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Abstract: Epidemiological and experimental studies have suggested that diet is one of the
environmental factors that contributes to the onset and pathophysiology of ulcerative colitis. Although
many patients suffering from ulcerative colitis attribute their symptoms or disease relapse to dietary
factors, only a few well-designed randomized controlled trials have been done to investigate the
role of diet in the management of ulcerative colitis. Here, we review the potential mechanisms of
the relationship between diet and pathogenesis of ulcerative colitis and summarize randomized
controlled dietary interventions that have been conducted in ulcerative colitis patients.

Keywords: diet; inflammatory bowel disease; ulcerative colitis

1. Introduction

Ulcerative colitis (UC)—a subtype of inflammatory bowel disease (IBD)—is a chronic, idiopathic
inflammatory disease that affects the colon and is characterized by relapsing and remitting mucosal
inflammation [1]. UC patients mostly present blood in the stool and diarrhea [1]. UC is associated
with major morbidity in Western countries, and its incidence is increasing in developing countries [2].
The multifactorial pathophysiology of UC includes genetic predisposition, epithelial barrier defects,
dysregulated immune responses, microbial dysbiosis, and environmental factors [1,2].

It has been suggested that environmental factors play a major role in the pathogenesis of IBD.
Early-life events such as mode of birth, breastfeeding, and exposure to antibiotics and other factors such
as air pollution, smoking, psychological state, exercise, and diet are among the potential environmental
contributors of IBD development or disease activity [3].

Significant changes in dietary intake during the past decades have been associated with the
increase in incidence of UC. The relationship between diet and UC development has been indicated
in several epidemiological studies [4]. Two recent meta-analysis studies showed that soft drink
consumption and sucrose intake were associated with 69% and 10% increased risk of UC development,
respectively [5,6]. Consumption of fruits (odds ratio: 0.57) and vegetables (odds ratio: 0.71) was related
to decreased odds of UC development in another meta-analysis study [7]. A significant association
between meat intake (red meat in particular) and UC risk was found in a meta-analysis of seven
epidemiological studies (summary relative risk: 1.47) [8]. Furthermore, whereas n-3 polyunsaturated
fatty acids (PUFAs) content of diet was related to decreased odds of UC development (odds ratio:
0.56) [9], dietary arachidonic acid (an n-6 PUFA) as measured in adipose tissue increased risk of
UC development (relative risk: 4.16) in a large prospective cohort study among Danish adults [10].
Although the exact pathophysiological mechanisms in which diet plays a role in IBD development

Nutrients 2019, 11, 1498; d0i:10.3390/nu11071498 www.mdpi.com/journal/nutrients


http://www.mdpi.com/journal/nutrients
http://www.mdpi.com
https://orcid.org/0000-0001-7375-6210
http://www.mdpi.com/2072-6643/11/7/1498?type=check_update&version=1
http://dx.doi.org/10.3390/nu11071498
http://www.mdpi.com/journal/nutrients

Nutrients 2019, 11, 1498 20f12

remain unknown, several plausible explanations including its effects on composition of gut microbiota,
production of microbial metabolites, alterations in mucosal immunity, and mucosal barrier function
have been proposed [11] (Figure 1).
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Figure 1. Although the exact mechanisms responsible for the association between diet and development
of inflammatory bowel disease is unknown, several mechanisms have been suggested. An unhealthy
dietary pattern such as a Western diet has been linked to changes in the gut microbiome and epithelial
barrier function and seems to have a direct influence on immune function, triggering a pro-inflammatory
environment characterized by an imbalance in the T helper 17 (Ti17) cell to regulatory T (Treg) cell
ratio [Adapted with permission [11]].

Abnormalities in the intestinal microbiota have been reported in some, but not all UC patients [1,12-14].
In some studies, UC patients have been shown to have decreased bacterial diversity, characterized by a
decreased Firmicutes and increased Gammaproteobacteria and Enterobacteriaceae [15]. However, it is not clear
if bacterial dysbiosis is the cause or effect of mucosal inflammation in UC [1,13] (Figure 2).
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Figure 2. The relationship between gut microbiota and colonic inflammation in inflammatory bowel
disease. Inflammation in colon stimulates production of Interferon gamma (IFN-y) that eventually
generates reactive oxygen species (ROS). ROS make products for anaerobic respiration. These products can
be used by facultative anaerobes to outgrow, which leads to decreased bacterial diversity. The dysbiotic
microbiota may further stimulate the growth of fungi that can worsen inflammation via chitin and 3
-glucan antigen-presenting cell (APC) activation of the type 1 T helper (Ty1) pathway. In addition,
the microbial dysbiosis is associated with increased bacteriophage richness and abundance, which can
affect the bacterial microbiota via gene transfer. DMSO, dimethyl sulfoxide; TMAO, trimethylamine
N-oxide. [Adapted with permission [13]].

Dietary factors can be related to UC pathogenesis or disease course through direct effects on
the host or indirect effects through modulations of composition or function of gut microbiota. Diet
has a major role in shaping gut microbial composition [16]. For instance, increased Bacteroidetes
and decreased Firmicutes and Enterobacteriaceae in rural African children in comparison to European
children were mainly attributed to differences in dietary patterns between the two populations [17].
Therefore, it has been suggested that diet-induced changes in microbiota may transform healthy gut
microbiota into a disease-inducing entity that could either initiate or perpetuate inflammation in
patients with IBD [16]. Agus et al. [18] indicated that a high fat/high sugar diet resulted in intestinal
mucosal dysbiosis characterized by an overgrowth of pro-inflammatory proteobacteria and a decrease
in protective bacteria. In addition, they showed that the transplantation of feces from high fat/high
sugar fed mice to germ-free mice increased susceptibility to adherent-invasive Escherichia coli infection.

