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ABSTRACT

Background: Oats are a food source with multiple health benefits that could support
beneficial bacterial groups and provide important bioactive compounds for the gut.
Objective: This review explores the association between oat intake, gastrointestinal
(Gl) symptoms and microbial community changes in individuals with celiac disease
(CeD), irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) and
without Gl disease.

Methods: Four databases and Google Scholar were systematically searched from
inception until April 29, 2021. Clinical trials, observational studies and in vitro studies
with human gut derived samples were included.

Results: There were 84 articles (23 RCTs, 21 non-randomized trials, 8 observational
and 32 in vitro studies) included. Oat intake increased total bacterial count, Lactobacilli
spp. and Bifidobacterium spp in healthy individuals and those with CeD. There was an
increased concentration of short chain fatty acids and improved gut permeability with
oat intake but with no significant quality of life difference. In some individuals with CeD
consumption of certain oat types was associated with worsening of Gl symptoms. We
found no studies reporting on IBS and only 3 for IBD. The quality of RCTs showed
some concerns mostly in domains of randomization (73.9%) while the quality of
evidence of non-RCTs, observational and in vitro studies was satisfactory.
Conclusion: Oat intake was associated with the increase of beneficial bacterial groups
in individuals without Gl disease and those with CeD. The majority of studies showed
no changes in Gl symptoms with oat consumption. In vitro studies in CeD provide
insight to oat sensitive individuals and their G| mucosa but the clinical studies remain
limited, precluding our ability to draw firm conclusions. The prevalence of oat sensitivity
in individuals with CeD should be further explored as this could improve clinical

management and facilitate inclusion of oat in the diet for this population.
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1. INTRODUCTION

Oats (Avena sativa) are a valuable food source known for multiple health benefits.
They provide substantial amounts of carbohydrates including soluble fibers and other
bioactive compounds (1) that have been associated with benefits in lowering the risks
for obesity (2), cardiovascular diseases (3), type 2 diabetes (4) and gastrointestinal
(Gl) diseases (5). The intake of oat dietary fibers can delay gastric emptying and affect
absorption of nutrients and the motility in the small bowel (6). Oat intake can affect the
gut microbiome by supporting the growth of beneficial bacterial groups (7) thus

contributing to improved Gl health profile.

Gut dysbiosis has been linked with development or progression of various Gl
conditions such as irritable bowel syndrome (IBS), inflammatory bowel disease (IBD),
celiac disease (CeD) and Gl cancer (8-12). The bacterial population dynamics are
dependent on available substrates in the gut. The balance of beneficial and pathogenic
bacterial groups depends on food intake, the individual's sex, age and co-morbidities
(13). Bacterial fermentation in the colon produces beneficial metabolites such as short
chain fatty acids (SCFAs) that are associated with favorable health outcomes in
metabolic disorders (14), inflammatory bowel disorders and colon cancer (15). SCFAs
are an energy source for gut epithelial cells and promote tightening of cell junctions,
improvement of gut mucosal barrier, support optimal colon pH and help control the
growth of microorganisms (16). Among the SCFAs, butyrate is the preferred energy
source by colonic cells and has anti-inflammatory properties (17, 18). Most bacteria
can produce acetate but only specific bacteria produce propionate or butyrate (19).

Emerging evidence has suggested that increasing the absolute number or the



54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

proportion of Lactobacilli and Bifidobacteria, can be used as a success marker for

interventions targeting healthy Gl microbial populations (20).

Previous systematic reviews and a meta-analysis on oat intake and the intestinal health
have been focused on the safety of oats by individuals with bowel disorders (3, 21-23).
Their results have outlined that oats are a valuable source of nutrients without gut
inflammation but other aspects such as non-inflammatory associated symptoms and
the benefits of modulating the gut microbiome have not been studied. Likewise, the
effects of the oats on the microbiome not only in individuals with Gl disorders but also
the general population are lacking in these reviews. Thus, our systematic review aims
to summarize and explore the evidence on the effect of oat intake on the Gl health and
the gut microbiome changes in individuals with (CeD, IBD, IBS) and without Gl

conditions.

2. METHODS

2.1 Data Sources and Search Strategy

This review was conducted in accordance with the workflow presented by Muka et al.
(24) and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
Statement (PRISMA) (25) guidelines. Four electronic databases were systematically
searched: EMBASE (Elsevier, Netherlands), MEDLINE (National Library of Medicine,
US), Cochrane central (Cochrane Collaboration, UK) and Web of Science (Thomson
Reuters, US) from inception until April 29t 2021 and additionally the first 200 results
were downloaded from the Google Scholar search engine. The detailed search

strategy is provided in the Supplemental Appendix I.
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2.2 Study Selection, Eligibility Criteria and Data Extraction

Detailed inclusion and exclusion criteria can be found in the review protocol
(PROSPERO ID CRD42020190484). In brief, in vitro studies, observational studies,
randomized controlled trials (RCT) and non-randomized trials were eligible for
inclusion if they: (i) were conducted among individuals of any age without Gl conditions
or with IBD, IBS or CeD and (ii) investigated associations of oat, oat B-glucan and
avenanthramides with any of the following outcomes: (a) digestive symptoms: bloating,
abdominal pain, diarrhea, constipation, bowel inflammation, mucosal villus damage,
(b) Gl conditions: IBD, IBS or CeD focusing on risk of developing a disease and
changes in the course of the disease management and/or (c) gut microbiome: changes
in gut permeability, bacterial diversity, gut dysbiosis, gut microbiota metabolites and

markers [SCFAs and trimethylamine oxide (TMAO)].

