Moser, G.; Tillinger, W.; Sachs, G.; Maier-Dobersberger, T.; Wyatt, J.; Vogelsang, H.; Lochs, H.; Gangl, A.
Relationship between the use of unconventional therapies and disease-related concerns: A study of patients
with inflammatory bowel disease. J. Psychosom. Res. 1996, 40, 503-509. [CrossRef]


http://dx.doi.org/10.1053/j.gastro.2011.01.055
http://www.ncbi.nlm.nih.gov/pubmed/21530745
http://dx.doi.org/10.1038/nrgastro.2015.343
http://dx.doi.org/10.3748/wjg.v22.i3.1088
http://www.ncbi.nlm.nih.gov/pubmed/26811649
http://dx.doi.org/10.1007/s00384-017-2915-4
http://www.ncbi.nlm.nih.gov/pubmed/29051981
http://dx.doi.org/10.1016/j.clnu.2016.12.027
http://www.ncbi.nlm.nih.gov/pubmed/28131521
http://www.ncbi.nlm.nih.gov/pubmed/3181105
http://dx.doi.org/10.1016/0022-3999(95)00581-1

Nutrients 2019, 11, 1062 8of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Maynard, C.L.; Elson, C.O.; Hatton, R.D.; Weaver, C.T. Reciprocal interactions of the intestinal microbiota
and immune system. Nature 2012, 489, 231-241. [CrossRef] [PubMed]

Martini, E.; Krug, S.M.; Siegmund, B.; Neurath, M.F; Becker, C. Mend Your Fences: The epithelial Barrier and
its Relationship With Mucosal Immunity in Inflammatory Bowel Disease. Cell Mol. Gastroenterol. Hepatol.
2017, 23, 33-46. [CrossRef]

Jantchou, P.; Morois, S.; Clavel-Chapelon, F.; Boutron-Ruault, M.C.; Carbonnel, F. Animal protein intake and
risk of inflammatory bowel disease: The E3N prospective study. Am. |. Gastroenterol. 2010, 105, 2195-2201.
[CrossRef]

D’Souza, S.; Levy, E.; Mack, D.; Israel, D.; Lambrette, P.; Ghadirian, P.; Deslandres, C.; Morgan, K;
Seidman, E.G.; Amre, D.K. Dietary patterns and risk for Crohn’s disease in children. Inflamm. Bowel Dis.
2008, 14, 367-373. [CrossRef]

Racine, A.; Carbonnel, E; Chan, S.S.; Hart, A.R.; Bueno-de-Mesquita, H.B.; Oldenburg, B.; van Schalk, ED.;
Tjenneland, A.; Dahm, C.C.; Key, T; et al. Dietary patterns and risk of inflammatory bowel disease in Europe:
Results from the EPIC study. Inflamm. Bowel Dis. 2016, 22, 345-354. [CrossRef]

Shoda, R.; Matsueda, K.; Yamato, S.; Umeda, N. Epidemiologic analysis of Crohn disease in Japan: Increased
dietary intake of n-6 polyunsaturated fatty acids and animal protein relates to the increased incidence of
Crohn disease in Japan. Am. J. Clin. Nutr. 1996, 63, 741-745. [CrossRef] [PubMed]

Jowett, S.L.; Seal, C.J.; Pearce, M.S.; Phillips, E.; Gregory, W.; Barton, ].R.; Welfare, M.R. Influence of dietary
factors on the clinical course of ulcerative colitis: A prospective cohort study. Gut 2004, 53, 1479-1484.
[CrossRef]

Ananthakrishnan, A.N.; Khalili, H.; Konijjeti, G.G.; Higuchi, L.M.; de Silva, P.; Korzenik, J.R.; Fuchs, C.S,;
Willett, W.C.; Richter, ].M.; Chan, A.T. A prospective study of long-term intake of dietary fiber and risk of
crohn’s disease and ulcerative colitis. Gastroenterology 2013, 145, 970-977. [CrossRef]

Costea, I.; Mack, D.R.; Lemaitre, R.N.; Israel, D.; Marcil, V.; Ahmad, A.; Amre, D.K. Interactions between the
dietary polyunsaturated fatty acid ratio and genetic factors determine susceptibility to pediatric Crohn’s
disease. Gastroenterology 2014, 146, 929-931. [CrossRef]