In addition to their significant effects on microbial composition, dietary factors can also affect
the metabolic functions of gut microbiota. Short chain fatty acids (SCFA), which are defined as
the groups of fatty acids with fewer than six carbons including formic acid (C1), acetic acid (C2),
propionic acid (C3), butyric acid (C4), and valeric acid (C5), are derived from commensal bacterial
fermentation of indigestible dietary fibers in both the small and large intestines [19,20]. Acetate,
propionate and butyrate account for more than 95 % of all the SCFA content in the gut [19]. Acetate and
butyrate in particular have an essential role in maintaining mucosal barrier function and modulating
immune function [21,22] (Figure 3). SCFA regulate the functions of epithelial and/or immune cells
through altering gene expression, cellular differentiation, chemotaxis, proliferation, and apoptosis [19].
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The number of SCFA-producing bacteria such as Faecalibacterium prausnitzii is decreased in some
UC patients, and these are inversely correlated with disease activity [23]. Moreover, a western diet
characterized by high intake of sugar [18,24] and fat [18] and decreased amount of dietary fiber was
associated with decreased SCFAs and increased susceptibility to colitis in experimental studies.
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Figure 3. The role of fiber-derived short chain fatty acids (SCFAs) in regulation of intestinal homeostasis.
SCFAs serve as energy substrates for colonocytes. In addition, SCFAs regulate intestinal barrier function
and immune system through G-protein-coupled receptors (GPRs) signaling. SCFAs promote the
differentiation of regulatory T (Treg) cells and the production of interleukin (IL)-10 through GPR43.
Furthermore, SCFA facilitate inflammasome activation in colonic epithelial cells through GPR43,
stimulating IL-18 production that is critical for anti-inflammation and epithelial repair. SCFAs also
regulate intestinal barrier function via enhancing the expression of tight junction proteins and the
synthesis of mucin (MUC)2. DC, dendritic cells; FOXP3, forkhead box P3; HDAC, histone deacetylases;
Md, macrophages; TJ, tight junctions. [Adapted with permission [22]].

The mucus layer and intestinal epithelium are the first physical and chemical barriers against
intestinal bacteria, pathogens, and food antigens. A dysregulated mucosal immune response
characterized by alterations in the innate immune system, activation of effector T-cells, increased
presence of B-cells and antibody production, and increased production of pro-inflammatory mediators
have a major role in the pathogenesis of IBD [1,25]. Dietary factors can have direct effects on host cells.
For instance, it was shown that luminal iron may directly affect function of intestinal epithelial cells
and T cells in addition to triggering epithelial cell stress-associated apoptosis [26]. Zinc is an important
cofactor for various intestinal metalloproteinases, and zinc deficiency has been associated with reduced
barrier integrity and increased permeability in IBD patients [27]. There is also increasing evidence
for a role of vitamin D in strengthening the innate immune system and reducing inflammation in
experimental and human IBD [28]. Relationships between PUFAs content of diet and inflammatory
processes in IBD have also been shown [29,30]. Eicosapentaenoic acid and docosahexaenoic acid that
are long chain dietary n-3 PUFAs inhibit genes that are involved in inflammatory process and alter
the composition of cell membranes by displacing n-6 PUFAs, influencing lipid raft formation in cell
signaling [30]. Dietary amino acids act as key regulatory factors in cellular and microbial metabolic
pathways and play important roles in gut homeostasis. Intestinal inflammation as seen in IBD affects
several metabolic pathways related to metabolism of amino acids [22]. It has been reported that
several food additives, such as maltodextrin, emulsifying agents, or thickeners such as carboxymethyl
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cellulose, carrageenan, and xanthan gum, may also have detrimental effects on intestinal homeostasis
as well [31]. A complete review of all dietary factors and host interactions is beyond the scope of
this review; however, those interactions have been described comprehensively in other recent review
articles [11,21,22,31-34].

Currently, dietary recommendations for management of IBD-related symptoms are scarce and
non-evidence-based, mainly due to the limited number of dietary interventions in this population.
In the present review article, we summarize findings from previously conducted dietary interventions
in UC patients.

2. Methods

An electronic search in MEDLINE (Ovid) from inception to April 1, 2019, was conducted in
order to identify any dietary intervention studies on UC subjects). Reference lists of included studies
were also checked to identify relevant studies that might have been missed during initial search in
MEDLINE. Studies that only focused on nutritional supplements, enteral or parenteral nutrition,
or were published in languages other than English were not included. A comprehensive full-text
review of identified studies was conducted after the title screening and abstract screening of potentially
relevant articles. Collected data included journal name, publication year, design of the study, age,
sex, sample size, disease condition, intervention and comparator(s) of interest, outcome(s), outcome
measures, and main findings. The MEDLINE search strategy was as follows:

1. randomized controlled trial/

2. clinical trial.pt.

3. randomi?ed.ti,ab.

4.  placebo.ti,ab.

5. randomly.ti,ab.

6. trial.ti,ab.

7. lor2or3or4orbor6

8.  Inflammatory Bowel Diseases/
9.  inflammatory bowel disease.tw.
10. ibd.tw.

11. ulcerative colitis.tw.

12.  colitis.tw.

13. 8or9or10or11or12

14. Diet/

15. diet*.tw.

16. food.tw.

17. 14or150r16

18. 7and 13 and 17

3. Results

Our primary electronic search yielded 424 unique references. After title and abstract screening,
nine studies were selected for full-text review. Following the full-text review, seven randomized
controlled trials that met the inclusion and exclusion criteria were selected for this review [35-41].
The general characteristics of the included studies are summarized in Table 1.
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Table 1. General characteristics of studies examining the role of diet for maintenance of remission in ulcerative colitis patients.