Due to the nature of our research question and complexity of the topic studied, to
facilitate the interpretation of our findings, we excluded animal studies and studies
including participants with Gl cancers. In addition, letters to the editor, reviews,
commentaries and conference abstracts were excluded. Titles and abstracts were
independently evaluated by two reviewers and the full-texts were assessed by two
independent reviewers. Disagreement was settled by reaching a consensus or by
consulting a third reviewer. Two authors independently extracted the relevant

information using a pre-defined data extraction form.

2.3 Methodological Quality Assessment
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The quality of RCTs was assessed by two independent reviewers using the Risk of
Bias tool for RCT (Rob2.0) (26). Quality of controlled and one arm non-randomized
trials was evaluated using the National Heart Lung and Blood Institute Quality
Assessment Tool (27, 28). Observational studies were evaluated using the Newcastle-
Ottawa Scale (29). Reliability of experimental studies was evaluated using the

Toxicological data Reliability Assessment Tool (ToxRTool) (30).

3. RESULTS

3.1 Literature search and study characteristics

There were 5,199 citations identified, with 119 selected for full-text evaluation (Figure
1). Of those, 84 articles (23 RCTs, 21 non-randomized trial, 8 observational and 32 in
vitro studies using human material) comprised 4,022 participants (Table 1). Among
observational and clinical studies, nine studies (17.3%) were conducted in healthy
individuals, eight (15.4%) were conducted in the elderly and individuals with underlying
conditions (i.e. hyperlipidemia, glucose intolerance), three (5.8%) were with IBD and
31 (59.6%) were in individuals with CeD. Among the in vitro studies, most were done
using specimens from healthy individuals (n=24, 75%) and eight studies conducted
using specimens from CeD. There were 10 (19.2%) observational/clinical studies and
three in vitro studies (9.4%) conducted among pediatric populations. Detailed

characteristics of the included studies can be found in Supplemental Tables 1-7.

<Insert Figure 1>

<Insert Table 1>

10
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3.2 Oat intake and changes in gut microbiome

We identified nine RCTs, four non-randomized trials, one observational and 25 in vitro
studies that provided information on how oat intake or experimental supplementation
may affect either gut microbiome or SCFAs. Among the RCTs, three were conducted
in healthy individuals, four in glucose-intolerant or type 2 diabetes and adults with
elevated cholesterol, one in a pediatric population with CeD and one with adults with
ulcerative colitis (UC). The intervention duration ranged from three weeks to 52 weeks
and interventions (e.g. whole grain oat granola, ropy based oat and fermented oat) and
controls (gluten-free diet [GFD], condensed milk, placebo) were heterogeneous
between the included studies (Table 2, Supplemental Table 1). There was a general
increase in total bacterial count and the count of Lactobacilli spp. and Bifidobacterium

spp. after the oat-based intervention across different RCTs (31-37).

<Insert Table 1>

In an RCT among healthy individuals, the group receiving 3g of oat fermented in
Lactobacillus plantarum over a period of three weeks had increased total SCFAs,
acetic and propionic and lactic acids at the end of the study, compared to baseline.
The placebo group (pure rose hip drink) only had lactic acid increased. Differences
between the two groups were not explored (33). In another cross-over RCT with
metabolic disorders, after a six-week intervention, when two supplementation periods
(whole grain oat granola versus non- whole grain breakfast) were compared,
differences in SCFAs were not reported and no differences in SCFAs were found when
comparing baseline vs. end of study (33). In a trial that described fecal SCFAs patterns

in a pediatric population with newly diagnosed CeD, after being treated for a year with

11
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GFD with or without oats, those treated with GFD-oats had significantly higher acetic
acid, n-butyric acid and total SCFAs concentrations after a year of dietary intervention
compared to the GFD group but no differences were observed between two groups at
0 and 6 months of intervention. The concentrations of propionic, i-butyric, i-valeric and
n-valeric acids did not differ between the study groups at 0, 6 and 12 months
respectively. During the year, the fermentation index, the amount of acetic acid minus
propionic acid and n-butyric acid divided by the total amount of SCFAs, remained high
in both the GFD-oats and the GFD groups with no significant differences (38). In
another RCT of adults with UC, the group with a daily intake of 60g of oats for 24 weeks
had total SCFAs, propionic acid, i-butyric acid, butyric acid and valeric acid significantly
increased when compared to those consuming low fiber wheat products (39). Findings
from non-randomized trials and an observational study are consistent with data from

RCTs on increased SCFAs(40-43) (Supplemental Table 2, 5).