Chan, S.S.; Luben, R.; van Schaik, E.; Oldenburg, B.; Bueno-de-Mesquita, H.B.; Hallmans, G.; Karling, P;
Lindgren, S.; Grip, O.; Key, T.; et al. Carbohydrate intake in the etiology of Crohn’s disease and ulcerative
colitis. Inflamm. Bowel Dis. 2014, 20, 2013-2021. [CrossRef] [PubMed]

Torres, J.; Caprioli, F.; Katsanos, K.H.; Lobaton, T.; Micic, D.; Zeroncio, M.; Van Assche, G.; Lee, J.C,;
Lindsay, J.O.; Rubin, D.T; et al. Predicting outcomes to optimize disease management in inflammatory
bowel diseases. ]. Crohns. Colitis. 2016, 10, 1385-1394. [CrossRef] [PubMed]

Xu, L.; Lochhead, P; Ko, Y.; Claggett, B.; Leong, R.W.; Ananthakrishnan, A.N. Systematic review with
meta-analysis: Breastfeeding and the risk of Crohn’s disease and ulcerative colitis. Aliment. Pharmacol. Ther.
2017, 46, 780-789. [CrossRef] [PubMed]

Hou, J.K,; Abraham, B.; El-Serag, H. Dietary intake and risk of developing inflammatory bowel disease: A
systematic review of the literature. Am. J. Gastroenterol. 2011, 106, 563-573. [CrossRef] [PubMed]
Tjonneland, A.; Overvad, K.; Bergmann, M.M.; Nagel, G.; Linseisen, J.; Hallmans, G.; Palmqvist, R.; Sjodin, H.;
Hagglund, G.; Berglund, G.; et al. Linoleic acid, a dietary n-6 polyunsaturated fatty acid, and the aetiology
of ulcerative colitis: A nested case-control study within a European prospective cohort study. Gut 2009, 58,
1606-1611, Epub 23 Jul 2009. [CrossRef]

Chan, S.S.; Luben, R.; Olsen, A.; Tjonneland, A.; Kaaks, R.; Lindgren, S.; Grip, O.; Bergmann, M.M.;
Boeing, H.; Hallmans, G.; et al. Association between high dietary intake of the n-3 polyunsaturated fatty
acid docosahexaenoic acid and reduced risk of Crohn’s disease. Aliment. Pharmacol. Ther. 2014, 39, 834-842.
[CrossRef]

Niewiadomski, O.; Studd, C.; Wilson, J.; Williams, J.; Hair, C.; Knight, R.; Prewett, E.; Dabkowski, P.;
Alexander, S.; Allen, B.; et al. Influence of food and lifestyle on the risk of developing inflammatory bowel
disease. Intern. Med. ]. 2016, 46, 669—676. [CrossRef] [PubMed]

Godny, L.; Maharshak, N.; Reshef, L.; Goren, I.; Yahav, L.; Fliss-Isakov, N.; Gophna, U.; Tulchinsky, H.;
Dotan, I. Fruit consumption is associated with alterations in microbial composition and lower rates of
pouchitis. J. Crohns. Colitis. 2019, 4. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature11551
http://www.ncbi.nlm.nih.gov/pubmed/22972296
http://dx.doi.org/10.1016/j.jcmgh.2017.03.007
http://dx.doi.org/10.1038/ajg.2010.192
http://dx.doi.org/10.1002/ibd.20333
http://dx.doi.org/10.1097/MIB.0000000000000638
http://dx.doi.org/10.1093/ajcn/63.5.741
http://www.ncbi.nlm.nih.gov/pubmed/8615358
http://dx.doi.org/10.1136/gut.2003.024828
http://dx.doi.org/10.1053/j.gastro.2013.07.050
http://dx.doi.org/10.1053/j.gastro.2013.12.034
http://dx.doi.org/10.1097/MIB.0000000000000168
http://www.ncbi.nlm.nih.gov/pubmed/25265262
http://dx.doi.org/10.1093/ecco-jcc/jjw116
http://www.ncbi.nlm.nih.gov/pubmed/27282402
http://dx.doi.org/10.1111/apt.14291
http://www.ncbi.nlm.nih.gov/pubmed/28892171
http://dx.doi.org/10.1038/ajg.2011.44
http://www.ncbi.nlm.nih.gov/pubmed/21468064
http://dx.doi.org/10.1136/gut.2008.169078
http://dx.doi.org/10.1111/apt.12670
http://dx.doi.org/10.1111/imj.13094
http://www.ncbi.nlm.nih.gov/pubmed/27059169
http://dx.doi.org/10.1093/ecco-jcc/jjz053
http://www.ncbi.nlm.nih.gov/pubmed/30828722

