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Abstract: Synbiotic intake may efficiently restore the balance of gut microbiota and improve
gastrointestinal functions. The aim of the study was to evaluate the efficacy of a synbiotic in patients
with slow transit constipation. A total of 100 patients with slow transit constipation were randomized
to receive either a synbiotic or placebo twice daily for 12 weeks. The primary efficacy endpoints were
the clinical remission and improvement rates at weeks 4 and 12. Stool frequency and consistency,
colonic transit time (CTT), evacuation and abdominal symptoms, patient assessment of constipation
symptoms, gastrointestinal quality-of-life index scores, satisfaction scores, and adverse events were
also monitored. The clinical remission rates reached 37.5% at week 4 and 45.8% at week 12 in
the treatment group, compared to 13.3% at week 4 and 16.7% at week 12 in the placebo group
(p < 0.01 for both comparisons). Over 12 weeks, 64.6% of the patients who received the synbiotic
experienced clinical improvement, compared to 29.2% of the patients in the placebo group (p < 0.01).
During the intervention period, patients who were treated with the synbiotic exhibited increased stool
frequency, improved stool consistency, decreased CTT, and improved constipation-related symptoms.
This randomized, placebo-controlled trial suggested that dietary supplementation with a synbiotic
improved evacuation-parameters-associated symptoms and colonic motility in patients with slow
transit constipation (STC).

Keywords: synbiotic; soluble dietary fiber; slow transit constipation; microbiota

1. Introduction

Chronic constipation has become a common, often long-term, functional gastrointestinal disease
that influences the quality of life in patients worldwide [1]. According to the Rome III criteria for
chronic constipation [2], almost 16% of all adults are affected by chronic constipation worldwide,
and it is more prevalent and symptomatic in women and elderly people [3]. Constipation is defined
as difficult or infrequent passage of stool, hardness of stool, or a feeling of incomplete evacuation [4].
Clinically, constipation can always be categorized as normal transit constipation (NTC), slow transit
constipation (STC), pelvic floor dysfunction, or a defecatory disorder due to assessments of anorectal
function and colonic transit time [5]. Among these, STC is the major category and is characterized by
a decreased rate of colonic transit [5].

Nutrients 2016, 8, 605 1 www.mdpi.com/journal/nutrients
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The treatments for chronic constipation are varied, but remain challenging [6]. Most patients
with chronic constipation have used laxatives (osmotic or stimulant) or prokinetic agents to alleviate
symptoms empirically [7]. Although there is a wide range of medications, many patients are still
dissatisfied with their current treatments, according to the results of a long-term survey, due to
insufficient efficacy and some adverse effects [8]. Sajid et al. [9] reported that adverse events or side
effects such as abdominal cramps, rash, excessive flatulence, and dizziness have occurred in constipated
patients who used prucalopride, which is a new pharmacotherapy for chronic constipation. From our
clinical experience in constipation, laxatives or other agents could be efficient at the beginning of
chronic constipation, but they gradually become largely ineffective. Therefore, novel effective therapies
are still needed.

Probiotics are live microorganisms that may benefit human health, and are now used widely
to treat some diseases. Cui et al. [10] reported that Bifidobacteria intake could play a role in the
remission of ulcerative colitis (UC) and that prebiotics, such as dietary fiber, are ingredients in food
that may increase the functions of probiotics in the human body. Previous research has suggested
that a sufficient intake of dietary fiber with prebiotic effects is necessary for patients with chronic
constipation [11–13]. Pectin, one typical kind of dietary fiber, is usually present in the cell walls of
fruits, vegetables, and legumes [14]. It is fermented by the intestinal microbiota in the gut and can
strongly stimulate the growth and activity of some bacteria, such as Bifidobacterium and Lactobacillus [14].
Some reports have also shown that therapy with increasing dietary fiber intake, especially soluble fibers,
was beneficial for individuals with chronic constipation [15]. Soluble dietary fiber, which includes
pectin, is physiologically important [16]. Pectin can be digested into short-chain fatty acids (SCFAs)
by intestinal microbiota, which may have effects on motility [17]. Fukumoto et al. [18] reported that
SCFAs could stimulate the colon to release serotonin, which is an important factor in colonic motility.
In addition, butyrate is used in treating various gastrointestinal motility disorders that are associated
with the inhibition of colonic transit [17].

Currently, the combination of prebiotics and probiotics is called synbiotics, and it may have
synergistic effects [19]. Morelli et al. [20] suggested that microbiota composition could be modified by
synbiotics, which might play a role in gastrointestinal functions. This prospective, randomized study
was designed to measure the effects of a symbiotic consisting of Enterococci, Bifidobacteria, and Lactobacilli
triple viable bacteria (BIFICO) and pectin on slow transit constipation [10]. This was the first study to
assess a specific synbiotic containing triple viable bacteria and pectin in individuals with constipation.

Our objective was to evaluate the clinical efficacy of synbiotic treatment in individuals with
slow transit constipation. The primary aim was to assess clinical improvement and remission at
weeks 4 and 12. The secondary aim was to assess the frequency of bowel movements, stool consistency,
and colonic transit time. Other aims included the assessment of constipation-related symptoms, and the
gastrointestinal quality-of-life index.

2. Materials and Methods

2.1. Ethical Issues

This study was registered in the Clinical Trials Database (ID: NCT02844426) and conducted at
Jinling Hospital, a teaching hospital of Nanjing University. The current study was approved by the
Ethical Committee of Jinling Hospital. All participants provided written informed consent.

2.2. Patients

Patients were eligible if they fulfilled the following criteria:
Inclusion criteria: age ≥18 years; body mass index 18.5–25 kg/m2; chronic constipation was

diagnosed according to the Rome III criteria with two or fewer spontaneous, complete bowel
movements (SCBMs) per week for a minimum of 6 months [21]; colonic transit time (CTT) >48 h [22];
mild-to-moderate constipation with a Wexner constipation scale score between 16 and 25 [23,24].
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Exclusion criteria: Megacolon, intestinal obstruction, inflammatory bowel disease, and cancer;
secondary constipation (i.e., due to drugs, endocrine disorders, neurological disorders, metabolic disorders,
psychological disorders or abdominal surgery); severe anterior rectocele or full thickness rectorectal
intussusception according to defecography; pregnant or lactating women; infection with an enteric
pathogen; usage of antibiotics or proton pump inhibitors (PPIs); hepatic, renal, cardiovascular,
respiratory or psychiatric disease; and other diseases or factors evaluated by the investigator which
could influence intestinal transit or intestinal microbiota [24].

2.3. Study Design

A total of 100 patients were screened for eligibility to participate in our study. The sealed envelope
method was used to randomize the participants into either the treatment group or the placebo group.
After a week of non-interventional clinical observation, the treatment or placebo group blindly received
the synbiotic or placebo twice daily for 12 weeks. The synbiotic (BIFICOPEC) contained 0.63 g of bifid
triple viable capsules (BIFICO) [10] and 8 g of soluble dietary fiber (Pectin, provided by Ander Group in
Yantai, China) [24]. The placebo group was treated with digestible maltodextrin (CTFH pharmaceutical
company, Nanjing, China) by an experienced doctor. These constipated patients were advised to
participate in a healthy lifestyle, including proper diet and exercise, and to avoid any other probiotics
and dietary fiber during the study period. If patients did not have a bowel movement for 3 or more
consecutive days, they were permitted to take up to 20 g of Macrogol 4000 powder (Forlax®, Ipsen,
Paris, France). If ineffective, an enema could be used.

During the follow-up, patients were asked to keep daily diaries of their bowel symptoms,
including stool consistency, as rated by the Bristol Stool Form Scale (BSFS). The trained physicians,
who were blinded to the treatments, assessed the quality of life and constipation-related symptoms
of all of the participants at weeks 4 and 12 via phone or e-mail. Adverse events were also monitored
during follow-up.

2.4. Outcomes

The primary efficacy endpoints were as follows: (1) Clinical remission rate: the proportion
of patients having an average of three or more spontaneous complete bowel movements (SCBMs)
per week during the observation period of weeks 4 and 12; and (2) Clinical improvement rate:
the proportion of patients with an average increase of one or more SCBMs per week compared
with baseline at weeks 4 and 12.

The secondary efficacy endpoints were as follows: (1) Number of bowel movements within
one week [24]; (2) Stool consistency according to the BSFS: stool types 1 and 2 indicated constipation,
types 3, 4, and 5 indicated a normal consistency, and types 6 and 7 indicated diarrhea [24];
and (3) Colonic transit time (CTT), which was measured at baseline and at weeks 4 and 12 by the
Metcalf method [22].