We found 25 in vitro studies looking into oat fermentation and microbial metabolic
activity in fecal samples (Supplemental Table 7). In general across the studies, the
population of anaerobes decreased, Proteobacteria and Bacteroides phyla increased
and the populations of the Lactobacillaceae and Bifidobacteriaceae families increased.
Furthermore, increased levels of SCFAs and decreased production of proteolytic

markers were observed (35, 44-67).

The impact of oat on gut barrier integrity and intestinal permeability has been
demonstrated in in vitro settings wherein oat bran B-glucan improved gut barrier
integrity (65). Pham et al. (65) tested the effect of human gut microbial content with
five common dietary fibers (oat B-glucan 28%; oat B-glucan 94%; dried chicory root

containing inulin 75%; xylo-oligosaccharide; inulin 90%) and control — maltodextrin.
12
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After fermentation the gut barrier integrity was measured using a Caco-2/HT29-MTX
cell lines co-culture model, mucus production HT29-MTX and HT29 cell models. The
supernatant from fermentation of all tested fibers led to increased transepithelial
electrical resistance suggesting increased junction strength between intestinal cells

with oat B-glucan 28% being the most effective in this model (65).

3.3 Oat intake and Gl symptoms

We identified five RCTs and four non-randomized trials examining associations
between oat intake and Gl symptoms among individuals without Gl disease
(Supplemental Table 1-2). In a cross-over RCT comparing the effect of oat and wheat
cereal groups to reduce blood lipids in hypercholesterolemic adults, authors reported
significantly higher self-reporting of intestinal gas production, looser stools in oat bran
and higher frequency of constipation in wheat cereal group (68). In another RCT with
moderately hypercholesterolemic adults over a period of 8 weeks, intake of 3g of oat
B-glucan and oat-based isocaloric placebo without B-glucan did not exert any
significant unfavorable effect on the self-perceived intestinal well-being (69). In a 3-leg
crossover RCT among 14 healthy adults, different molecular weights of oat B-glucan
did not significantly increase Gl symptoms but gender difference in pain experience
was observed (70). Conversely, in a RCT of 209 elderly residents in a nursing home,
consumption of fermented oat with Bifidobacterium significantly increased bowel
movements compared to placebo (71) while in a RCT of healthy pediatric individuals,
aged six months to three years old, consumption of fermented oat with L. plantarum
for three weeks was comparable to control (34). In a controlled non-RCT of 30 frail
inhabitants of a geriatric ward aged 57-100 years receiving either oat bran (fiber group)

or usual diet (control group) for 12 weeks, use of laxatives was reduced significantly at

13
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59% for those taking oat bran with their body weight remaining constant (72). In
another single-arm trial, 50 elderly individuals with complaint of constipation were
entered into an open trial to assess the benefit on their symptoms by adding oat bran
biscuits ('Lejfiber') twice daily to their diet over a period of 12 weeks. Treatment
improved their bowel frequency, stool consistency and pain on defecation with no
participant complaining of side-effects (73). Another single-arm intervention study of
33 healthy children age 7-12 years old (15 female and 18 male) who reported <5 bowel
movements per week during screening consumed two servings of instant oatmeal daily
for 2 weeks(74). No differences in stool frequency or consistency were observed from
beginning and at the end of the trial (76). Kajs et al. (77) investigated whether a high
concentration of methanogens influences the host's response to ingestion of non-
absorbable, fermentable materials. Participants were placed on a basal diet (primarily
rice and hamburger) with minimal amounts of non-absorbable, fermentable substrate
and classified them as either high or low methane (CH4) producers. After stabilization
of the breath gas excretion, the participants ingested either sorbitol or oat. Authors
found that low producers of CH4 reported significantly increased bloating and cramping
after sorbitol ingestion and increased bloating after oat ingestion compared to high CH4
producers. The reduced presence of methanogenic organisms has been associated

with reduced gut bloating and cramping (75).

Three RCTs, six non-randomized trials and five observational studies looked into
changes in Gl symptoms with oat intake in individuals with CeD (Figure 2). These
studies generally aimed to explore the safety of using oats in addition to GFD
(Supplemental Tables 3-7). In a one-year RCT, the effect of oats-containing GFD on
quality of life and GI symptoms in individuals with CeD were compared to traditional

GFD. Quality of life did not differ between the groups but there were more Gl symptoms

14
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as assessed by the Gl Symptom Rating Scale (GSRS) in the oats-consuming group.
The higher the GSRS the more the individual suffers from a Gl symptom (76). The oats
group had significantly more diarrhea with a trend towards a more severe average
constipation symptom score and the severity of symptoms was not dependent on the
degree of intestinal inflammation (77). In a large crossover RCT evaluated the long-
term validity and safety of pure oats in the treatment of pediatric population with CeD
over a period of 15 months, a total of 306 pediatric individuals with CeD on a GFD for
less than two years were randomly assigned to eat specifically prepared GFD
containing an age-dependent amount of either placebo or purified non-reactive
varieties of oats for two consecutive 6-month periods separated by a washout standard
GFD for three months. GSRS scores were not different between the two groups in the
two treatment periods regarding absolute variations (78). In a RCT with adults with
CeD, large daily intake of 100g of kilned (heat sterilized) vs unkilned oats for 52 weeks
were compared, kilned vs unkilned oats were comparable in self-reported Gl

symptoms (79).