Nutrients 2019, 11, 1062 9of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chassaing, B.; Koren, O.; Goodrich, J.K.; Poole, A.C.; Srinivasan, S.; Ley, R.E.; Gewirtz, A.T. Dietary
emulsifiers impact the mouse gut microbiota promoting colitis and metabolic syndrome. Nature 2015, 519,
92-96. [CrossRef] [PubMed]

Taylor, L.; Almutairdi, A.; Shommu, N.; Fedorak, R.; Ghosh, S.; Reimer, R.A.; Panaccione, R.; Raman, M.
Cross-sectional analysis of overall dietary intake and mediterranean dietary pattern in patients with crohn’s
disease. Nutrients 2018, 10, 1761. [CrossRef] [PubMed]

Salyers, A.A.; West, S.E.; Vercellotti, ].R.; Wilkins, T.D. Fermentation of mucins and plant polysaccharides by
anaerobic bacteria from the human colon. Appl. Environ. Microbiol. 1977, 34, 529-533. [PubMed]

Marsman, K.E.; McBurney, M.I. Dietary fiber increases oxidative metabolism in colonocytes but not in distal
small intestinal enterocytes isolated from rats. J. Nutr. 1995, 125, 273-282. [CrossRef]

Kelly, C.J.; Zheng, L.; Campbell, E.L.; Saeedi, B.; Scholz, C.C.; Bayless, A.].; Wilson, K.E.; Glover, L.E.;
Kominsky, D.J.; Magnuson, A; et al. Crosstalk between Microbiota-Derived Short-Chain Fatty Acids and
Intestinal Epithelial HIF Augments Tissue Barrier Function. Cell Host. Microbe. 2015, 17, 662—-671. [CrossRef]
[PubMed]

Saeedi, B.J.; Kao, D.J.; Kitzenberg, D.A.; Dobrinskikh, E.; Schwisow, K.D.; Masterson, J.C.; Kendrick, A.A.;
Kelly, C.J.; Bayless, A.].; Kominsky, D.J.; et al. HIF-dependent regulation of claudin-1 is central to intestinal
epithelial tight junction integrity. Mol. Biol. Cell. 2015, 26, 2252-2262. [CrossRef] [PubMed]

Peng, L.; Li, Z.R.; Green, R.S.; Holzman, LR ; Lin, J. Butyrate enhances the intestinal barrier by facilitating
tight junction assembly via activation of AMP-activated protein kinase in Caco-2 cell monolayers. J. Nutr.
2009, 139, 1619-1625. [CrossRef] [PubMed]

Burger-van Paassen, N.; Vincent, A.; Puiman, PJ.; van der Sluis, M.; Bouma, J.; Boehm, G.; van Goudoever, ].B.;
van Seuningen, L.; Renes, I.B. The regulation of intestinal mucin MUC2 expression by short-chain fatty acids:
Implications for epithelial protection. Biochem. |. 2009, 420, 211219. [CrossRef] [PubMed]

Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.;
Kato, T.; et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells.
Nature 2013, 504, 446-450. [CrossRef] [PubMed]

Desai, M.S,; Seekatz, A.M.; Koropatkin, N.M.; Kamada, N.; Hickey, C.A.; Wolter, M.; Pudlo, N.A ; Kitamoto, S.;
Terrapon, N.; Muller, A.; et al. A dietary fiber-deprived gut microbiota degrades the colonic mucus barrier
and enhances pathogen susceptibility. Cell 2016, 167, 1339-1353.e21. [CrossRef]