Other endpoints included the following: (1) The Patient Assessment of Constipation Symptoms
(PAC-SYM) questionnaire was administered at baseline and at weeks 4 and 12. The questionnaire contained
12 symptoms that were grouped into three subscales for stool, abdominal, and rectal symptoms. For the
overall scale and each subscale, the scores ranged from 0 (symptoms absent) to 4 (symptoms very
severe) [25]; (2) The Gastrointestinal Quality-of-Life Index (GIQLI) assessment, which was used to
evaluate the quality of life in patients with gastrointestinal diseases, comprised 36 questions using a 5-point
Likert-type scale ranging from 0 to 4 (0, worst; 4, best) [26]; (3) The satisfaction scoresof constipated patients,
which used a 5-point ordinal scale. The score ranged from 1 (extremely unsatisfied) to 5 (extremely satisfied);
(4) For evacuation symptoms, patients recorded their perception of straining, lumpy hard stools, the
sensation of incomplete evacuation, and the sensation of anorectal blockage according to a 5-point ordinal
scale (1, none; 2, mild; 3, moderate; 4, severe; or 5, very severe); (5) Finally, abdominal symptoms were
categorized, patients recorded their symptoms of abdominal pain or cramps and bloating or flatulence
according to five classifications (1, none; 2, mild; 3, moderate; 4, severe; or 5, very severe).
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2.5. Safety Assessments

During treatment and follow-up, patients were advised to record adverse events in daily
diaries and to report adverse events immediately. Adverse events could include abdominal pain,
flatulence, borborygmus, and other gastrointestinal symptoms.

2.6. Sample Size

The sample size was calculated based on the frequency of evacuation and the standard deviation
of the difference as 0.8 between the groups [27]. Therefore, a total sample size of 100 (50 in each group)
was sufficient to expect a 95% power with a two-sided significance level of 0.05.

2.7. Statistical Analysis

The results were analyzed with SPSS 19.0 (SPSS, Inc., Chicago, IL, USA). Continuous data were
presented as the mean ± standard deviation and categorical data were presented as n (%). Paired t tests
or a repeated measures ANOVA were performed for continuous variables, and for categorical variables;
Pearson’s chi-square test or the Fisher exact test was performed as appropriate. p values < 0.05 were
considered statistically significant for all comparisons.

3. Results

3.1. Baseline Characteristics

In our study, a total of 100 patients were enrolled and randomized into two groups,
with 50 participants per group. Seven patients did not complete the study protocol. Therefore, a total
of 93 patients, including 48 patients who had received the synbiotic and 45 patients who had received
placebo, were included in the final analysis. The patient flow is detailed in Figure 1. The baseline
characteristics of patients in the treatment or placebo group are shown in Table 1. Most enrolled
patients were females (63.44%) compared to males (36.56%). The disease durations of 7.1 ± 4.2 years
and 7.4 ± 3.9 years in the placebo and treatment groups, respectively, were not significantly different.
There were also no differences in gender, age, BMI, Wexner score, stool consistency, or colonic
transit time.

Figure 1. Consolidated standards of reporting trials (CONSORT) flow diagram of patients recruitment
and analysis.
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Table 1. Baseline demographics in patients received treatment or placebo.

Characteristics Placebo (n = 45) Treatment (n = 48) p Value

Sex (male/female) * 16 (35.6)/29 (64.4) 18 (37.5)/30 (62.5) 0.846
Age (year) † 48.3 ± 11.3 47.2 ± 10.7 0.638

BMI (kg/m2) † 22.8 ± 1.1 22.6 ± 1.1 0.305
Disease duration (year) † 7.1 ± 4.2 7.4 ± 3.9 0.695

Wexner score † 19.8 ± 2.0 20.0 ± 2.2 0.797
No. of BMs/week † 2.1 ± 0.6 2.2 ± 0.7 0.615
Stool consistency † 2.0 ± 0.6 2.1 ± 0.5 0.366

CTT (h) † 73.0 ± 10.3 71.7 ± 10.8 0.567
Smoker * 3 (6.7) 4 (8.3) 0.761

Alcohol consumer * 6 (13.3) 5 (10.4) 0.663
Regular exercise * 12 (26.7) 14 (29.2) 0.788

BMI, body mass index; BM, bowel movement; CTT, colonic transit time. * Values are expressed as n (%),
† values are expressed as the mean ± standard deviation.

3.2. Primary and Secondary Efficacy Endpoints

During the follow-up period, more patients in the synbiotic group achieved a mean of three or
more bowel movements per week than in the placebo group at both weeks 4 and 12, and the clinical
remission rate in the synbiotic group reached 18% at week 4 and 22% at week 12. There were significant
differences in clinical improvement in the synbiotic and the placebo groups at weeks 4 and 12 (p < 0.01).
After treatment, compared to the placebo group, the number of bowel movements in the synbiotic
group improved significantly within one week and reached 4.5 ± 1.6 and 5.1 ± 2.0 at weeks 4 and 12
(p < 0.001). In addition, the stool consistency score was statistically significantly increased in the
treatment group compared to the placebo group (week 4, 3.2 ± 1.2 vs. 2.5 ± 0.8, p < 0.001; week 12,
3.5 ± 1.1 vs. 2.4 ± 0.8, p < 0.001). The results of CTT showed that patients who had received the
synbiotic treatment had a shorter transit time than did patients in the placebo group at weeks 4 and 12,
which could reflect improved intestinal motility. The detailed data are shown in Table 2.

Table 2. Clinical outcomes of treatment vs. placebo groups.

Endpoint
4 Week 12 Week

Placebo Synbiotic Placebo Synbiotic

Clinical remission rate (%) † 6 (13.3) 18 (37.5) ** 8 (16.7) 22 (45.8) **
Clinical improvement rate (%) † 11 (24.4) 25 (52.1) ** 14 (29.2) 31 (64.6) **

No. of BMs/week ‡ 2.9 ± 1.1 4.5 ± 1.6 *** 3.1 ± 1.4 5.1 ± 2.0 ***
Stool consistency ‡ 2.5 ± 0.8 3.2 ± 1.2 *** 2.4 ± 0.8 3.5 ± 1.1 ***

CTT (h) ‡ 68.2 ± 11.3 53.8 ± 10.9 ** 70.5 ± 12.1 49.3 ± 11.7 ***

BM, bowel movement; CTT, colonic transit time. † Values are expressed as n (%), ‡ values are expressed as the
mean ± SD. ** p value < 0.01; *** p value < 0.001.

3.3. Other Efficacy Results

Treatment with the synbiotic relieved the symptoms of constipated patients. Compared with
baseline, the PAC-SYM score significantly decreased in the treatment group at weeks 4 and 12
(p < 0.001). However, there was no statistically significant decrease in the PAC-SYM score in the placebo
group (Table 3). As shown in Table 3, the GIQLI score in the synbiotic group was 83.5 ± 12.6 before
treatment, and it increased to 117.8 ± 15.8 at week 4 (p < 0.01) and 126.9 ± 16.5 at week 12 (p < 0.001).
Although the GIQLI score in the placebo group also improved from 86.3 ± 11.2 to 91.7 ± 12.8 at week 4
and 95.5 ± 15.3 at week 12, no significant difference was found. We also recorded the satisfaction scores
of constipated patients during follow-up. Similarly, satisfaction scores in the placebo and treatment
groups were analyzed. Our results showed that the score in the treatment group was significantly
higher than in the placebo group, not only at week 4, but also at week 12—which indicates that more
patients were satisfied with the treatment (Table 3).
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In terms of evacuation symptoms, patients in the treatment group reported significantly less
straining and fewer lumpy hard stools (Figure 2). No significant improvement was found in the
sensation of incomplete evacuation at week 4, but a significantly higher proportion of patients in
the treatment group at week 12 reported an improvement in this sensation (p < 0.05) (Figure 2).
However, there was no significant difference in the sensation of anorectal blockage between groups
(Figure 2). For abdominal symptoms, a trend toward improvement was found in the treatment group,
but there were no significant differences between the groups (Figure 2). No significant adverse events
associated with treatment were reported.

Table 3. Efficacy endpoints.