<Insert Figure 2>

Results from the non-randomized trials generally show no harm (80-85) of adding oat
to GFD though two studies showed potential harms (80-85). Baker et al. (84)
investigated the effect of addition of oats and barley to GFD with individuals with CeD
using an oral 5g xylose excretion test to assess small bowel function before and after
intake. Both oats and barley were found to be potentially harmful to individuals with
CeD although barley had more toxic effect (84). On the other hand, 19 adults with CeD
on GFD were challenged with 50g of oats per day for 12 weeks and authors found that

oats were well tolerated by most patients but reports of initial abdominal discomfort

15
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and bloating were observed (85). Among six observational studies with individuals with
CeD, there was no significant increase in Gl symptoms in long term intake of oats (86-

91).

There was one RCT, one non-randomized trial and an observational study that looked
into Gl symptoms and IBD. In a RCT among adults with UC who consumed 60g of oat
daily for 24 weeks, when compared to those with low fiber wheat products, the oat
group had significantly higher diarrhea in the 8" and 16" week but eventually were
comparable to the other group at the end of trial (39). In contrast, in a non-randomized
trial among adults with UC with 60g of oat bran added to their usual diet for 12 weeks,
no increase in Gl symptoms was observed (42). In an observational study among
individuals with genetic risks for developing Crohn's disease, significantly low
consumption of oats, rye and bran played a role in influencing the Gl microflora that

predisposed the onset of the disease (92).

3.4 Oat supplementation and histopathological/immunological changes

We identified 10 RCTs, 11 non-randomized trials, five observational studies and eight
in vitro studies exploring histological changes in the small intestines (i.e. intestinal villi
structure, number of intraepithelial lymphocytes [IELs]) or immunological effects of
oats (i.e. gliadin and reticulin antibodies) (Supplemental Table 3,4,7). Among
identified studies, the majority of studies were with individuals with CeD (23 in adult

and 11 in pediatric population) and those findings are summarized in Figure 2.

Among RCTs focusing on individuals with CeD, both in adults and pediatric populations

with newly diagnosed CeD or CeD in remission, neither worsening in the small intestine

16
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morphology nor inflammation across diet groups (GFD including oats vs. conventional
GFD) were reported (78, 79, 93-97). In adults with CeD, two RCTs reported no
worsening of the autoimmune responses (77, 94). The toxicity of oats in a pediatric
population with CeD was studied by investigating either anti-avenin antibodies or IgA-
class autoantibody deposits targeted against jejunal transglutaminase 2 (TG2)- (a
potentially more sensitive disease marker than serum antibodies or conventional
histology). The majority of RCTs showed no worsening in these serology markers (78,
95-98). A single RCT compared paired small intestinal biopsies, before and after >11
months on a GFD, collected from pediatric population with CeD who were enrolled
either of two diets: standard GFD (GFD-std; n = 13) and non-contaminated oat-
containing GFD (GFD-oats; n = 15). Expression levels of mRNAs for 22 different
immune effector molecules and tight junction proteins were determined by quantitative
reverse transcriptase polymerase chain reaction (RT)-PCR. The number of mRNAs
that remained elevated was higher in the GFD-oats group. In particular, mRNAs for the
regulatory T cell (Treg) signature molecules interleukin-10 (IL-10) and transforming
growth factor-p1 (TGF-B1), the cytotoxicity-activating natural killer (NK) receptors
KLRC2/NKG2C and KLRC3/NKG2E, and the tight junction protein claudin-4 remained
elevated. Between the two groups, most significant differences were seen for claudin-

4 (P = 0.003) and KLRC3/NKG2E (P=0.04) (99).

In line with findings from RCTs, non-randomized trials and observational studies in
general supported no worsening in histopathology nor serological markers (80, 83, 85,
88, 89, 91, 100-105). On the other hand in the study of Hardy et al. (107), 73 individuals
with HLA-DQ2.5+ CeD consumed a meal of oats (100g/day over 3 days) to measure
the in vivo polyclonal avenin-specific T cell responses to peptides contained within

comprehensive avenin peptide libraries. Avenin-specific responses were observed in
17
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6/73 (8%) HLA-DQ2.5+ CeD individuals against four closely related peptides. In the
same population, an oral barley challenge efficiently induced cross-reactive
avenin/hordein-specific T cells in most individuals with CeD, whereas wheat or rye
challenge did not. In vitro, immunogenic avenin peptides were susceptible to digestive
endopeptidases and showed weak HLA-DQ2.5 binding stability (106). Similarly, in a
non-randomized trial of 35 in a pediatric population with CeD, oats were tested for
immunogenecity and found that avenins derived from local Russian and foreign oat
varieties were able to induce immune response(107). Likewise, in an observational
study of Tuire et al. (86) oat intake was associated to persistent intraepithelial

lymphocytosis among individuals with CeD.