Bach Knudsen, K.E.; Leerke, H.N.; Hedemann, M.S.; Nielsen, T.S.; Ingerslev, A K.; Gundelund Nielsen, D.S.;
Theil, PK,; Purup, S.; Hald, S.; Schioldan, A.G.; et al. Impact of Diet-Modulated Butyrate Production on
Intestinal Barrier Function and Inflammation. Nutrients 2018, 10, 1499. [CrossRef]

Wang, H.; Shi, P.; Zuo, L.; Dong, J.; Zhao, J.; Liu, Q.; Zhu, W. Dietary Non-digestible polysaccharides
ameliorate intestinal epithelial barrier dysfunction in il-10 knockout mice. J. Crohns. Colitis. 2016, 10,
1076-1086. [CrossRef] [PubMed]

Ma, X.; Torbenson, M.; Hamad, A.R.; Soloski, M.]J.; Li, Z. High-fat diet modulates non-CD1d-restricted
natural killer T cells and regulatory T cells in mouse colon and exacerbates experimental colitis. Clin. Exp.
Immunol. 2008, 151, 130-138. [CrossRef] [PubMed]

Morgan, X.; Tickle, T.; Sokol, H.; Gevers, D.; Devaney, K.; Ward, D.; Reyes, ].A.; Shah, S.A.; LeLeiko, N.;
Snapper, S.B.; et al. Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment.
Genome. Biol. 2012, 13, R79. [CrossRef]

Davenport, M.; Poles, J.; Leung, ].M.; Wolff, M.].; Abidi, WM.; Ullman, T.; Mayer, L.; Cho, I.; Loke, P.
Metabolic alterations to the mucosal microbiota inflammatory bowel disease. Inflamm. Bowel. Dis. 2014, 20,
723-731. [CrossRef]

Ren, W,; Liu, G;; Yin, J.; Tan, B.; Wu, G.; Bazer, EW.,; Peng, Y.; Yin, Y. Amino-acid transporters in T-cell
activation and differentiation. Cell Death Dis. 2017, 8, 1-9. [CrossRef]

Langston, PK; Shibata, M.; Horng, T. Metabolism Supports Macrophage Activation. Front. Immunol. 2017, 8,
61. [CrossRef] [PubMed]

Palego, L.; Betti, L.; Rossi, A.; Giannaccini, G. Tryptophan biochemistry: Structural, nutritional, metabolic,
and medical aspects in humans. J. Amino Acids 2016, 2016, 1-13. [CrossRef]


http://dx.doi.org/10.1038/nature14232
http://www.ncbi.nlm.nih.gov/pubmed/25731162
http://dx.doi.org/10.3390/nu10111761
http://www.ncbi.nlm.nih.gov/pubmed/30441814
http://www.ncbi.nlm.nih.gov/pubmed/563214
http://dx.doi.org/10.1093/jn/125.2.273
http://dx.doi.org/10.1016/j.chom.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25865369
http://dx.doi.org/10.1091/mbc.E14-07-1194
http://www.ncbi.nlm.nih.gov/pubmed/25904334
http://dx.doi.org/10.3945/jn.109.104638
http://www.ncbi.nlm.nih.gov/pubmed/19625695
http://dx.doi.org/10.1042/BJ20082222
http://www.ncbi.nlm.nih.gov/pubmed/19228118
http://dx.doi.org/10.1038/nature12721
http://www.ncbi.nlm.nih.gov/pubmed/24226770
http://dx.doi.org/10.1016/j.cell.2016.10.043
http://dx.doi.org/10.3390/nu10101499
http://dx.doi.org/10.1093/ecco-jcc/jjw065
http://www.ncbi.nlm.nih.gov/pubmed/26944415
http://dx.doi.org/10.1111/j.1365-2249.2007.03530.x
http://www.ncbi.nlm.nih.gov/pubmed/17991290
http://dx.doi.org/10.1186/gb-2012-13-9-r79
http://dx.doi.org/10.1097/MIB.0000000000000011
http://dx.doi.org/10.1038/cddis.2016.222
http://dx.doi.org/10.3389/fimmu.2017.00061
http://www.ncbi.nlm.nih.gov/pubmed/28197151
http://dx.doi.org/10.1155/2016/8952520