Intervention/Comparator(s)

First Author (Year) Country Study Design Population (Sample Size 1) Duration Outcomes and Assessment Tools
Randomized controlled Adult UC patients in (n= 21\6/1)1/11(11£:§r61j;§£ lus Relapse: Symptoms +
Wright (1965) [35] UK L . clinical remission after =208 “P 12 months sigmoidoscopy, biopsy, dietary
clinical trial . . .. milk-free diet (n = 27)/“dummy K K
induction of remission L, adherence: interview
diet” as control (n = 24)
Randomized. controlled Adult UC patients with Symptoms-guided elimination Induction of clinical remission,
Candy (1995) [36] South Africa Clinical/ trial mild to moderate disease diet (1 = 11)/normal diet as 6 weeks sigmoidoscopy, histopathology,
activity control (n =7) dietary adherence: interview
Induction of clinical remission,
clinical relapse: PUCAI, Physician
Single-center, Pediatric newly diagnosed Cow's milk protein elimination global assessment, serum C-reactive
Strisciuglio (2013) [37] Italy randomized, controlled UC pa t?en tsgn diet (n = 14)/normal diet as 12 months protein, erythrocyte sedimentation
clinical trial p control (n = 15) rate, fecal calprotectin, endoscopic
evaluation, histological evaluation,
dietary adherence: food diaries
Comprehensive dietary . - .
. . _ . Disease activity: SCCAI, quality of
Kyaw (2014) [38] UK Randon‘uz‘ed, cqntrolled Adult UC patients advices (n = 61)/_genera1 dietary 24 weeks life: IBDQ, dietary adherence: food
clinical trial recommendations +normal frequency questionnaire
diet as control(n = 51) q A
Randomized, No-carrageenan d.1e.t * Clinical relapse: SCCAI, quality of
. . . carrageenan-containing o .
Bhattacharyya (2017) double-blind, Adult UC patients in life: SIBDQ, serum cytokines, fecal
USA .. L. capsules (200 mg/d) 12 months B
[39] placebo-controlled, clinical remission . calprotectin, dietary adherence: 24 h
. .. . (n = 7)/no-carrageenan diet + .
multicenter, clinical trial dietary recalls
placebo (dextrose) (n =7)
Adult UC patients in Disease activity: SCCAI, Severity of
Randomized, remission, or mild to Low FODMAP diet IBS symptoms: IBS-SSS, quality of
Pedersen (2017) [40] Denmark open-label, controlled moderate disease activity (1 = 44)/normal habitual diet as 6 weeks life: SIBDQ, C-reactive protein, fecal
clinical trial and coexisting IBS-like control (n = 45) calprotectin, dietary adherence: food
symptoms frequency questionnaire
Disease activity: Mayo score, quality
Randomized, Adult UC patients in Immunoglobulin G-guided aﬁjiﬁ;“igg; fz an{ mi::lglj;?;
Jian (2018) [41] China open-label, stratified remission, or mild to exclusion diet (n = 49)/normal 6 months ’ P i’

clinical trial

moderate disease activity

diet as control (n = 48)

extraintestinal manifestation of the
disease, food-specific IgG antibodies,
dietary adherence: food diaries

6 0f 12

UC: ulcerative colitis; PUCAL Pediatric Ulcerative Colitis Activity Index; SCCAI: Simple Clinical Colitis Activity Index; SIBDQ: Short Inflammatory Bowel Disease Questionnaire;
IBS: Irritable bowel syndrome; FODMAP: Fermentable, Oligosaccharides, Disaccharides, Monosaccharides and Polyols; IBS-SSS: IBS symptom severity system; IBDQ: Inflammatory Bowel
Disease Questionnaire. | Number of patients used for statistical analysis.
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Wright et al. [35] randomly allocated UC patients with disease relapse into a milk-free diet (n = 26)
(all milk and milk products, whether in the form of dairy products such as fresh milk and cheese
or as powdered milk, were excluded, and butter was permitted), a gluten-free plus milk-free diet
(n = 27), or a control group (n = 24). Patients were asked to follow the diets for one year after the
induction of remission, and they were followed monthly to assess if they experienced disease relapse,
which was defined as diarrhea with an average of four or more stools a day for at least a week and
with macroscopic blood present, together with sigmoidoscopic evidence of inflammation. Although
the relapse rate was higher in patients randomized to the control group in comparison to those on
a milk-free diet (79.2% vs. 61.5%), it did not reach statistical significance (p = 0.2). In addition, the
relapse rate in the gluten-free plus milk-free diet was 70.4%, which was comparable to that in the other
two groups.

In a small randomized controlled trial for 6 weeks [36], 18 adult UC patients with mild to moderate
disease activity were randomized to a symptoms-guided elimination diet (# = 11) or a control group
(n =7). Patients in the control group were asked to document but not alter their dietary intake.
However, patients in the experimental group were instructed to exclude foods that appeared to provoke
their symptoms. Fried foods were prohibited. In addition, refined sugars, additives and preservatives,
all condiments and spices other than salt, and beverages other than boiled water were prohibited
during the 6-week trial for patients randomized to the elimination diet group. In the first week, dairy
products were excluded from the diet, but were introduced over the next weeks in the following
order: Skim milk, yogurt, skim-milk cheese, full-cream milk, cream, and full-cream cheese. Each week,
subjects in the intervention group were interviewed in person, and their symptoms were reviewed in
relation to the foods eaten during the previous week. The food menu was expanded over the 6-week
trial to include as more variety of foods that each participant could tolerate. The induction of clinical
remission rate (the passage of normal stools with absence of rectal bleeding) 6 weeks after the baseline
visit was significantly higher in patients who received the symptoms-guided diet (36.3% vs. 0.0%).
However, the endoscopic and histologic improvement was comparable between the two groups.