In an in vitro model, anti-endomysial antibodies (EMA) production was tested in
duodenal mucosa specimens collected from 13 individuals with CeD in remission.
EMAs were detected in specimens from all patients after the challenge with gliadin but
no EMAs were detected in any of the specimens cultured with avenin and its C fraction
(108). Similarly, in another study using duodenal mucosa samples from CeD
individuals, increased immunologic activities with expression of IFN-y and IL2 in all
samples with gliadin were reported but no significant stimulation with avenin was
observed, suggesting that immunogenic sequences from gliadin are not present or
mimicked by avenin (109). Avenin in sera were compared in a pediatric population
with CeD and reference population in the study of Hollen et al. (110) and they showed
that antibodies against avenin (both IgG and IgA type) were developed with levels
correlating positively with those against gliadin and these levels were significantly
higher than in the reference population. Meanwhile in a study including nine adults with
CeD who had a history of oats exposure, authors found oats-avenin-specific and

reactive intestinal T-cell lines from three patients who did not tolerate oats and in two

18
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other patients who appeared to tolerate oats. The avenin-reactive T-cell lines
recognized avenin peptides in the context of HLA-DQ2. These peptides have proline
and glutamine rich sequences resembling wheat gluten epitopes. Deamidation
(glutamine—glutamic acid conversion) by tissue transglutaminase was involved in the
avenin epitope formation. It has been suggested that the oat intolerance may be a
reason for villus atrophy and inflammation in patients with CeD who are eating oats but
otherwise are adhering to a strict GFD (111). In the study of Kilmartin et al. (112),
prolamins derived from wheat, barley, rye and oats were tested to see if they were
able to stimulate T cell lines (measured by (3) H-thymidine incorporation or cytokine
[IL-2, IFN-gammal]) proliferated from mucosal lesions of individuals with CeD. They

observed that all the prolamins are able to stimulate the T cell lines.

Three in vitro studies explored the immunogenicity of different oat varieties. Maglio et
al. (113) investigated the immunological and biological effects of Avena genziana and
Avena potenza among CeD individuals. The oat prolamin peptides were not able to
induce enterocyte proliferation, increase in IL-15, or increase in CeD25+ cells which
suggest that two oat varieties are safe for individuals with CeD (113). Similarly, Comino
et al. (114) studied oats from different cultivars from Spanish and Australian sources.
They reported a wide range of reactivity of oat cultivars to the anti-33-mer G12 and the
reactivity of isolated celiac T cells to oat varieties ranged from none to maximal G12
monoclonal antibodies (114). In another study, Silano et al. (115) studied three oat
cultivars (cv. Irina, cv. Potenza e cv. Nave) in activating the gliadin-induced TG2-
dependent events in pediatric individuals with CeD. The Nave oat cultivar elicited
K562(S) cells agglutination, transepithelial electrical resistance of T84-cell monolayers,

intracellular levels of TG2 and phosphorylated form of protein 42-44 in human
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leukemic K562(S) and human colon adenocarcinoma T84 cell lines. No reaction was

observed from the other 2 cultivars (115).

3.5 Study quality

Among the 23 RCTs, the majority had some concerns (n=17, 73.9%) mostly in domains
of randomization and five studies were judged as having high risk of bias. The maijority
of non-randomized trials were of moderate quality (n=20, 95.2%) with only a single trial
being classified as low risk of bias. The eight observational studies seven were judged
as moderate quality. Among 32 in vitro studies, the majority of studies (n=27, 84.4%)
were judged as reliable without restrictions, while only five studies are reliable with

restrictions (Supplemental Tables 8-12).

4. DISCUSSION

In this systematic review, the effects of oats on GI health in humans were reviewed
and the study population included healthy adults, adults with certain conditions (i.e.
UC, CeD, elevated cholesterol, obesity) and pediatric population (i.e. healthy and with
CeD). Oats are able to influence the Gl microbial communities that supports the
proliferation of Lactobacillus and Bifidobacterium in most studies. There were
increased levels of SCFAs, increased branch chain fatty acids and decreased of
proteolytic enzymes. Clinically, those consuming oats had no significant improvement
in quality of life and the majority of studies showed no changes in Gl symptoms with
oat consumption, whereas, a few studies reported an increase in diarrhea and
constipation or showed increasing GSRS scores in individuals exposed to oats. In

pediatric and adults with CeD, moderate consumption of oats is generally tolerated and
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allows mucosal recovery even in the long-term. Larger amounts of oats are able to add
dietary variety and nutritional benefits to CeD patients, however, they may increase
the frequency of adverse bowel symptoms. Adding enzymatic activity by fermenting
oats or preserving internal enzymes by not kilning may reduce negative symptoms
(79). A subset of individuals with CeD may be sensitive to oats wherein there are
increased IELs in the intestinal mucosa but a normal histologic villus structure is

maintained.