Nutrients 2019, 11, 1062 10 of 11

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lee, J.S.; Cella, M.; McDonald, K.G.; Garlanda, C.; Kennedy, G.D.; Nukaya, M.; Mantovani, A.; Kopan, R.;
Bradfield, C.A.; Newberry, R.D.; et al. AHR drives the development of gut ILC22 cells and postnatal
lymphoid tissues via pathways dependent on and independent of Notch. Nat. Immunol. 2012, 13, 144-152.
[CrossRef] [PubMed]

Mezrich, ].D.; Fechner, ].H.; Zhang, X.; Johnson, B.P; Burlingham, W.J.; Bradfield, C.A. An interaction
between kynurenine and the aryl hydrocarbon receptor can generate regulatory T cells. J. Immunol. 2010,
185, 3190-3198. [CrossRef] [PubMed]

El-Zaatari, M.; Bass, A.].; Bowlby, R.; Zhang, M.; Syu, L.J.; Yang, Y.; Grasberger, H.; Shreiner, A.; Tan, B.;
Bishu, S.; et al. Indoleamine 2,3-Dioxygenase 1, increased in human gastric pre-neoplasia, promotes
inflammation and metaplasia in mice and is associated with type II hypersensitivity/autoimmunity.
Gastroenterology 2018, 154, 140-153.e17. [CrossRef] [PubMed]

Wagner, S.J.; Schmidt, A.; Effenberger, M.].P.; Gruber, L.; Danier, J.; Haller, D. Semisynthetic diet ameliorates
Crohn’s disease-like ileitis in TNFAARE/WT mice through antigen-independent mechanisms of gluten.
Inflamm. Bowel Dis. 2013, 19, 1285-1294. [CrossRef]

Gongalves, P.; Magro, F.; Martel, F. Metabolic inflammation in inflammatory bowel disease: Crosstalk
between adipose tissue and bowel. Inflamm. Bowel Dis. 2015, 21, 453-467. [CrossRef]

Ventham, N.T.; Kennedy, N.A.; Nimmo, E.R.; Satsangi, ]. Beyond gene discovery in inflammatory bowel
disease: The emerging role of epigenetics. Gastroenterology 2013, 145, 293-308. [CrossRef]

Legaki, E.; Gazouli, M. Influence of environmental factors in the development of inflammatory bowel
diseases. World J. Gastrointest. Pharmacol. Ther. 2016, 7, 112-125. [CrossRef]

Aleksandrova, K.; Romero-Mosquera, B.; Hernandez, V. Diet, gut microbiome and epigenetics: Emerging
links with inflammatory bowel diseases and prospects for management and prevention. Nutrients 2017, 30,
962. [CrossRef]

Burdge, G.C.; Hoile, S.P; Lillycrop, K.A. Epigenetics: Are there implications for personalised nutrition? Curr.
Opin. Clin. Nutr. Metab. Care 2012, 15, 442-447. [CrossRef]

Remely, M.; Lovrecic, L.; de la Garza, A.L.; Migliore, L.; Peterlin, B.; Milagro, FI.; Martinez, A.J.;
Haslberger, A.G. Therapeutic perspectives of epigenetically active nutrients. Br. ]. Pharm. 2015, 172,
2756-2768. [CrossRef]

Reuter, S.; Gupta, S.C.; Park, B.; Goel, A.; Aggarwal, B.B. Epigenetic changes induced by curcumin and other
natural compounds. Genes Nutr. 2011, 6, 93-108. [CrossRef] [PubMed]

Arpén, A.; Milagro, FL; Razquin, C.; Corella, D.; Estruch, R.; Fit6, M.; Marti, A.; Martinez-Gonzélez, M.A.;
Ros, E.; Salas-Salvadod, J.; et al. Impact of consuming extra-virgin olive oil or nuts within a mediterranean
diet on dna methylation in peripheral white blood cells within the predimed-navarra randomized controlled
trial: A role for dietary lipids. Nutrients 2017, 10, 15. [CrossRef]