In another study [37], children with newly diagnosed UC were randomly assigned to a cow’s milk
protein (CMP) elimination diet (n = 14) or a normal diet as the control group (n = 15). The study aimed
to compare the clinical remission rate between the two groups following the IBD induction therapy
and the rate of clinical relapse (defined as the occurrence or worsening of symptoms accompanied by
an increase of Pediatric Ulcerative Colitis Activity Index > 10 points which required treatment with
corticosteroids, immunosuppressive agents, or surgery) between the two groups during the one-year
trial. The authors reported that the clinical response rate four weeks after the initiation of the induction
therapy was not different between the two groups (92.8% in CMP elimination diet vs. 80.0% in the
control group, p = 0.6). In addition, clinical relapse rate was comparable between the two groups (53.8%
in CMP elimination diet group vs. 53.3% in the control group). In addition, they found no significant
changes in serum C-reactive protein (CRP), erythrocyte sedimentation rate or fecal calprotectin (FCP)
in the two diet groups from baseline to the last visit.

Kyaw et al. [38] recruited 112 adult UC patients and randomly assigned them to a dietary
intervention and a control group. Patients in the intervention group were given an educational booklet
that contained dietary recommendations to eat little and often (four to six times a day), drink adequate
fluids, decrease excess intake of fat, decrease simple carbohydrates, and decrease high-fiber foods
during flare. Patients were also advised to increase intake of “good-quality protein” during flare and
eliminate dairy products if they were lactose intolerant. Patients randomized to the control group were
provided with a booklet that included general recommendations on healthy eating (e.g., to choose
higher fiber or whole grain carbohydrates, to eat lots of fruits and vegetables) and were assigned to
follow their usual diet. At 24 weeks, there was a significant reduction in the Simple Clinical Colitis
Activity Index (SCCAI) score in the intervention group compared with an increase in the score in the
control group. However, there was no statistically significant change in quality of life scores from
baseline to week 24 in the two groups.
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Bhattacharyya et al. [39] conducted a small, randomized, double-blind, placebo-controlled,
multicenter, clinical trial on UC patients to investigate the effect of the common food additive carrageenan
on clinical relapse rates. The authors recruited UC patients over the age of 18 in clinical remission (SCCAI
< 2). Patients randomized to the carrageenan group (1 = 5) received the carrageenan-containing capsules
(200 mg/day). Patients randomized to the placebo group received similar-appearing dextrose-containing
capsules (n = 7). The study duration was 12 months, and participants were instructed to follow a
carrageenan-free diet during that period. The primary outcome measure was occurrence of clinical
relapse, which was defined as an increase of two (or more) points on the SCCAI in association with an
increase in treatment. The Short Inflammatory Bowel Disease Questionnaire was used to assess changes
in quality of life. In addition, blood and stool samples were collected to measure inflammatory markers.
They found that UC patients who were on a carrageenan-free diet plus placebo had a lower relapse rate in
comparison to patients who were on a similar diet plus two oral capsules of carrageenan per day (0.0% vs.
60.0%, p = 0.05). In addition, they reported that carrageenan consumption aggravated disease activity as
indicated by increase in FCP (p = 0.06) and interleukin-6 (p = 0.02). However, there was no statistically
significant difference between the two groups in terms of changes in quality of life scores.

Pedersen et al. [40] conducted an open-label trial of patients with IBD (61 UC and 28 CD) in remission
or with mild-to-moderate disease and coexisting IBS-like symptoms. Patients were randomly assigned
to a low Fermentable, Oligosaccharides, Disaccharides, Monosaccharides and Polyols (FODMAP) diet
(n = 44) or anormal diet (n = 45) for 6 weeks. In UC patients, there was a significant decrease in severity of
IBS-related symptoms (assessed by IBS symptom Severity System) in both diet groups, and this response
was not different between the two groups. However, the authors reported a significant decrease in disease
activity assessed by SCCAI but only in patients randomized to the low-FODMAP diet. In addition,
low-FODMAP diet increased quality of life of IBD patients (assessed by SIBDQ). However, low-FODMAP
diet did not change CRP and FCP levels significantly.

In a recent open-label, stratified study, Jian et al. [41] randomly allocated 97 UC patients who were
in remission or had mild to moderate disease activity to a food exclusion group versus a sham diet group.
At baseline, the presence of blood IgG antibodies specific to egg, wheat, milk, corn, tomato, crab, rice,
soybean, cod, shrimp, mushrooms, beef, chicken, and pork antigens were tested. Based on IgG antibody
titers, patients randomized to the exclusion diet group were instructed to stop or reduce taking specific
food items. Patients in the control group were asked to follow their routine diet. The duration of the trial
was 6 months. They reported that in comparison to the control diet, following the exclusion diet was
associated with a significant decrease in Mayo scores and improvement in quality of life.

4. Discussion

It has been suggested that environmental factors including diet play an important role in the
pathophysiology of IBD and especially in UC, a chronic colonic inflammation. In the present article,
after a brief overview of potential mechanisms in which diet plays a role in the pathogenesis of IBD,
we then reviewed dietary intervention studies in UC patients.

The three randomized controlled trials that have been performed to assess the efficacy of dietary
interventions for maintenance of remission in UC [35,37,39] were all focused on complete exclusion of
one or more food items that were hypothesized to trigger IBD symptoms. Two of these studies [35,37]
aimed to eliminate milk or dairy products; however, they failed to show a significant decrease in
relapse rate in patients randomized to the elimination diet group in comparison to those randomized
to the control diet. This finding is important as unnecessary dietary restrictions that lack supporting
scientific evidence may result in several nutritional deficiencies (e.g., calcium due to exclusion of milk
and dairy products) in IBD patients [42]. Therefore, patients should be informed by their health care
team about the possible harmful effects of food elimination diets.