Our findings on increased count of Lactobacillus spp. and Bifidobacterium spp. with
oat consumption could be explained by the nutrient content of the oat and its
metabolism. Oat is a rich source of dietary fibers including B-glucans, polysaccharides
that are known to modulate gut microbial community (116). They are considered
prebiotic, non-digestible food ingredients that are fermented by the intestinal microflora
and may selectively regulate the growth of a group or groups of bacteria in the colon
that can improve health (117, 118). Bifidobacterium and Lactobacillus are commonly
targeted microorganisms in the gut for their associated health benefits. Bifidobacterium
has been shown to be protective in diseases such as colorectal cancer, diarrhea,
necrotizing entercolitis, inflammatory bowel disease and known to competitively inhibit
pathogens to binding sites in the epithelial cells (119, 120). Lactobacillus, on the other
hand, has protective effects on the intestinal permeability induced by inflammation,
chemicals and stress and serves as an important source of lactate that is further
metabolized to SCFAs (121). Bacterial fermentation of dietary fibers in the colon
generally produces SCFAs such as acetate, propionate and butyrate. Bifidobacterium
are able to produce acetate (122) and thus contribute to the SCFAs in the gut.
Likewise, Bifidobacterium allows the co-inhabitation with butyrate producing bacteria

and butyrate is significantly enriched with consumption of dietary fibers (123). The most
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dominantly represented butyrate producing bacterial genera are Faecalbacterium,
Roseburia, Anaerostipes and Eubacterium (120). Benefits from the consumption of
oats could be attributed to their effects on the gut microbial community especially

targeting known bacterial groups that promote Gl health benefits.

Consumption of oats has encountered barriers among individuals with CeD despite the
advantage of providing better nutrient content compared to a regular GFD. Strict
consumption of GFD is the main clinical management strategy in preventing
development of debilitating symptoms and mucosal inflammation among individuals
with CeD. On the other hand, the evidence suggests that the CeD patients’ diet
generally reproduce, despite minor differences, the eating behavior of the general
population, suggesting that these individuals may not follow dietary recommendations
strictly (124). In the current review, consumption of oats is generally tolerated among
pediatric populations and adults with CeD even up to five years. This corroborates
previously published data which shows that oats can be tolerated with no significant
changes in clinical symptoms (3, 21-23) but there might be histologic, serologic and
immunologic manifestation pointing to an inflammatory reaction at the intestinal
mucosa without manifestation of the disease (77, 99). Oat sensitive individuals may
experience an increase in diarrhea frequency as consequence of the inflammatory
reaction of the gut mucosa to the oat. It may be that oat processing (such as kilning,
fermentation, gluten-free cleaning) and cultivar selection may be important factors to

determine on whether oat induces a positive or negative health response.

In vitro and clinical studies in this review suggest that individuals with CeD may have
villus structure that does not significantly differ in the histomorphology score for normal

duodenal mucosa but there is an increase in IELs and upregulated inflammatory
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mediators (80, 106, 111). This could explain the increased diarrhea in patients but
without the other associated symptoms for a full-blown disease. Inflamed cells of the
villous structure in the duodenum especially the apical cells can lead to malabsorption
of carbohydrates and solutes leading to water retention and thus the diarrhea.
Sensitivity to oats has been seen in few individuals and deemed insignificant (21)
though Haboubi et al. (22) argues that the withdrawals from the clinical trials might

represent this group and more effort to follow up should have been conducted.

4.1 Strengths and limitations of current review

The review was guided by published guidelines and the best available tools to appraise
the quality of the evidence. To our knowledge, this is the first report that includes a
comprehensive set of parameters of microbial changes, Gl symptoms, histological and
immunological markers in the gut. In order to identify as many relevant studies as
possible and reduce the risk of publication bias, a sensitive search strategy was used
and additional resources were searched including the reference lists of included trials
and relevant systematic reviews. However, we were not able to search all existing
online databases. No restrictions on language were used but we may have missed
articles published in languages other than English. Due to high heterogeneity of
interventions and study designs, we were not able to provide a quantitative synthesis.
We were able to provide an illustrative summary of the most important findings (Figure
2) and provided a summary table (Table 2) to simplify the interpretation of the findings.
In addition, we acknowledge that our findings were based on not only RCTs but also
observational and non-RCT data. Finally, we did not identify any study focusing on IBS
and found 3 on IBD therefore we focused the review to individuals with CeD and

individuals without Gl symptoms.
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This review shows that oat consumption has multiple benefits. The grain influences the
gut microbiota but studies included in the review are limited in scope of investigating
the microbiome. The studies focused and targeted established bacterial genera that
might have led to other beneficial bacteria being missed. Some of the studies reported
various taxa with the genera being the most commonly used. Improvement in microbial
identification with next generation sequencing could lead to improved characterization
of beneficial microorganisms, inter-relationships and networks of bacteria. Moreover,
metabolites investigated in the studies are limited to SCFAs and have not included
metabolites from protein and fat degradation despite being included in the search
strategy. Moreover, different oat cultivars showed different effects on Gl parameters in
vitro adding another possible level of complexity with some varieties possibly offering

health benefits while others the opposite.