Week
PAC-SYM † GIQLI † Satisfaction Score †

Placebo Synbiotic Placebo Synbiotic Placebo Synbiotic

Baseline 1.9 ± 0.3 1.9 ± 0.2 86.3 ± 11.2 83.5 ± 12.6 — —
4 weeks 1.8 ± 0.3 1.4 ± 0.5 ** 91.7 ± 12.8 117.8 ± 15.8 ** 2.8 ± 1.2 3.5 ± 1.4 *
12 weeks 1.7 ± 0.4 1.2 ± 0.6 *** 95.5 ± 15.3 126.9 ± 16.5 *** 2.9 ± 1.3 3.8 ± 1.4 **

GIQLI, Gastrointestinal Quality-of-Life Index; PAC-SYM, Patient Assessment of Constipation Symptoms.
† Values are expressed as the mean ± SD; — indicates not applicable. * p value < 0.05; ** p value < 0.01;
*** p value < 0.001.

(1) Improvement of evacuation symptoms (score 2).

(2) Improvement of abdominal symptoms (score 4).

Figure 2. Improvement of constipation-ralated symptoms in the treatment vs. placebo groups.
5-point ordinal scale, 1 indicates none, 2 mild, 3 moderate, 4 severe, and 5 very severe. * p value < 0.05;
** p value < 0.01; *** p value < 0.001. (1) Improvement of evacuation symptoms in treatment vs. placebo
groups at baseline, week 4, and week 12; (2) Improvement of abdominal symptoms in treatment vs.
placebo groups at baseline, week 4, and week 12.
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4. Discussion

This was a prospective randomized trial to evaluate the efficacy of a synbiotic (BIFICOPEC)
comprised of probiotics (BIFICO) [10] and soluble dietary fiber (Pectin) in patients with slow transit
constipation who met the Rome III criteria. Our study found that 12 weeks of supplementation with
probiotics and soluble dietary fiber increased bowel movements, improved the PAC-SYM and GIQLI
scores, relieved constipation-related symptoms, and decreased CTT. Finally, the clinical remission and
clinical improvement rates reached 45.8% and 64.6%, respectively, at week 12 among patients with
mild-to-moderate constipation. No serious treatment-related adverse events were observed during the
follow-up period.

Slow transit constipation, which is one type of chronic idiopathic constipation, has an important
pathophysiological feature of decreased colonic motility, which could be diagnosed by using
radiopaque markers, as occurred in this study [28]. Recently, many researchers have focused
on the relationship between intestinal microbiota and constipation and have demonstrated that
intestinal microbiota contribute to the pathophysiology of functional gastrointestinal disorders [29].
Parthasarathy et al. [30] suggested that the profile of microbiota in the intestine was associated with
colonic transit, and genera from Firmicutes was related with faster colonic transit. Zhu et al. [31]
reported that, compared with a control group, individuals in a constipation group had a distinct
microbiome in the gut. Moreover, the Bristol Stool Scale classification has been widely used to
reflect intestinal colon transit time in constipated patients. Vandeputte et al. [32] advised that
stool consistency, as evaluated using the Bristol Stool Scale, was strongly correlated with intestinal
microbiota. These studies all suggest that gut microbiota contribute to the etiology in constipation.
Our previous study [33] reported that the reestablishment of the whole intestinal flora with fecal
microbiota transplantation could alleviate the symptoms of slow transit constipation, which might
provide a basis for the considerable role of gut microbiota in constipation from the perspective of
clinical treatment.

Recently, emerging studies on the individual benefits of probiotics and prebiotics in the treatment
of chronic constipation have been reported. Ford et al. [19] reported a systematic review and
meta-analysis and showed that probiotics appeared to have beneficial effects in chronic idiopathic
constipation (CIC), but only a few RCTs were available for the analysis. Data from RCTs for prebiotics
and synbiotics in individuals with CIC are also sparse. Some studies found that prebiotics had a positive
effect in constipated patients. Christodoulides et al. [34] suggested that fiber was moderately effective
for chronic idiopathic constipation in adults. Suares et al. [35] also reported that soluble fiber might be
more beneficial than insoluble fiber in constipated patients in alleviating straining, pain on defecation,
improving stool consistency, and other constipation-related symptoms. In addition, research on the
changes in intestinal microbiota in individuals with constipation indicated that microbiota other than
Lactobacillus and Bifidobacteria also changed, which might indicate the importance of stability and
integration of intestinal microbiota. Therefore, supplementation with both probiotics and prebiotics is
better than treatment with probiotics or prebiotics alone.

Pectin is an important soluble dietary fiber that can be fermented by gut microbiota. The most
familiar and predominant structural element in pectin is formed by the “smooth” homogalacturonan
regions and is composed predominantly of a homopolymer of partially methyl esterified (1–4)-linked
α-D-galacturonic acid (GalA) units [12]. The health benefits of pectin might include alterations
in the composition of intestinal microbiota and the production of short-chain fatty acids [36,37].
Onumpai et al. [37] reported that pectin could stimulate the activity of Bifidobacterium and Lactobacillus.
Recently, our team also found that fecal microbiota transplantation, in combination with soluble dietary
fiber, could improve the symptoms of patients with slow transit constipation, indicating that the
regulation of intestinal microecology was associated with constipation [24]. The addition of pectin to
the treatment regimen further improved the symptoms in constipated patients. Therefore, pectin may
play a beneficial role in constipation.
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In contrast, butyrate, which is a byproduct of pectin fermentation by certain microbiota,
is necessary for colonic homeostasis and provides energy for intestinal epithelial cells [38]. We chose
maltodextrin as a placebo control because maltodextrin is an easily digested carbohydrate, but it is not
fermented by intestinal microbiota; thus, it would not affect gut metabolism and microbial ecology [27].

In our study, we provided constipated patients with bifid triple viable capsules and pectin
for 12 weeks. Our results revealed an improvement in the number of bowel movements per week,
stool consistency, and colonic transit time in constipated patients, which are related to intestinal
motility. Intestinal microbiota analysis has already shown that microbiota are associated with
colonic transit, stool frequency, and stool consistency in humans [30,32]. During the follow-up, we
found that the improvement in stool consistency was the most obvious effect, but a significant
improvement in the sensation of incomplete evacuation did not appear until three months after
treatment initiation. Harder stools and decreased frequency are associated with a slower colonic transit
time, while increased incomplete evacuation is related to outlet obstructive constipation [22]. So the
efficacy of synbiotics in constipation might depend on the improvement of intestinal motility through
regulating intestinal microecology.

Because pharmacological interventions have limited efficacy and more side effects,
traditional treatments have not been able to fully satisfy constipated patients [39]. Prucalopride is a
widely used prokinetic agent, but adverse events such as abdominal cramps, headache, skin disorders,
and drug dependence have been reported with its use [9]. During our treatment and follow-up,
no serious adverse events occurred in the patients. It is found that constipated patients at our hospital
prefer to use prebiotics, probiotics, or synbiotics rather than some laxatives.

However, our pilot study does have several limitations. First, this was a single-center study,
and the sample size of our trial was relatively small. A multicenter randomized controlled study
should be performed to verify these findings. Second, our follow-up period was restricted to 12 weeks.
The clinical efficacy of treatment for chronic constipation should be examined in a study with a longer
follow-up. Finally, we did not analyze the structural changes in the gut microbiota in constipated
patients before and after treatment. Intestinal microbiota analysis might provide us a new perspective
to explain the therapeutic mechanism underlying synbiotic treatment.

5. Conclusions

In conclusion, we found that 12 weeks of treatment with a synbiotic that contained pectin
as a prebiotic and bifid triple viable capsule (BIFICO) as a probiotic was effective in increasing
stool frequency, improving stool consistency, decreasing colonic transit time, and relieving
constipation-related symptoms. In addition, synbiotic treatment effectively improved the quality
of life in patients with mild-to-moderate constipation. Therefore, additional multicenter randomized
clinical trials are needed to confirm these results and assess the role of the regulation of gut microbiota
in treatment of constipation.
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Abstract: Symptomatic uncomplicated diverticular disease (SUDD) is a syndrome characterized by
recurrent abdominal symptoms in patients with colonic diverticula. There is some evidence that a
high-fiber diet or supplemental fibers may reduce symptoms in SUDD patients and a high-fiber diet
is commonly suggested for these patients. This systematic review aims to update the evidence on
the efficacy of fiber treatment in SUDD, in terms of a reduction in symptoms and the prevention
of acute diverticulitis. According to PRISMA, we identified studies on SUDD patients treated with
fibers (PubMed and Scopus). The quality of these studies was evaluated by the Jadad scale. The main
outcome measures were a reduction of abdominal symptoms and the prevention of acute diverticulitis.
Nineteen studies were included, nine with dietary fiber and 10 with supplemental fiber, with a high
heterogeneity concerning the quantity and quality of fibers employed. Single studies suggest that
fibers, both dietary and supplemental, could be beneficial in SUDD, even if the quality is very low,
with just one study yielding an optimal score. The presence of substantial methodological limitations,
the heterogeneity of the therapeutic regimens employed, and the lack of ad hoc designed studies, did
not permit a summary of the outcome measure. Thus, the benefit of dietary or supplemental fiber in
SUDD patients still needs to be established.