In the present review, the only elimination diet that was associated with a reduction in clinical
relapse rate in UC patients who were in remission at baseline was a carrageenan-free diet [39].
Carrageenan belongs to a family of sulfated polysaccharides and are extracted from seaweeds. It is
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approved as “generally recognized as safe” by the United States Food and Drug Administration and is
used in the food industry for its gelling, thickening, and stabilizing properties. It has been suggested
that carrageenan may reduce protein and peptide bioaccessibility, disrupt normal epithelial function,
and promote intestinal inflammation [43]. However, others have been skeptical about these findings,
which are mainly derived from experimental animal studies [44]. The results from the randomized
clinical trial in which a carrageenan-free diet was found to be related to lower relapse rate and decreased
inflammation (as assessed by decreased serum interleukin-6 and FCP) should be interpreted with
caution as the sample size of this multi-center trial was very small (n = 12) and the reported p-values
obtained from parametric tests were marginally significant. Therefore, these interesting findings need
to be confirmed in future well-powered randomized controlled studies.

We identified only two studies [36,37] that tested the efficacy of diet for induction of remission in
UC patients. In the first study, exclusion of food items that were found to trigger UC-related symptoms
was associated with higher clinical remission rate in comparison to a normal diet [36]. Although
the elimination of foods was based on each participant’s self-reported food intolerance, there were
some general recommendations regarding specific food groups/items such as dairy products, refined
sugar, and beverages. However, the study was performed on a small number of patients (n = 18),
and the duration of follow-up was short (6 weeks). In addition, the intervention did not result in
endoscopic or histologic improvement in that time period. Furthermore, patients in the intervention
group experienced a mean weight loss of 2.5 kg that was not explained in the study. The authors
also reported that there was no food that triggered symptoms in all patients. However, spicy and
curried foods and fruits (specially grapes, melon, and citruses) were commonly reported to provoke
symptoms. In the second study, which was performed in pediatric UC patients with active disease,
elimination of cow milk protein from diet was not beneficial neither for induction or for maintenance
of remission during a one-year follow-up in comparison to a control diet [37]. As mentioned by the
authors, the dietary restrictions that many IBD patients follow often are not supported by scientific
evidence. These inappropriate diets reduce caloric intake and may contribute to malnutrition and
micronutrient deficiencies, especially in pediatric patients. Whether a subgroup of patients with UC
(e.g., patients with lactose intolerance or atopy) will benefit from elimination diets or not needs to be
explored in future clinical trials.

In this review, we also included three other studies that recruited patients with active disease and
UC remission concurrently. They reported the effectiveness of comprehensive dietary advices [3§],
low FODMAP [40] or IgG-guided exclusion diets [41] in reduction of disease activity in UC patients.
Although these findings are encouraging, one of the major limitations of these studies is that they did
not report their findings for patients with active disease versus patients in UC remission separately
to allow meaningful interpretations [45]. Therefore, we suggest that in future studies the dietary
interventions be focused on clearly specified groups of patients (e.g., active disease or in remission) or
study outcomes to be reported for different groups of participants separately.

Diet is of major interest for IBD patients, and they use a variety of dietary strategies to manage their
underlying disease and related symptoms [34]. Despite the significant role of diet in the development
of IBD or management of gastrointestinal symptoms in these patients, we could identify only a few
randomized controlled trials that assessed the efficacy of diet for induction of remission, maintenance
of remission, or improvement of gastrointestinal symptoms in UC patients. In addition, in the previous
studies, the underlying mechanisms in which diet may prevent increases in colonic or systemic
inflammation and ultimately help patients to maintain remission have not been investigated. There
are many omics fields involved in the study of pathogenesis of IBD such as genomics, metagenomics,
transcriptomics, proteomics, and metabolomics [32]. As dietary factors have a significant impact
on some of these key players of IBD development, investigating the changes in this multi-omic
network of IBD during a controlled dietary intervention has the potential to elucidate the underlying
mechanisms of diet-IBD interactions. High quality, well-powered human dietary intervention studies
for management of IBD may include the following: Quantification of baseline habitual diet using
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appropriate tools such as food frequency questionnaires, monitoring of adherence to the diet using
food recalls/records, large long-term controlled trials, use of a control diet to determine the specificity
of observed effects to the intervention, use of a variety of subjective and objective endpoints (e.g.,
symptoms, quality of life, clinical biomarkers, endoscopic and histological evaluations) to monitor
response to dietary interventions [34], and consider the use of omic-based assessments of serum, urine,
stool, and/or intestinal biopsies to investigate underlying protective mechanisms. Considering findings
from previous observational studies and clinical trials, investigating the potential benefits of following
a healthy dietary pattern, such as experimental anti-inflammatory diets that incorporate several dietary
recommendations, is of great value in the management of UC-related symptoms and inflammation.
Furthermore, as indicated in elimination diet studies, food intolerances are individual-based, and not
all patients will benefit from excluding certain food items/groups. Therefore, personalized dietary
recommendations that take into account each patient’s food intolerances and food preferences should
be the subject of future well-designed dietary trials in IBD patients.

5. Conclusions

In conclusion, we found that there have been few well-designed and/or adequately powered
randomized clinical trials to investigate the role of diet in maintenance of remission in UC patients.
As suggested in a recent Cochrane systematic review [45], consensus on the composition of
evidence-based dietary interventions in IBD patients is required and there is a need for more high-quality,
well-powered, randomized, controlled trials to assess the efficacy of these interventions.

Funding: A H.K. was supported by a graduate studentship from Alberta Innovates-Health Solutions. K.L.M. and
L.A.D. took part in the IMAGINE study funded by the Canadian Institute of Health and Research (CIHR). L.A.D.
and K.L.M. were funded by Alberta Innovates-Bio Solution. K.L.M. and L.A.D. were funded through a CIHR
operating grant.