4.2 Conclusions

The clinical studies on the association between oat intake with respect to
gastrointestinal health remain to be few and prone to risk of bias. Studies were
conducted in a few countries and some trials were characterized by significant
participant drop-out. We have included non-randomized controlled trials but most have
moderate quality owing to the lack of control groups and reliance to a before-after
intervention design. Oat was shown to influence the Gl microbial community with no
significant differences in Gl symptoms to those not taking oats. Oat was generally well
tolerated among pediatric population and adults with CeD. The in vitro studies provide
molecular insights to some controversies especially on oat sensitive individuals and

their gut mucosa. However, it remains unknown how prevalent oat sensitive individuals
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are especially among individuals with CeD and other inflammatory bowel diseases.
Further studies are needed to improve clinical management and increase the inclusion

of oats in the gluten-free diets.
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Table 1. Summary of the included studies in the systematic review of oat intake and its effect in Gl health in
individuals with and without Gl disease.
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Publication Year

Study Design
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Risk of Bias*
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Tjellstrom, 2014 (38)
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RCT
RCT
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Supplemental Table 7
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Kaukinen, 2013(91)
Nylund, 2020(90)

Tuire, 2012(86)
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Non-randomized trial
Non-randomized trial
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Non-randomized trial
Non-randomized trial
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Observational
Observational
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Observational
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Adults with CeD

Adults with CeD
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Adults with UC
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Adults with CeD

Adults with CeD
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Healthy adults
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Kemppainen, 2008(79)
Hogberg, 2004(95)
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Lionetti, 2018(78)
Holm, 2006(96)
Janatuinen, 1995(93)
Sjoberg, 2014(99)
Hollen, 2006(98)
Koskinen, 2009(97)
Janatuinen, 2000(94)
Hoffenberg, 2000(80)
Storsud, 2003b(81)
Srinivasan, 1999(102)
Lundin, 2003(85)

Dissanayake,
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Sey, 2011(83)

Cooper, 2013(103)
Hardy, 2014(106)
Emanuel, 2007(107)
Srinavasan, 2006(104)
Srinavasan, 1996(101)
Janatuinen, 2002(88)
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2004(111)
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Silano, 2014(115)
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RCT
RCT
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Non-randomized trial
Non-randomized trial
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Non-randomized trial
Non-randomized trial
Non-randomized trial
Non-randomized trial
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Adults with CeD
Pediatric population with CeD
Adults with CeD
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Adults with CeD
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Adults with CeD
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Adults with CeD
Adults with CeD
Adults with CeD
Adults with CeD

Adults with CeD
Adults with CeD
Adults with CeD
Pediatric population with CeD
Adults with CeD
Adults with CeD
Adults with CeD
Adults with CeD
Adults with CeD
Adults with CeD
Adults with CeD
Adults with CeD

Adults with CeD
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Some Concern
Some Concern
Some Concern
Some Concern
Moderate
Moderate
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Moderate
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High
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Moderate
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Moderate
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Supplemental Table 1
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 2
Supplemental Table 2
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 5

Supplemental Table 5
Supplemental Table 5
Supplemental Table 5
Supplemental Table 5

Supplemental Table 5

Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 3
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4

Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 4
Supplemental Table 5
Supplemental Table 5
Supplemental Table 5
Supplemental Table 5
Supplemental Table 5
Supplemental Table 6

Supplemental Table 6
Supplemental Table 6

33



Hollen, 2003(110) in vitro
Maglio, 2011(113) in vitro
Comino, 2011(114) in vitro

Kilmartin, 2003(109) in vitro
Kilmartin, 2006(112) in vitro

Pediatric population with CeD
Persons with CeD

Pediatric population with CeD
Adults with CeD

Adults with CeD

Reliable w/o restrictions
Reliable w/o restrictions
Reliable w/o restrictions
Reliable w/o restrictions

Reliable w/o restrictions

34

Supplemental Table 6
Supplemental Table 6
Supplemental Table 6
Supplemental Table 6
Supplemental Table 6

1 RCT risk assessment categories are Low, Some Concern or High as categories while the non-randomized trials and, observational are rated
as Low, Moderate and High and in vitro studies as Reliable w/o restrictions, Reliable w/ restrictions or Unreliable. 2Study by Duysburgh, 2021
was an RCT with experimental component, thus we evaluated it as both, clinical and in vitro study. CeD, celiac disease; Gl, gastrointestinal;

RCT, randomized controlled trial; UC, ulcerative colitis
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Table 2. Summary of clinical trials investigating the association between oat supplementation and changes in microbiome and microbiome Gl metabolite status

35

Lead Study SCFAs
Aujchor, design Study population characteristics Characteristics of the trial Microbiome
Publication
year
Population  Sample Health Intervention Control Duration Between visit Effect Between group Yes/ Between Effect Between Yes/
size status (wks) differences differences no visit group no
differences differences
Duysburg, Cross- Adults 34 Hyperchole  40gcooked 40gcream 6(2 Lactobacillus 0 Lactobacillus A
2021 (35) over sterolemic old fashioned  of rice/d periods)
RCT oats/d

Bifidobacterium Bifidobacterium O

Pino, 2021  RCT Adults 37 Type 2 5g oat B- 5g 12 Total bacteria VA n.a. -

(36) diabetes glucan/d cellulose/d

mellitus

Firmicutes n.a. -
Bacteroidetes n.a. -
Verrucomicrobi VA n.a. -
a
Lactobacillus \ n.a. -
Bifidobacterium — V n.a. -
spp
Akkermansia A n.a. -
municiphalia
Butyrate VA n.a. -
producing
bacteria