Ruemmele, EM.; Veres, G.; Kolho, K.L.; Griffiths, A.; Levine, A.; Escher, ].C.; Amil-Dias, J.; Barabino, A.;
Braegger, C.P.,; Bronsky, J.; et al. Consensus guidelines of ECCO/ESPGHAN on the medical management of
pediatric Crohn’s disease. J. Crohns Colitis. 2014, 8, 1179-1207. [CrossRef] [PubMed]

Lee, D.; Baldassano, R.N.; Otley, A.R.; Albenberg, L.; Griffiths, AM.; Compher, C.; Chen, E.Z; Li, H.;
Gilroy, E.; Nessel, L.; et al. Comparative effectiveness of nutritional and biological therapy in north american
children with active crohn’s disease. Inflamm. Bowel Dis. 2015, 21, 1786-1793. [CrossRef] [PubMed]
Levine, A.; Turner, D.; Pfeffer-Gik, T.; Amil-Dias, J.; Veres, G.; Shaoul, R.; Staiano, A.; Escher, J.; Kolho, K.L.;
Paerregaard, A.; et al. Comparison of outcomes parameters for induction of remission in new onset pediatric
Crohn’s disease: Evaluation of the porto IBD group “growth relapse and outcomes with therapy” (GROWTH
CD) study. Inflamm. Bowel Dis. 2014, 20, 278-285. [CrossRef] [PubMed]

Connors, J.; Basseri, S.; Grant, A.; Giffin, N.; Mahdi, G.; Noble, A.; Rashid, M.; Otley, A.; Van-Limbergen, J.
Exclusive enteral nutrition therapy in paediatric crohn’s disease results in long-term avoidance of
corticosteroids: Results of a propensity-score matched cohort analysis. J. Crohns Colitis. 2017, 11, 1063-1070.
[CrossRef]

Cohen-Dolev, N.; Sladek, M.; Hussey, S.; Turner, D.; Veres, G.; Koletzko, S.; Martin de Carpi, J.; Staiano, A.;
Shaoul, R.; Lionetti, P; et al. Differences in outcomes over time with exclusive enteral nutrition compared
with steroids in children with mild to moderate crohn’s disease: Results from the growth cd study. J. Crohns
Colitis. 2018, 12, 306-312. [CrossRef]


http://dx.doi.org/10.1038/ni.2187
http://www.ncbi.nlm.nih.gov/pubmed/22101730
http://dx.doi.org/10.4049/jimmunol.0903670
http://www.ncbi.nlm.nih.gov/pubmed/20720200
http://dx.doi.org/10.1053/j.gastro.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28912017
http://dx.doi.org/10.1097/MIB.0b013e318281f573
http://dx.doi.org/10.1097/MIB.0000000000000209
http://dx.doi.org/10.1053/j.gastro.2013.05.050
http://dx.doi.org/10.4292/wjgpt.v7.i1.112
http://dx.doi.org/10.3390/nu9090962
http://dx.doi.org/10.1097/MCO.0b013e3283567dd2
http://dx.doi.org/10.1111/bph.12854
http://dx.doi.org/10.1007/s12263-011-0222-1
http://www.ncbi.nlm.nih.gov/pubmed/21516481
http://dx.doi.org/10.3390/nu10010015
http://dx.doi.org/10.1016/j.crohns.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24909831
http://dx.doi.org/10.1097/MIB.0000000000000426
http://www.ncbi.nlm.nih.gov/pubmed/25970545
http://dx.doi.org/10.1097/01.MIB.0000437735.11953.68
http://www.ncbi.nlm.nih.gov/pubmed/24390062
http://dx.doi.org/10.1093/ecco-jcc/jjx060
http://dx.doi.org/10.1093/ecco-jcc/jjx150

Nutrients 2019, 11, 1062 11 of 11

60.

61.

62.

63.

64.

65.

66.

67.

68.