Keywords: diverticular disease; dietary fiber; supplemental fiber; symptomatic uncomplicated
diverticular disease

1. Introduction

Colonic diverticula are common in Western countries, affecting up to 60% of subjects over
70 years of age [1]. In about 80% of patients, colonic diverticula remain asymptomatic (diverticulosis),
while approximately 20% of patients may develop abdominal symptoms (symptomatic uncomplicated
diverticular disease, SUDD) and, eventually, complications such as bouts of diverticulitis or bleeding [2].
SUDD has been defined as a syndrome which is characterized by recurrent abdominal symptoms
(i.e., abdominal pain and bloating resembling or overlapping those present in irritable bowel
syndrome), attributed to diverticula in the absence of macroscopically evident alterations, other than
the presence of diverticula [3,4]. The impact of these complaints is variable, and the severity and
frequency of symptoms may range from mild and rare episodes, to a severe, chronic, recurrent disorder,
impacting daily activities and the quality of life of patients [5,6]. About 4% of patients develop acute
diverticulitis, an inflammatory process that may result in complications in about 15% of patients,
with the development of abscesses, perforation, fistula, obstruction, or peritonitis [7]. A recurrence of
diverticulitis after the first episode has been reported to occur in 15%–30% of patients [8,9].
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The main goals of managing SUDD are both the reduction of abdominal symptoms and the
prevention of acute diverticulitis. Even if recommendations for the treatment of SUDD have been
issued by the medical societies of various countries [3,10–13], a standard therapeutic approach still
remains to be defined. Fibers have been suggested for the treatment of SUDD patients, but the
therapeutic benefit is not yet fully understood. Fibers might confer benefits by increasing fecal mass and
regularizing bowel movements, as well as acting as prebiotics in the colon, favoring health-promoting
species of the intestinal microbiota [14]. Fibers are defined as the edible parts of plants or the
analogous carbohydrates that are resistant to digestion and absorption in the human small intestine,
with complete or partial fermentation in the colon [15]. Fiber intake may be achieved by consuming
fruits, vegetables, and cereal grains (dietary fibers), and/or by diet supplementation with specific
commercial preparations containing fibers (supplemental fibers).

A previous systematic review assessed whether a high-fiber diet can improve symptoms or
prevent complications of diverticular disease. Few studies were identified, and the authors concluded
that evidence for a therapeutic benefit of a high-fiber diet in the treatment of diverticular disease is
poor [16].

This systematic review aims to update the evidence on the efficacy of treatment with fiber in
SUDD, in terms of the reduction of symptoms and the prevention of acute diverticulitis.

2. Methods

2.1. Study Selection

The search was conducted according to the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines [17]. The electronic databases PubMed MEDLINE
(U.S. National Library of Medicine, Bethesda, MD, USA) and Scopus were systematically searched
according to the following search strategy, using the following MesH terms:

(((“diverticulum” [MeSH Terms] OR “diverticulum” [All Fields] OR “diverticulosis” [All Fields])
OR diverticular [All Fields] OR (“diverticulum” [MeSH Terms] OR “diverticulum” [All Fields] OR
“diverticula” [All Fields]) OR (“diverticulitis” [MeSH Terms] OR “diverticulitis” [All Fields])) AND
((“colon” [MeSH Terms] OR “colon” [All Fields]) OR (“colon” [MeSH Terms] OR “colon” [All Fields] OR
“colonic” [All Fields]) OR (“colon, sigmoid” [MeSH Terms] OR (“colon” [All Fields] AND “sigmoid”
[All Fields]) OR “sigmoid colon” [All Fields] OR “sigmoid” [All Fields])) AND ((“dietary fiber”
[MeSH Terms] OR (“dietary” [All Fields] AND “fiber” [All Fields]) OR “dietary fiber” [All Fields] OR
“fiber” [All Fields]) OR fibre [All Fields] OR (“diet” [MeSH Terms] OR “diet” [All Fields] OR “dietary”
[All Fields]) OR insoluble [All Fields] OR soluble [All Fields] OR (“fruit” [MeSH Terms] OR “fruit”
[All Fields]) OR (“vegetables” [MeSH Terms] OR “vegetables” [All Fields] OR “vegetable” [All Fields]) OR
(“(1-6)-alpha-glucomannan” [Supplement *] OR “(1-6)-alpha-glucomannan” [All Fields] OR “glucomannan”
[All Fields]) OR (“starch” [MeSH Terms] OR “starch” [All Fields]) OR fructooligosaccharides [All Fields]
OR bran [All Fields] OR (“inulin” [MeSH Terms] OR “inulin” [All Fields]) OR (“psyllium” [MeSH Terms]
OR “psyllium” [All Fields]))) AND (“humans” [MeSH Terms] AND (English [lang] OR French
[lang] OR German [lang] OR Italian [lang] OR Spanish [lang]) AND “adult” [MeSH Terms]) AND
(“therapy” [Subheading] OR “therapy” [All Fields] OR “treatment” [All Fields] OR “therapeutics”
[MeSH Terms] OR “therapeutics” [All Fields]) AND (“humans” [MeSH Terms] AND (English [lang]
OR French [lang] OR German [lang] OR Italian [lang] OR Spanish [lang]) AND “adult” [MeSH Terms]).

The search strategy excluded reviews, meta-analyses, case reports, and animal studies.
The following study types were included: randomized controlled trials (blinded and/or placebo-
controlled), open randomized clinical trials, and non-randomized open studies. Pediatric subjects
were excluded from this review. No publication data restriction was imposed. Reports published in
English, German, French, Italian, and Spanish were considered.
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Clinical studies published up to 7 October 2016 were considered for inclusion in this review, if they
described in adults (>18 years) with SUDD, the efficacy of fiber treatment with respect to the baseline
(i) on reduction or remission of abdominal symptoms; and/or (ii) on prevention of acute diverticulitis.

Potentially relevant articles were independently screened for eligibility in an un-blinded
standardized manner by the two reviewers (M.C., E.L.), initially by abstract, and then by full text
when necessary, in order to determine whether they met the inclusion criteria. Reviews, letters, books,
and/or editorials were excluded on the basis of the abstract and/or title; in other cases, the judgement
of inclusion/exclusion was based on an evaluation of the full-text. Disagreement between reviewers
was resolved by discussion. The reference lists of the identified articles, as well as of the identified
relevant reviews, were manually searched for additional studies that may have been overlooked using
a computer-assisted search strategy.

2.2. Data Extraction

We developed a data extraction sheet, pilot-tested it on three randomly-selected included studies,
and refined it accordingly. One review author (M.C.) extracted the data from the included studies
and the second author (E.L.) checked the extracted data. Disagreements were resolved by discussion
between the two review authors. The following information was extracted from each included paper:
(1) author and year of publication; (2) characteristics of fibers; (3) characteristics of study participants
(number, mean age, and gender); (4) diagnosis of SUDD; (5) study type and treatment arms; (6) type of
intervention; (7) follow-up; (8) outcome measure (reduction of abdominal symptoms; occurrence
of acute diverticulitis); (9) efficacy of intervention; (10) adverse effects of fiber arms; (11) single or
multiple centers.

The diagnosis of SUDD was considered appropriate when patients with colonic diverticula had
recurrent abdominal symptoms such as abdominal pain, which were eventually associated with
bloating or bowel habit alteration [3]. Studies which did not completely fulfill this definition were not
excluded a priori, but the specific clinical settings were singularly extracted and described in detail.

For the purpose of this paper, dietary fibers were defined as the intake of food fibers in fruits,
vegetables, and cereal grains. A high-fiber diet has been defined as at least a 30 g daily intake of
dietary fibers [18]. When indicated, the amount of daily fiber intake was extracted from each paper.
Supplemental fibers were defined as diet supplementation with specific commercial preparations
containing one or more types of fiber.