Ye, 2020* RCT Adults 28 Hyperchole  80g 80g white 45d Subdoligranulu A n.a. -

(37) sterolemic oatmeal/d rice/d m
Blautia A n.a. -
Erysipelactoclos A n.a. -
tridium
Odoribacter v n.a. -
Aliihoeflea v n.a. -
Pelagibacterium  V n.a. -
Megamonas v n.a. -
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Martenso,
2005 (27)

Berggren,
2003 (34)

Li, 2017
(43)

RCT

RCT

Non-
randomi
zed trial

Adult 56 Healthy
Pediatric 69 Healthy
population

Adult 26 Healthy

84g oat
based/d or
84g ropy oat-
based/d

100g oats
fermented
with
Lactobacillus
plantarum/d

Oat

84g
condensed
milk daily/d

100g oats/d

Rice

3wk

Ropy oat-based:
Bifidobacterium

Ropy oat-
based:Total
population

Oat based
intervention:Bifi
dobacteria

Oat based
intervention:
Total population

Bifidobacteria

Enterobacteriac
eae

Sulphite-
reducing
clostridia
Lactobacilli

Anaerotruncus
colihominis

Bacteroides
cellulosilyticus

Bacteroides
thetaiotaomicro
n
Bifidobacterium
adolescentis

Clostridium
asparagiforme
Clostridium
leptum
Eubacterium
eligens

Bifidobacteria

n.a

n.a

n.a

Bifidobacteria

Enterobacteriac
eae

Sulphite-
reducing
clostridia
Lactobacilli

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a

n.a

n.a
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Eubacterium v n.a. ---
ventriosum
Gordonibacter \ n.a. ---
pamelaeae
Roseburia \ n.a. ---
hominis
Roseburia v n.a. -
inulinivorans
Ruminococcus \ n.a. -
callidus
Ruminococcus v n.a. -
torques
Streptococcus v n.a. -
thermophilus
Connolly, Cross- Adult 32 Glucose 45g whole 45g non- 6(2 Bifidobacterium AV n.a n.a Acetic acid ] Acetic acid o]
2016 (28) over intolerant grain oat whole periods)
RCT or mild to granola/d grain/d
moderate
hyperchole
sterolaemic
Lactobacillus A n.a n.a Propionic ] Propionic o]
acid acid
Total population AV n.a n.a Lactic acid O Lactic acid o]
Bacteroidesand O n.a n.a
Prevotella
Ruminococcus 0 n.a n.a
Clostridium 0 n.a n.a
histolyticum/
perfringens
Atopobium 0 n.a n.a
Johansso, RCT Adults 48 Healthy 3g oat Pure rose 3 Bifidobacteria AA n.a n.a Total SCFA A n.a n.a
1998 (29) fermented in hip drink
Lactobacillus
plantarum/d
Lactobacillus ™ n.a n.a Acetic acid A n.a n.a
Sulphite- \A4 n.a n.a Propionic A n.a n.a
reducing acid
clostridia
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Nyman,
2020 (39)

Tjellstrom,
20141 (39)

Valeur,
2015 (41)

RCT

RCT

Non-
randomi
zed trial

Adults

Pediatric
population

Adults

130

69

10

uc 12g (6g B-
glucan)
dietary fiber
from oat
bran/d

CeD 25-50g oats/d
with GFD

Healthy 60g
oatmeal/d

5g(<0.5gB- 24
glucan)

dietary

fiber from
wheat/d

GFD 52
None 1

Anaerobes

Aerobes

Gram-negative
anaerobes

Enterobacteriac
eae

o

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

Lactic acid
Total SCFA
Acetic acid
Propionic
acid
i-Butyric
acid
Butyric
acid
i-Valeric
acid
Valeric acid
Total SCFA
Fermentati
on index
n.a

n.a

n.a

n.a

n.a

n.a

Total SCFA

>

n.a

Total SCFA

Acetic acid
Propionic
acid
i-Butyric
acid
Butyric
acid
i-Valeric
acid
Valeric acid
Total SCFA

Fermentati
on index
Acetic acid
n-Butyric
acid
Propionic
acid
i-Butyric
acid
i-Valeric
acid
n-Valeric
acid

n.a

n.a
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Non-
randomi
zed trial

Non-
randomi
zed trial

Acetic acid

Propionic
acid

i-Butyric
acid

Butyric
acid

i-Valeric
acid

Valeric acid

Formic
Acid

Acetic acid

Propionic
acid
Butyric
acid
i-Butyric
acid
i-Valeric
acid

Valeric acid

Total SCFA

Acetic acid

Propionic
acid
i-Butyric
acid
Butyric
acid

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a

n.a



i-Valeric ] n.a
acid
Valericacid O n.a

40

In case of comparison between the two visits (baseline vs post-intervention): AV indicates changes in intervention group, A ¥ indicates changes in control group, T, indicates change in both groups; O indicates no
difference reported.! Posthoc analysis following a trial. CeD, celiac disease; SCFA, short chain fatty acid; UC, ulcerative colitis
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