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

References

1.  Ungaro, R,; Mehandru, S.; Allen, P.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative colitis. Lancet 2017, 389,
1756-1770. [CrossRef]

2. Ramos, G.P.; Papadakis, K.A. Mechanisms of Disease: Inflammatory Bowel Diseases. Mayo Clin. Proc. 2019,
94, 155-165. [CrossRef] [PubMed]

3.  Ananthakrishnan, A.N. Debate session: So what causes inflammatory bowel disease? It’s all in the
environment. J. Gastroenterol. Hepatol. 2018, 33, 24. [CrossRef] [PubMed]

4. Hou, ] K,; Abraham, B.; El-Serag, H. Dietary Intake and Risk of Developing Inflammatory Bowel Disease: A
Systematic Review of the Literature. Am. . Gastroenterol. 2011, 106, 563-573. [CrossRef] [PubMed]

5. Nie, J.Y,; Zhao, Q. Beverage consumption and risk of ulcerative colitis: Systematic review and meta-analysis
of epidemiological studies. Medicine (Baltimore) 2017, 96, €9070. [CrossRef] [PubMed]

6. Wang, F; Feng, ].; Gao, Q.; Ma, M; Lin, X,; Liu, J.; Li, J.; Zhao, Q. Carbohydrate and protein intake and risk of
ulcerative colitis: Systematic review and dose-response meta-analysis of epidemiological studies. Clin. Nutr.
2017, 36, 1259-1265. [CrossRef]

7. Li, F; Liu, X.; Wang, W.; Zhang, D. Consumption of vegetables and fruit and the risk of inflammatory bowel
disease: a meta-analysis. Eur. |. Gastroenterol. Hepatol. 2015, 27, 623-630. [CrossRef] [PubMed]

8.  Ge,J;Han, T-]; Liu, J.; Li, J.-S.; Zhang, X.-H.; Wang, Y.; Li, Q.-Y.; Zhu, Q.; Yang, C.-M. Meat intake and risk of
inflammatory bowel disease: A meta-analysis. Turk. J. Gastroenterol. 2015, 26, 492-497. [CrossRef] [PubMed]

9. John, S; Luben, R.; Shrestha, S.S.; Welch, A.; Khaw, K.-T.; Hart, A.R. Dietary n-3 polyunsaturated fatty acids
and the aetiology of ulcerative colitis: A UK prospective cohort study. Eur. ]. Gastroenterol. Hepatol. 2010, 22,
602-606. [CrossRef]

10. DeSilva, PS.; Olsen, A.; Christensen, J.; Schmidt, E.B.; Overvaad, K.; Tjonneland, A.; Hart, A.R. An association
between dietary arachidonic acid, measured in adipose tissue, and ulcerative colitis. Gastroenterology 2010,
139, 1912-1917. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0140-6736(16)32126-2
http://dx.doi.org/10.1016/j.mayocp.2018.09.013
http://www.ncbi.nlm.nih.gov/pubmed/30611442
http://dx.doi.org/10.1111/jgh.14429
http://www.ncbi.nlm.nih.gov/pubmed/30187567
http://dx.doi.org/10.1038/ajg.2011.44
http://www.ncbi.nlm.nih.gov/pubmed/21468064
http://dx.doi.org/10.1097/MD.0000000000009070
http://www.ncbi.nlm.nih.gov/pubmed/29245319
http://dx.doi.org/10.1016/j.clnu.2016.10.009
http://dx.doi.org/10.1097/MEG.0000000000000330
http://www.ncbi.nlm.nih.gov/pubmed/25831134
http://dx.doi.org/10.5152/tjg.2015.0106
http://www.ncbi.nlm.nih.gov/pubmed/26575042
http://dx.doi.org/10.1097/MEG.0b013e3283352d05
http://dx.doi.org/10.1053/j.gastro.2010.07.065
http://www.ncbi.nlm.nih.gov/pubmed/20950616

Nutrients 2019, 11, 1498 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Khalili, H.; Chan, S.S.M.; Lochhead, P.; Ananthakrishnan, A.N.; Hart, A.R.; Chan, A.T. The role of diet in
the aetiopathogenesis of inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 525-535.
[CrossRef] [PubMed]

Mcllroy, J.; Ianiro, G.; Mukhopadhya, I.; Hansen, R.; Hold, G.L. Review article: the gut microbiome in
inflammatory bowel disease-avenues for microbial management. Aliment. Pharmacol. Ther. 2018, 47, 26-42.
[CrossRef] [PubMed]

Ni, J.; Wu, G.D.; Albenberg, L.; Tomov, V.T. Gut microbiota and IBD: causation or correlation? Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 573-584. [CrossRef] [PubMed]

Nishida, A.; Inoue, R.; Inatomi, O.; Bamba, S.; Naito, Y.; Andoh, A. Gut microbiota in the pathogenesis of
inflammatory bowel disease. Clin. J. Gastroenterol. 2018, 11, 1-10. [CrossRef] [PubMed]

Frank, D.N.; Amand, A.L.S.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic
characterization of microbial community imbalances in human inflammatory bowel diseases. Proc. Natl.
Acad. Sci. USA 2007, 104, 13780-13785. [CrossRef] [PubMed]

Brown, K.; DeCoffe, D.; Molcan, E.; Gibson, D.L. Diet-Induced Dysbiosis of the Intestinal Microbiota and the
Effects on Immunity and Disease. Nutrients 2012, 4, 1095-1119. [CrossRef] [PubMed]

De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, ].B.; Massart, S.; Collini, S.; Pieraccini, G.;
Lionetti, P. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe
and rural Africa. Proc. Natl. Acad. Sci. USA 2010, 107, 14691-14696. [CrossRef]

Agus, A.; Denizot, J.; Thévenot, ].; Martinez-Medina, M.; Massier, S.; Sauvanet, P; Bernalier-Donadille, A.;
Denis, S.; Hofman, P.; Bonnet, R.; et al. Western diet induces a shift in microbiota composition enhancing
susceptibility to Adherent-Invasive E. coli infection and intestinal inflammation. Sci. Rep. 2016, 6, 19032.
[CrossRef] [PubMed]

Sun, M.; Wu, W,; Liu, Z.; Cong, Y. Microbiota metabolite short chain fatty acids, GPCR, and inflammatory
bowel diseases. J. Gastroenterol. 2017, 52, 1-8. [CrossRef]