2.3. Statistical Analysis

Originally, a meta-analysis was planned in order to provide a numerical estimate of the overall
effect of interest, for which the outcome measure (effect size) comprised the proportion of patients
who showed a positive response to fiber treatment with respect to the baseline, or with respect to
controls, defined as the reduction of abdominal symptoms and prevention of acute diverticulitis. Due to
the heterogeneity of the retrieved studies and their low quality, a meta-analysis was not considered
applicable. The efficacy of the interventions reported in the retrieved studies was described in a
qualitative manner.

2.4. Quality Assessment

The two reviewers evaluated the quality of all of the included studies, using the Jadad scale
for randomized controlled trials [19]. This scale awards a maximum of five points to each study.
The considered categories are randomization, blinding of outcome assessment, description of
withdrawals and dropouts, and description and appropriateness of randomization and blinding.
A study can be awarded a maximum of one point for each category (Table S1). Discrepancies in the
quality assessment were discussed and resolved by the two reviewers.
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3. Results

3.1. Search Results

The electronic search study identified a total of 374 records from electronic databases, 351 of
which were unique (Figure 1).

Figure 1. Flow-chart of study selection.

Manual searching of a reference list of potentially relevant papers contributed another four articles.
The articles were screened on the basis of the title and abstract and, after application of the inclusion
and exclusion criteria, 21 articles were retrieved for a full-paper evaluation. Of these 21 papers, 19 met
the eligibility criteria and were subjected to data extraction. Two studies were excluded because
the outcome was not pertinent to the present study purpose, since it only evaluated constipated
patients [20,21]. Thus, 19 articles were included for qualitative synthesis (Table 1).

Table 1. Type of fibers and dosage used in the included studies.

Author, Year (Reference) Type of Fibers and Dosage

Dietary
Lahner E., 2012 [22] Dietary fiber (at least 30 gr/day)

Annibale B., 2011 [23] Dietary fiber (at least 30 gr/day)
Colecchia A., 2007 [24] Dietary fiber (at least 20 gr/day)

Smits B.J., 1990 [25] Dietary fiber (30–40 gr/day)
Leahy A.L., 1985 [26] Dietary fiber (>25 gr/day)

Hyland J.M.P., 1980 [27] Dietary fiber (37.9 gr/day)
Brodribb A.J.M., 1977 [28] Bran crispbread (6.7 gr/day) Wheat crispbread (0.6 gr/day)

Plumley P.F., 1973 [29] High-fiber crispbread (96 gr/day total unavailable fraction)
Painter N.S., 1972 [30] High-residue, low sugar diet with unprocessed bran (12–14 gr/day)
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Table 1. Cont.

Author, Year (Reference) Type of Fibers and Dosage

Supplemental

Lanas A., 2013 [31] Plantago ovata (7 gr/day)
Latella G., 2003 [32] Glucomannan (4 gr/day)

Papi C., 1995 [33] Glucomannan (2 gr/day)
Papi C., 1992 [34] Glucomannan (2 gr/day)

Thorburn H.A., 1992 [35] Ispaghula husk (7 gr/day)
Ornstein M.H., 1981 [36] Bran (6.99 g/day) Ispaghula (9.04 gr/day)
Eastwood M.A., 1978 [37] Bran (20 g/day) Isphaghula (2 sachets/day)
Hodgson W.J.B., 1977 [38] Methylcellulose (1000 mg/day)
Brodribb A.J.M., 1976 [39] Wheat bran (24 gr/day)

Taylor I., 1976 [40] High roughage diet with bran supplement Bran (18 gr/day)

3.2. Quality Assessment

Details of the quality assessment of the included studies are given in Supplementary Table S1
(see Supplementary material). Of the 19 studies included, six achieved 0 points [26,27,35,36,39,40],
three achieved 1 point [25,29,30], two achieved 2 points [28,38], seven achieved 3 points [22–24,31,33,34,36],
and only one achieved 5 points [33], according to Jadad scale.

3.3. Characteristics of Included Studies

The main characteristics of the 19 included studies are summarized in Table 2. Considering the
high heterogeneity of the fibers used, studies are grouped on the basis of dietary (nine articles) or
supplemental fibers (ten articles).

Table 2. Main characteristics of the 19 selected studies on fibers in symptomatic uncomplicated
diverticular disease (SUDD).

Author, Year (Reference) N/F/Mean Age Diagnosis of SUDD Study Type/Arms Single Center Yes/No

Dietary
Lahner E., 2012 [22] 44/35/66 App Open RCT/2 No

Annibale B., 2011 [23] 50/32/65 App Open RCT/3 No
Colecchia A., 2007 [24] 307/189/62 App Open RCT/2 No

Smits B.J., 1990 [25] 43/28/59 App Open RCT/2 Yes
Leahy A.L., 1985 [26] 56/-/- App Retrospective study/2 Yes

Hyland J.M.P., 1980 [27] 100/73/67 NcApp 1 Retrospective study/1 Yes
Brodribb A.J.M., 1977 [28] 18/9/60 App Double-blind RCT Yes

Plumley P.F., 1973 [29] 48/-/71 NcApp 2 Prospective interventional, partly cross-over study/2 Yes
Painter N.S., 1972 [30] 70/25/60 App Prospective interventional study, not controlled/1 Yes

Supplemental

Lanas A., 2013 [31] 165/59/54 NcApp 3 Open RCT/2 No
Latella G., 2003 [32] 968/501/63 App Open RCT/2 No

Papi C., 1995 [33] 168/100/62 App Double-blind placebo controlled/2 No
Papi C., 1992 [34] 217/112/65 App Open RCT/2 No

Thorburn H.A., 1992 [35] 10/4/66 NcApp 4 Open/1 Yes
Ornstein M.H., 1981 [36] 58/36/64 App Double-blind, cross-over, RCT/3 No
Eastwood M.A., 1978 [37] 31/-/60 NcApp 5 Prospective, not randomized/3 Yes
Hodgson W.J.B., 1977 [38] 30/18/60 App Double-blind, cross-over RCT/2 Yes
Brodribb A.J.M., 1976 [39] 40/-/- App Prospective, not controlled/1 Yes

Taylor I., 1976 [40] 20/-/- NcApp 6 Cross-over RCT Yes

App: appropriate; NcApp: not completely appropriate; F: female gender; N: number of patients; RCT: randomized
controlled trial; 1 an unspecified number of pts with acute diverticulitis were included; 2 4 pts with diverticulosis
were included; 3 pts with a recent episode of colonic diverticulitis, current in remission were included, 4 3 pts with
diverticulosis were included; 5 an unspecified number of pts with diverticulosis were included; 6 8 pts with acute
diverticulitis were included.

In thirteen studies, SUDD was appropriately diagnosed [22–26,28,30,32–34,36,38,39], while in
six studies, the diagnosis was not completely appropriated [27,29,35,37,40] (see Table 2). The latter
studies include three in which SUDD patients with diverticulosis were included [29,35,37], and in
the other two studies, SUDD patients with acute diverticulitis were included [27–40]. In one study,
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patients who had reported a recent episode of colonic diverticulitis, but were currently in remission,
were included [31].

3.4. Dietary Fiber

Articles concerning dietary fibers were performed over a period of 40 years, from 1972 to 2012,
and only three of them were published in the last 10 years [22–24]. Six of these were single center studies
and three were multicenter studies [22–24]. Six studies were conducted in the United Kingdom [25–30]
and three were completed in Italy [22–24].

An overall number of 736 patients with SUDD were investigated, for which the female gender
was slightly prevalent (n = 391), but in two articles [26–29], the gender of the patients was lacking.
Patients had a mean age of 64 years, ranging from 59 to 71 years. In one study, the age of patients was
lacking [26].

With regard to the study type, four were randomized controlled open trials [22–25], two were
retrospective studies [26,27], one was a double-blind RCT [28], one was a prospective partly cross-over
study [29], and the remaining one was an un-controlled study [30].

With regard to the fibers used, in the majority of the studies, patients were treated with dietary
fibers [22–27], in two articles crispbread was used [28,29], and in the last study, a high residue, low sugar
with unprocessed bran was utilized [30]. In addition, the amount of dietary fiber utilized was variable,
ranging from 20 [24] to 96 gr/day [29]. In five studies, a high-fiber diet was employed [22,23,25,27,29],
but in the other studies, the dosage of fiber seemed to be lower than 30 gr daily [24,26,28,30].
Unfortunately, it was not possible to assess the proportion of soluble or insoluble fibers for each
dietary regimen, since its exact composition was not reported.