Levine, A.; Wine, E. Effects of enteral nutrition on Crohn’s disease: Clues to the impact of diet on disease
pathogenesis. Inflamm. Bowel Dis. 2013, 19, 1322-1329. [CrossRef]

Sigall-Boneth, R.; Pfeffer-Gik, T.; Segal, I.; Zangen, T.; Boaz, M.; Levine, A. Partial enteral nutrion with a
Crohn’s disease exclusion diet is effective for induction of remission in children and young adults with
Crohn’s disease. Inflamm. Bowel Dis. 2014, 20, 1353-1360. [CrossRef] [PubMed]

Takagi, S.; Utsunomiya, K.; Kuriyama, S.; Yokoyama, H.; Takahashi, S.; Iwabuchi, M.; Takahashi, S.;
Kinouchi, Y.; Hiwatashi, N.; Funayama, Y.; et al. Effectiveness of an “half elemental diet” as maintenance
therapy for Crohn’s disease: A randomized controlled trial. Aliment. Pharmacol. Ther. 2006, 24, 1333-1340.
[CrossRef]

Yamamoto, T.; Nakahigashi, M.; Umegae, S.; Kitagawa, T.; Matsumoto, K. Impact of long-term enteral nutrition
on clinical and endoscopic recurrence after resection for Crohn’s disease: A prospective, non-randomized,
parallel, controlled study. Aliment. Pharmacol. Ther. 2007, 25, 67-72. [CrossRef]

Hisamatsu, T.; Kunisaki, R.; Nakamura, S.; Tsujikawa, T.; Hirai, F.; Nakase, H.; Watanabe, K.; Yokoyama, K.;
Nagahori, M.; Kanai, T.; et al. Effect of elemental diet combined with infliximab dose escalation in patients
with Crohn’s disease with loss of response to infliximab: CERISIER trial. Intest. Res. 2018, 16, 494-498.
[CrossRef]

Turner, D.; Shah, P.S,; Steinhart, A.H.; Zlotkin, S.; Griffiths, A.M. Maintenance of remission in inflammatory
bowel disease using omega-3 fatty acids (fish oil): A systematic review and meta-analyses. Inflamm. Bowel.
Dis. 2011, 17, 336-345. [CrossRef] [PubMed]

Turner, D.; Zlotkin, S.H.; Shah, P.S.; Griffiths, A.M. Omega 3 fatty acids (fish oil) for maintenance of remission
in Crohn’s disease. Cochrane Database Syst. Rev. 2009, 21, CD006320. [CrossRef]

Paradis, A.M.; Fontaine-Bisson, B.; Bossé, Y.; Robitaille, J.; Lemieux, S.; Jacques, H.; Lamarche, B.; Tchernof, A.;
Couture, P.; Vohl, M.C. The peroxisome proliferator-activated receptor alpha Leul62Val polymorphism
influences the metabolic response to a dietary intervention altering fatty acid proportions in healthy men.
Am. ]. Clin. Nutr. 2005, 81, 523-530. [CrossRef]

Ananthakrishnan, A.N.; Khalili, H.; Song, M.; Higuchi, L.M.; Lochhead, P.; Richter, ].M.; Chan, A.T. Genetic
polymorphisms in fatty acid metabolism modify the association between dietary n3: né intake and risk of
ulcerative colitis: A prospective cohort study. Inflamm. Bowel Dis. 2017, 23, 1898-1904. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/MIB.0b013e3182802acc
http://dx.doi.org/10.1097/MIB.0000000000000110
http://www.ncbi.nlm.nih.gov/pubmed/24983973
http://dx.doi.org/10.1111/j.1365-2036.2006.03120.x
http://dx.doi.org/10.1111/j.1365-2036.2006.03158.x
http://dx.doi.org/10.5217/ir.2018.16.3.494
http://dx.doi.org/10.1002/ibd.21374
http://www.ncbi.nlm.nih.gov/pubmed/20564531
http://dx.doi.org/10.1002/14651858.CD006320.pub3
http://dx.doi.org/10.1093/ajcn.81.2.523
http://dx.doi.org/10.1097/MIB.0000000000001236
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Diet Influences Inflammatory Bowel Disease: Epidemiological Clues 
	Impact of Nutrients on Intestinal Permeability, Microbiome and Immunity 
	Mesenteric Fat and Epigenetic Considerations 
	Diet as Possible Therapy 
	Conclusions 
	References