Neis, E.P.; van Eijk, HM.; Lenaerts, K.; Olde Damink, S.W.; Blaak, E.E.; Dejong, C.H.; Rensen, S.S. Distal
versus proximal intestinal short-chain fatty acid release in man. Guf 2019, 68, 764-765. [CrossRef]
Reddavide, R.; Rotolo, O.; Caruso, M.G; Stasi, E.; Notarnicola, M.; Miraglia, C.; Nouvenne, A.; Meschi, T.;
De’” Angelis, G.L.; Di Mario, F,; et al. The role of diet in the prevention and treatment of Inflammatory Bowel
Diseases. Acta Biomed. 2018, 89, 60-75. [PubMed]

Sugihara, K.; Morhardt, T.L.; Kamada, N. The Role of Dietary Nutrients in Inflammatory Bowel Disease.
Front. Immunol. 2019, 9, 3183. [CrossRef] [PubMed]

Machiels, K.; Joossens, M.; Sabino, J.; De Preter, V.; Arijs, L.; Eeckhaut, V.; Ballet, V.; Claes, K.; Van Immerseel, F;
Verbeke, K.; et al. A decrease of the butyrate-producing species Roseburia hominis and Faecalibacterium
prausnitzii defines dysbiosis in patients with ulcerative colitis. Gut 2014, 63, 1275-1283. [CrossRef] [PubMed]
Koleva, P; Ketabi, A.; Valcheva, R.; Génzle, M.G.; Dieleman, L.A. Chemically defined diet alters the protective
properties of fructo-oligosaccharides and isomalto-oligosaccharides in HLA-B27 transgenic rats. PLoS ONE
2014, 9, €111717. [CrossRef] [PubMed]

Ahluwalia, B.; Moraes, L.; Magnusson, M.K.; Ohman, L. Immunopathogenesis of inflammatory bowel disease
and mechanisms of biological therapies. Scand. . Gastroenterol. 2018, 53, 379-389. [CrossRef] [PubMed]
Werner, T.; Wagner, S.J.; Martinez, I.; Walter, J.; Chang, ].S.; Clavel, T,; Kisling, S.; Schuemann, K.; Haller, D.
Depletion of luminal iron alters the gut microbiota and prevents Crohn’s disease-like ileitis. Gut 2011, 60,
325-333. [CrossRef]

Sturniolo, G.C.; Di Leo, V.; Ferronato, A.; D’Odorico, A.; D'Inca, R. Zinc Supplementation Tightens “Leaky
Gut” in Crohn’s Disease. Inflamm. Bowel Dis. 2001, 7, 94-98. [CrossRef]

Reich, K.M.; Fedorak, R.N.; Madsen, K.; I Kroeker, K. Vitamin D improves inflammatory bowel disease
outcomes: Basic science and clinical review. World . Gastroenterol. 2014, 20, 4934-4947. [CrossRef]
Scoville, E.A.; Allaman, M.M.; Adams, D.W.; Motley, A K.; Peyton, S.C.; Ferguson, S.L.; Horst, S.N.;
Williams, C.S.; Beaulieu, D.B.; Schwartz, D.A ; et al. Serum Polyunsaturated Fatty Acids Correlate with
Serum Cytokines and Clinical Disease Activity in Crohn’s Disease. Sci. Rep. 2019, 9, 2882. [CrossRef]
Scaioli, E.; Liverani, E.; Belluzzi, A. The Imbalance between n-6/n-3 Polyunsaturated Fatty Acids and
Inflammatory Bowel Disease: A Comprehensive Review and Future Therapeutic Perspectives. Int. . Mol. Sci.
2017, 18, 2619. [CrossRef]


http://dx.doi.org/10.1038/s41575-018-0022-9
http://www.ncbi.nlm.nih.gov/pubmed/29789682
http://dx.doi.org/10.1111/apt.14384
http://www.ncbi.nlm.nih.gov/pubmed/29034981
http://dx.doi.org/10.1038/nrgastro.2017.88
http://www.ncbi.nlm.nih.gov/pubmed/28743984
http://dx.doi.org/10.1007/s12328-017-0813-5
http://www.ncbi.nlm.nih.gov/pubmed/29285689
http://dx.doi.org/10.1073/pnas.0706625104
http://www.ncbi.nlm.nih.gov/pubmed/17699621
http://dx.doi.org/10.3390/nu4081095
http://www.ncbi.nlm.nih.gov/pubmed/23016134
http://dx.doi.org/10.1073/pnas.1005963107
http://dx.doi.org/10.1038/srep19032
http://www.ncbi.nlm.nih.gov/pubmed/26742586
http://dx.doi.org/10.1007/s00535-016-1242-9
http://dx.doi.org/10.1136/gutjnl-2018-316161
http://www.ncbi.nlm.nih.gov/pubmed/30561397
http://dx.doi.org/10.3389/fimmu.2018.03183
http://www.ncbi.nlm.nih.gov/pubmed/30697218
http://dx.doi.org/10.1136/gutjnl-2013-304833
http://www.ncbi.nlm.nih.gov/pubmed/24021287
http://dx.doi.org/10.1371/journal.pone.0111717
http://www.ncbi.nlm.nih.gov/pubmed/25369019
http://dx.doi.org/10.1080/00365521.2018.1447597
http://www.ncbi.nlm.nih.gov/pubmed/29523023
http://dx.doi.org/10.1136/gut.2010.216929
http://dx.doi.org/10.1097/00054725-200105000-00003
http://dx.doi.org/10.3748/wjg.v20.i17.4934
http://dx.doi.org/10.1038/s41598-019-39232-z
http://dx.doi.org/10.3390/ijms18122619

Nutrients 2019, 11, 1498 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ruemmele, EM. Role of Diet in Inflammatory Bowel Disease. Ann. Nutr. Metab. 2016, 68, 33—41. [CrossRef]
[PubMed]