The follow-up protocol was very variable between studies, ranging from three [25–28] to
65 months [27]. Also, the interventions were variable between studies: in four studies, the dietary fiber
was a control arm and was compared in two articles to symbiotic preparations [22,23], in another it was
compared to rifaximin [24], and in the last it was compared to lactulose [25]. In one study, a high-fiber
diet was compared to one which was not high in fiber [26], and in two studies, high-fiber crispbread was
compared to lower fiber crispbread [28,29]. One study used a high-fiber diet without a control arm [27],
and the other study used a high-residue, low sugar diet with unprocessed bran [30]. With regard to
the outcome measures, seven articles assessed the reduction of abdominal symptoms [22,23,25,27–30],
and two assessed the reduction of symptoms and/or complications.

Two of the most recent open RCT studies compared a high-fiber diet with the combined treatment
of a high-fiber diet and a symbiotic preparation [22,23]. In the first study, both treatments significantly
reduced abdominal pain [22], whereas in the second, the high-fiber diet alone did not improve
abdominal symptoms, compared to the baseline [23]. Another open RCT study compared a high-fiber
diet with the combination of a high-fiber diet and rifaximin, and showed that both treatments
significantly improved abdominal symptoms, compared to the baseline [24]. The occurrence of
diverticulitis was reduced during the administration of a high-fiber diet in comparison to one which
was not high in fiber, at a follow-up of 65 months [26]. Another study showed a similar frequency of
diverticulitis occurrence in both treatment arms, for both dietary fiber and dietary fiber plus rifaximin,
after 24 months [24]. Table 3 summarizes the type of intervention, follow-up protocols, the outcome
measure, and the efficacy of each intervention included in the selected studies.
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Due to the poor quality of the studies and the heterogeneity of the study design (mean Jadad
score 1.5 ± 1.2 points), a meta-analysis could not be performed to provide a pooled estimate of the
outcome measure. With regard to adverse effects, data were not reported in four studies [26–29],
no adverse effect was observed in two studies [22–25], and in three studies, some minor effects were
reported [23,24,30].

3.5. Supplemental Fiber

These studies were performed over a range of 37 years, from 1976 to 2013, and just one article
was published in the last 10 years. Five studies were single center in nature [35,37–40] and five were
multicenter studies [31–34,36]. Five studies were conducted in the United Kingdom [35–37,39,40],
three in Italy [32–34], one in Spain [31], and one in the USA [38]. The ten included studies investigated
an overall total number of 1707 patients, of which 830 were female, but in three studies, the gender of
the patients was lacking [37–39]. Patients had a median age of 62 years, ranging from 54 to 66 years,
but in two studies, the age of patients was lacking [39,40].

With regard to the study type, three were open randomized controlled trials [31,32,34], two were
double blind-cross over studies [36,38], one was a double-blind randomized placebo controlled
study [33], two were open un-controlled studies [35,39], and the last was a cross-over RCT [40].

With regard to the type of supplementation, patients were treated with glucomannan [32,34],
ispaghula [35–37], bran [36–38,40], plantago ovata [31], and methylcellulose [38]. None of the studies
achieved a high dosage of fiber intake with the prescribed supplementation regimen. Because the fiber
intake of the diet was not reported, it may be that the total amount of the daily fiber intake is higher
than that reported. With regard to fiber solubility, soluble fibers were used in five studies [31–35],
both insoluble and soluble fibers were used in two studies [36,37], and in three studies, insoluble fibers
were used [38–40].

With regard to the follow-up protocol, the studies were variable, ranging from one to
12 months. Five studies observed patients for a period of less than six months [35–38,40]. In addition,
the interventions were very variable: in four studies, fibers were administrated together with a drug
(rifaximin) and compared with the efficacy of the fiber alone [32–34]; in two studies, the efficacy of
ispaghula and bran was respectively compared to a placebo [36] or lactulose [37], or were administrated
as a unique arm of treatment in open un-controlled studies [35,39]. In another study, the efficacy of
bran was compared to a high roughage diet or bulk laxative [40], or methylcellulose was compared to
a placebo [38]. With regard to the outcome measures, the majority of studies evaluated the reduction
of abdominal symptoms [33,35–40], two evaluated the reduction of symptoms and the occurrence of
diverticulitis [32,34], and another study only considered the recurrence of diverticulitis [31]. In three
open RCTs, the efficacy of glucomannan (2 or 4 gr/day) was compared to glucomannan, together
with cyclic rifaximin, analysing the improvement of abdominal symptoms in SUDD patients [32–34].
In all three studies, a significant reduction of abdominal symptoms in the treatment arm with just
glucomannan was achieved. In two of these three studies, the glucomannan treatment arm had a similar
occurrence of diverticulitis to the antibiotic arm [33,34], while in the Latella study, the glucomannan
arm treatment reported more complications (p < 0.05) [32]. Table 4 summarizes the type of intervention,
follow-up protocols, outcome measures, and efficacy of interventions.
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Also, due to the poor quality of the studies and their heterogeneity (mean Jadad score
1.9 ± 1.8 points), a meta-analysis could not be performed.

On the basis of the heterogeneity of these papers, it was not possible to perform a sub-analysis
assessing the differences between dietary and supplemental fibers, the effects of high- or low fiber
diet/supplementation, or the differences between soluble and insoluble fibers.

With regard to adverse effects, data were not reported in six studies [34,35,37–40], some minor
adverse effects were reported in the fiber arm in three studies [31,32,36], and in another study, the only
double-blind randomized placebo controlled report, no adverse effects were observed [33].

4. Discussion

Dietary fibers are defined as the edible parts of plants or the analogous carbohydrates
that are resistant to digestion and absorption in the human small intestine, with complete or
partial fermentation in the colon [15]. Dietary fibers include non-starch polysaccharides, resistant
oligosaccharides, and other carbohydrates, such as resistant starch and dextrins, and lignin [41,42].
Non-starch polysaccharides can be further subdivided into soluble and insoluble fibers: soluble fibers
dissolve in water-forming viscous gels, bypass the digestion of the small intestine, and are easily
fermented by the gut microbiota (i.e., pectins, gums, inulin-type fructans, and some hemicelluloses).
In contrast, insoluble fibers are not water soluble, they do not form gels due to their water insolubility,
and fermentation is severely limited (i.e., lignin, cellulose, and some hemicelluloses). The Academy of
Nutrition and Dietetics declared that the adequate intake of fiber is 14 gr total per 1000 kcal, or 25 gr for
adult women and 38 gr for adult men [18]. In Western countries, the daily fiber intake can change from
region to region, and may change over the years. The mean intake of dietary fiber in the United States
is 17 gr/day, with only 5% of the general population meeting the adequate intake [18]. In contrast,
in a recent study evaluating the changes in food consumption and nutrient intake in a Mediterranean
cohort, it has been observed that fiber intake has a baseline of 24.3 ± 9.4 gr/day; after 10 years, it was
observed that fiber intake increased by 1.8 gr/day, thus augmenting over time [43]. Even if the health
benefits of dietary fibers have long been appreciated, especially for their effect on cardiovascular
diseases, type II diabetes, glycemic control, and gastrointestinal conditions [14], these data underline
that dietary habits in Western countries may be far from the recommended adequate intake.

With regard to the risk of developing colonic diverticula, it has been proposed that
“fiber deficiency”, caused by the spreading of refined carbohydrates in the Western diet, may play an
important role. However, little evidence is available to substantiate this hypothesis [44,45], and more
recently, this concept has been reviewed. A colonoscopy-based, cross-sectional study on the dietary
risk factors for diverticulosis found that a high fiber diet was even associated with a higher prevalence
of colonic diverticula [46]. The association with dietary fiber intake was dose-dependent and stronger
when limited to cases with multiple diverticula. Although it has been suggested that a high-fiber
diet does not protect against the development of colonic diverticulosis, it may reduce the abdominal
symptoms related to diverticular disease.

Patients with SUDD may complain of chronic recurrent abdominal symptoms, and fibers
might confer benefits by increasing fecal mass and promoting the regularity of bowel movements.
Another beneficial effect of fibers in the treatment of SUDD may be ascribed to their capability
to act as prebiotics in the colon, by favoring health-promoting species of the intestinal microbiota,
especially bifidobacteria and lactobacilli [14].

Diverticular disease is a complex, multifactorial disorder, in which the gut microbiota could
play a key role. Recently, Barbara et al. reported that patients with diverticular disease showed
depletion of microbiota members with anti-inflammatory properties, including Clostridium cluster
IV, Clostridium cluster IX, Fusobacterium, and Lactobacillaceae, with microbiota changes being
correlated with mucosal immune activation [47]. The gut microbiota, indeed, shifts rapidly in response
to dietary changes, particularly with fiber intake [48]. For this reason, high-fiber intake represents a
promising treatment option in diverticular disease. In this condition, a high-fiber diet based on fruits,
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vegetables, and cereal grains may be difficult to achieve and should be supported with an adequate
dietary counseling, and in a subset of patients, the use of supplemental fibers might be useful.

The beneficial effect on potential microbiota changes achieved with dietary fibers, based on
different amounts of soluble and insoluble fibers, or the supplementation of commercial fibers of the
same type, may be different and not necessarily comparable. However, it was not possible to perform
a sub-analysis assessing the differences between dietary or supplemental fibers, or between high- or
low-fiber diet/supplementation. Unfortunately, on the basis of these studies, it was not possible to
assess differences between the effect of soluble or insoluble fibers, even if the relative amount might
have influenced the outcome of treatment. In patients with irritable bowel syndrome, a condition that
might be considered similar to SUDD, the effect of fibers appears to be limited to the soluble type [49].

In clinical practice, a high-fiber diet or fiber supplementation are commonly used in patients
affected by diverticular disease, even if most recommendations are based on poor evidence. A previous
systematic review, performed in 2012, was restricted to the use of a high-fiber diet in diverticular
disease and only included controlled studies in the English language, reporting that high-quality
evidence for a high-fiber diet in the treatment of this condition is scarce [16].

The present systematic review represents an attempt to provide an updated measure of evidence
on the efficacy of dietary and supplemental fibers in SUDD, in terms of the reduction of abdominal
symptoms and the prevention of acute diverticulitis.

The research was updated until October 2016, considering randomized controlled trials
(blinded and/or placebo-controlled), open randomized clinical trials, non-randomized open studies,
and also taking into consideration papers in German, French, Italian, and Spanish. The selected
studies, all of which came from Western countries with just one study from the USA, presented a high
heterogeneity concerning the quantity and quality of the fibers employed, notwithstanding dietary
and supplemental fibers, which were evaluated separately. However, the quality of the studies was
very low, with just one study yielding an optimal score [33]. Based on the available studies, it was not
possible to draw conclusions regarding the efficacy of fiber treatment in SUDD patients, neither in
terms of the reduction of abdominal symptoms, nor for the prevention of acute diverticulitis.

5. Conclusions

Single low quality studies suggest that fibers, both dietary and supplemental, could be beneficial
in the treatment of SUDD. The presence of substantial methodological limitations, the heterogeneity of
therapeutic regimens employed, and the lack of ad hoc designed studies, do not permit a summary
of the outcome measures. Up to now, high-quality evidence on the efficacy of fiber treatment
for the reduction of symptoms in SUDD and for the prevention of acute diverticulitis, is lacking.
Thus, further, well-designed studies, specifically focusing on the efficacy of fibers in SUDD, dietary or
supplemental, are needed.
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Abstract: This study was designed to determine if providing wheat, corn, and rice as whole (WG) or
refined grains (RG) under free-living conditions will change parameters of health over a six-week
intervention in healthy, habitual non-WG consumers. Measurements of body composition, fecal
microbiota, fasting blood glucose, total cholesterol, high density lipoprotein (HDL), low density
lipoprotein (LDL), and triglycerides were made at baseline and post intervention. Subjects were
given adequate servings of either WG or RG products based on their caloric need and asked to keep
records of grain consumption, bowel movements, and GI symptoms weekly. After six weeks, subjects
repeated baseline testing. Significant decreases in total, LDL, and non-HDL cholesterol were seen
after the WG treatments but were not observed in the RG treatment. During Week 6, bowel movement
frequency increased with increased WG consumption. No significant differences in microbiota were
seen between baseline and post intervention, although, abundance of order Erysipelotrichales increased
in RG subjects who ate more than 50% of the RG market basket products. Increasing consumption of
WGs can alter parameters of health, but more research is needed to better elucidate the relationship
between the amount consumed and the health-related outcome.

Keywords: whole grains; maize; brown rice; whole wheat; fasting glucose; fasting blood lipids;
microbiota; bowel movement frequency; gastrointestinal symptoms

1. Introduction

Grains are a staple of the average American diet and therefore changes to grain products,
especially the level of refinement, can have a notable effect on Americans’ consumption of fiber,
minerals, and vitamins [1]. The topic of whole grains has come to wider public attention since the
publication of the 2005 Dietary Guidelines for Americans, which recommends half of one’s daily grain
intake (3–5 servings or 48–80 g for adults) should be in the form of whole grains [2]. However, there is
still a huge disparity between the recommended level of whole grain consumption and the actual
amount of consumption in the US with most adults only consuming on average 9.76 g of whole grains
daily, as reported by the 2009–2010 National Health and Nutrition Examination Survey (NHANES) [3].

Botanically, grains are defined as the caryopsis or dried fruit (also called corn) of a cereal
plant [4]. True cereals include wheat (Triticum spp.), corn/maize (Zea mays), rice (Oryza spp.),
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oats (Avena spp.), and barley (Hordeum spp.), whereas the pseudocereals include foods such as
amaranth (Amaranthus spp.), buckwheat (Fagopyrum esculentum) and quinoa (Chenopodium quinoa) [5].
Grains are made up of three distinct components: the fibrous bran, the starchy endosperm, and the
lipid containing germ. In addition to these three components, some grains, such as oats, grow within
an inedible husk which is removed prior to human consumption. Whole grains are defined as the
intact edible portion of the fruit of the cereal plant or the ground, cracked, flaked, or rolled fruit so
long as the original proportions of the bran, endosperm, and germ are present in nearly the same
proportions in the processed grain as were found in the intact grain [5,6].

Refined grains are grains that have been altered so that they are devoid of some, or all, of their
naturally occurring germ and/or bran. In removing the germ, the shelf life of the grain is generally
improved due to the absence of the lipid component of the germ that can become rancid [5]. Removal of
the bran is often done to remove fibrous and potentially bitter components of the grain to improve
the hedonic experience of the consumer and lighten the color of the resulting grain product [7].
Unfortunately, the removal of the bran and germ removes many bioactive components including
vitamins, minerals, antioxidants, phenolics, flavonoids, carotenoids and critically fiber, particularly
insoluble fiber [4,8]. To ameliorate some of the losses in the refining process and increase consumption
of vitamins and minerals, enrichment or fortification is done with riboflavin, niacin, thiamin, folate,
iron, and calcium, however nothing is done to increase the fiber level of refined grains [9].

In addition to not consuming enough whole grains, Americans are also not consuming enough
fiber. The 2009–2010 NHANES data reported adults were only consuming on average 17 g of fiber
per day despite the recommendation to consume 25 to 38 g per day [3]. Consumption of more whole
grains has been suggested as an excellent way for Americans to bridge the fiber gap because many
palatability studies have shown that in moderate proportions substituting whole grains for refined
grains does not change the “liking” of grain based foods [3,10].

Consumption of whole grains is associated with decreased risk of type 2 diabetes and major
chronic diseases, such as cardiovascular disease, and may even decrease the risk for some types of
cancers, such as colorectal cancer [4,11,12]. Alteration of glucose homeostasis [13–16] and reduction
of total cholesterol and low density lipoprotein (LDL) have been somewhat inconsistently reported
in connection with increased whole grain consumption [12,13,17,18]. Beneficial alteration of the gut
microbiota is often cited as a possible reason for health improvements seen with increased whole grain
consumption, although a relationship between the two is not always observed [8,13,14,19]. Fiber can
be mechanistically linked to all these health improvements and the content of fiber varies from grain
to grain, which might explain some of the mixed reports. Another potential confounding variable
is how much fiber subjects are consuming either prior to the dietary interventions or as part of their
background diet [20,21].

Our study was conducted to document biological changes that occur with increased whole grain
consumption. We hypothesized that compared to the subjects consuming refined grains the whole
grain consumers would have lower concentrations of fasting blood glucose, total cholesterol and LDL,
increased bowel movement frequency, a shift to midrange fecal firmness, and increased abundance of
Bacteroidetes. The three grains most commonly consumed in the United States, wheat, maize, and rice [1]
were used in the grain interventions, which were provided in weekly “market baskets” containing an
array of either whole or refined grain foods. The number of servings per day provided to each subject
was intended to be ~100% of the total grain recommendations for their maintenance calorie level.