Ananthakrishnan, A.N.; Bernstein, C.N.; Iliopoulos, D.; Macpherson, A.; Neurath, M.E; Ali, R AR,
Vavricka, S.R.; Fiocchi, C. Environmental triggers in IBD: A review of progress and evidence. Nat. Rev.
Gastroenterol. Hepatol. 2018, 15, 39-49. [CrossRef] [PubMed]

Levine, A.; Boneh, R.S.; Wine, E. Evolving role of diet in the pathogenesis and treatment of inflammatory
bowel diseases. Gut 2018, 67, 1726-1738. [CrossRef] [PubMed]

Haskey, N.; Gibson, D.L. An Examination of Diet for the Maintenance of Remission in Inflammatory Bowel
Disease. Nutrients 2017, 9, 259. [CrossRef] [PubMed]

Wright, R.; Truelove, S.C. A Controlled Therapeutic Trial of Various Diets in Ulcerative Colitis. BMJ 1965, 2,
138-141. [CrossRef] [PubMed]

Candy, S.; Borok, G.; Wright, J.P.; Boniface, V.; Goodman, R. The value of an elimination diet in the
management of patients with ulcerative colitis. South Afr. Med. ]. 1995, 85, 1176-1179.

Strisciuglio, C.; Giannetti, E.; Martinelli, M.; Sciorio, E.; Staiano, A.; Miele, E. Does cow’s milk protein
elimination diet have a role on induction and maintenance of remission in children with ulcerative colitis?
Acta Paediatr. 2013, 102, e273-278. [CrossRef]

Kyaw, M.H.; Moshkovska, T.; Mayberry, J. A prospective, randomized, controlled, exploratory study of
comprehensive dietary advice in ulcerative colitis: Impact on disease activity and quality of life. Eur. |.
Gastroenterol. Hepatol. 2014, 26, 910-917. [CrossRef]

Bhattacharyya, S.; Shumard, T.; Xie, H.; Dodda, A.; Varady, K.A.; Feferman, L.; Halline, A.G.; Goldstein, J.L.;
Hanauer, S.B.; Tobacman, J.K. A randomized trial of the effects of the no-carrageenan diet on ulcerative
colitis disease activity. Nutr. Healthy Aging 2017, 4, 181-192. [CrossRef]

Pedersen, N.; Ankersen, D.V,; Felding, M.; Wachmann, H.; Végh, Z.; Molzen, L.; Burisch, J.; Andersen, ].R.;
Munkholm, P. Low-FODMAP diet reduces irritable bowel symptoms in patients with inflammatory bowel
disease. World |. Gastroenterol. 2017, 23, 3356-3366. [CrossRef]

Jian, L.; Angqi, H.; Gang, L.; Litian, W.; Yanyan, X.; Mengdi, W.; Tong, L. Food Exclusion Based on IgG
Antibodies Alleviates Symptoms in Ulcerative Colitis: A Prospective Study. Inflamm. Bowel Dis. 2018, 24,
1918-1925. [CrossRef] [PubMed]

Lim, H.-S.; Kim, S.-K.; Hong, S.-J. Food Elimination Diet and Nutritional Deficiency in Patients with
Inflammatory Bowel Disease. Clin. Nutr. Res. 2018, 7, 48-55. [CrossRef] [PubMed]

Fahoum, L.; (Moscovici), A.J.; David, S.; Shaoul, R.; Rozen, G.; Meyron-Holtz, E.G.; Lesmes, U.;
Meyron-Holtz, E.G. Digestive fate of dietary carrageenan: Evidence of interference with digestive proteolysis
and disruption of gut epithelial function. Mol. Nutr. Food Res. 2017, 61, 1600545. [CrossRef] [PubMed]
Weiner, M.L.; McKim, ]. M. Comment on “Revisiting the carrageenan controversy: Do we really understand
the digestive fate and safety of carrageenan in our foods?”. Food Funct. 2019, 10, 1760-1762. [CrossRef]
[PubMed]

Limketkai, B.N.; Iheozor-Ejiofor, Z.; Gjuladin-Hellon, T.; Parian, A.; Matarese, L.E.; Bracewell, K,;
Macdonald, ] K.; Gordon, M.; Mullin, G.E. Dietary interventions for induction and maintenance of remission
in inflammatory bowel disease. Cochrane Database Syst. Rev. 2019, 2, CD012. [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/10.1159/000445392
http://www.ncbi.nlm.nih.gov/pubmed/27355913
http://dx.doi.org/10.1038/nrgastro.2017.136
http://www.ncbi.nlm.nih.gov/pubmed/29018271
http://dx.doi.org/10.1136/gutjnl-2017-315866
http://www.ncbi.nlm.nih.gov/pubmed/29777041
http://dx.doi.org/10.3390/nu9030259
http://www.ncbi.nlm.nih.gov/pubmed/28287412
http://dx.doi.org/10.1136/bmj.2.5454.138
http://www.ncbi.nlm.nih.gov/pubmed/14304053
http://dx.doi.org/10.1111/apa.12215
http://dx.doi.org/10.1097/MEG.0000000000000127
http://dx.doi.org/10.3233/NHA-170023
http://dx.doi.org/10.3748/wjg.v23.i18.3356
http://dx.doi.org/10.1093/ibd/izy110
http://www.ncbi.nlm.nih.gov/pubmed/29788288
http://dx.doi.org/10.7762/cnr.2018.7.1.48
http://www.ncbi.nlm.nih.gov/pubmed/29423389
http://dx.doi.org/10.1002/mnfr.201600545
http://www.ncbi.nlm.nih.gov/pubmed/27718308
http://dx.doi.org/10.1039/C8FO01282B
http://www.ncbi.nlm.nih.gov/pubmed/30794268
http://dx.doi.org/10.1002/14651858.CD012839.pub2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Results 
	Discussion 
	Conclusions 
	References