We found that measures of fasting blood cholesterol significantly improved with the whole grain
intervention. We also found that bowel movement frequency was significantly improved relative
to percent consumption of the whole grains, and blood glucose tended to decrease as well with
increased percent consumption of whole grains. Additionally, we observed increased abundance of
order Erysipelotrichales, with greater amounts of refined grain consumption.
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2. Materials and Methods

Prior to initiating the study, the study plan and consent form were reviewed by the Institutional
Review Board (IRB) of the University of California-Davis and approved (IRB ID 235561). The study is
registered with clinicaltrials.gov (NCT01403857).

2.1. Subjects and Study Design

This study was a six-week intervention trial that was preceded by a screening period to determine
eligibility and a pre-intervention baseline test visit (Table 1).

Table 1. Study design and procedures.

Screening Baseline Test Day
Six Week Intervention (Each Event
Occurred Weekly)

Post-Intervention Test Day

• Consent to participate
• Determine eligibility

• Fasted blood draw
• Fecal sample collected
• Body composition testing

• Pick up the market basket and
dropping off the last week’s
unconsumed food

• Complete and return logs of:
• market basket consumption
• bowel movements
• gastrointestinal symptoms

• Fasted blood draw
• Fecal sample collected
• Body composition testing

Subjects were consented and went through a screening process to determine if they were eligible
to participate based on inclusion and exclusion criteria. To be included, subjects needed to be healthy
adults, between the ages of 19 to 46 years with body mass index (BMI) 20 to 28 kg/m2. They had to
be “low whole grain consumers” consuming not more than 1 serving of whole grains/whole grain
products per day, on average. This was evaluated using a screener that probed 81 different grain
products including food items like breads, pastas, cereals, and snack bars. Subjects were asked to report
how often they consumed these products by circling the option most appropriate to their consumption
habits from consuming a serving of the product “never or less than once per month”, “1–3 per month”
then one through seven times per week, to the greatest frequency queried “2 per day”. Subjects were
disqualified for the study if they reported consuming seven or more servings of whole grain products
per week. They also reported that their body weight had remained stable (within ±3 kg) for the past
6 months and they were not currently dieting to lose weight. It was also necessary that subjects be able
to prepare and eat the majority of their meals at home.

Potential subjects were excluded if they reported having a diagnosis of type 1 or 2 diabetes
mellitus, gastrointestinal diseases including malabsorption syndromes, chronic inflammatory bowel
disease, colorectal cancer, celiac disease (gluten sensitivity), diverticulitis, Crohn’s disease; regular
use of colonics and/or laxatives; recent (within 3 months) use of antibiotics, appetite suppressants,
mood altering medications, and/or regular use of tobacco/tobacco products. Females were excluded
if they were currently pregnant or were pregnant within the last six months. Eating habits were also
queried, and subjects were excluded if the majority of meals were eaten away from home, in restaurants,
or from fast food establishments. If qualified based on these criteria, a fasting blood sample was sent
to a certified clinical chemistry lab at the University of California at Davis for a comprehensive clinical
chemistry panel and a complete blood count to rule-out existing health problems, of which the subject
may be unaware.

Eligible subjects were randomly assigned in blocks to the control (refined grain market basket) or
treatment (whole grain market basket) groups to achieve a 1:2 ratio of those receiving refined grain
to whole grain. Overall 46 subjects enrolled in the study. Results from the analysis of fasting blood
samples are based on 45 subjects due to a missing post intervention sample; body composition data
were available for only for 43 subjects due to equipment malfunction; gastrointestinal (GI) symptoms
were assessed for 37 subjects due to incomplete record keeping by subjects, microbial analysis was
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performed on 28 subjects due to fecal sample loss or poor reading depth resulting from sequencing.
Table 2 contains information about the subjects.

Table 2. Demographic information of subjects who received refined grain (RG) or whole grain (WG)
market baskets 1.

Subjects
Sex

Age (Years) BMI (kg/m2)

Calculated Daily
Calorie Needs

(kcal/day)

Percent of Market
Basket Consumed

F = Female
M = Male

All Subjects in Sample

Total (n = 46) 25 F, 21 M 25.8 ± 0.9 23.4 ± 0.6 2247.8 ± 48.2 47.1 ± 2.9
RG (n = 11) 3 F, 8 M 24.6 ± 1.6 25.5 ± 2.1 2363.6 ± 96.6 44.7 ± 7.8
WG (n = 35) 22 F, 13 M 26.2 ± 1 22.8 ± 0.5 2211.4 ± 55 47.9 ± 3

1 Values are means ± standard error of the mean (SEM).

2.2. Market Baskets and Consumption Log

The market baskets consisted of foods made of either refined or whole wheat (representing ~75% of
the products), corn (~15%), or rice (~10%). Three grain products were developed for the study:
cookies, muffins and baking mixes; the others were commercially prepared items: bread, ready to eat
cereals, couscous, crackers, pastas, rice, and tortillas (Table 3).

Table 3. Products contained in the market baskets. For reference the 2000 kcal portions are provided.
All products were packaged by the metabolic kitchen, and no original labels or brand names were
attached to the products given to the subjects.

Consumable Refined Grain Products Whole Grain Products Servings/Week

Food Item Description Brand Description Brand At 2000 kcal

Wheat bread White, slices Sysco Classic 100% whole
wheat, slices Hi Vibe 7 slices

Cereal Cornflakes Kellogg’s Wheaties General Mills 5 cups

Cookie Chocolate chip with white
enriched flour

Recipe developed
for study

Chocolate chip with
whole wheat flour

Recipe developed
for study 2 cookies, 2 1

2 inch diameter

Couscous Refined Wheat Giusto Whole Wheat Woodland Farms 1
2 cup prepared + 3 oz. dry

Crackers Goldfish, cheddar, original Pepperidge Farms Goldfish, cheddar,
whole wheat Pepperidge Farms 26 crackers

Corn Muffin Made with finely ground
cornmeal

Recipe developed
for study

Made with whole
kernel cornmeal

Recipe developed
for study 2 muffins

Penne Pasta Semolina Wheat La Bella Semolina Whole Wheat La Bella 1
2 cup prepared + 2 oz. dry

Rice Long-rain, white Sysco Classic Long-grain, brown Sysco Classic 1
2 cup prepared + 4 oz. dry

Spaghetti Semolina Wheat La Bella Semolina, Whole Wheat La Bella 1
2 cup prepared + 2 oz. dry

Tortilla Wheat Mi Rancho Whole Wheat Mi Rancho 1 tortilla (12-inch diameter)

Baking Mix Based on enriched
white flour

Formula developed
for study

Based on whole
wheat flour

Formula developed
for study 1 cup

The contents of the market baskets (number of grain servings per week) were determined based
on the caloric needs of the subjects, determined using the Harris-Benedict equation [22]. The calorie
prescriptions were made in 200-kcal intervals. For example, a subject with an estimated energy
expenditure of 1960 kcals would be provided a 2000 kcal per day basket and would receive six servings
of grains per day, and a total of 42 servings of grains in their weekly market basket. All grain products
were weighed prior to being given to the subjects. At the 2000 kcal level the whole grain market basket
supplied 96 g of fiber, an average of 13.7 g per day whereas the refined grain market basket supplied
29.7 g of fiber, an average of 4.2 g per day. Subjects were asked to maintain their typical diet during the
market basket intervention. We had planned to monitor dietary intake using unannounced multi-pass
24-h recalls collected by phone interview. However, we were unable to obtain a sufficient number of
recalls, and between-interviewer variation was problematic. Thus, we have deemed the 24-h recall
data of poor quality and have chosen not to present those data.
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Subjects were asked to record the type, amount, preparation, as well as date and time of the
grains used from the market basket. The grain products were pre-portioned for the subjects to increase
convenience and help with record keeping in the log books (Figure A1). Subjects were not required
to consume all grain products but where encouraged to replace what they would normally consume
with products from the provided market baskets whenever possible. The log data were compared
with the disappearance data generated by weighing back the returned market basket containing the
prepared or unprepared unused grain products. If there was a discrepancy between the log data
and what was returned in the market basket, in absence of a note from the subject explaining the
discrepancy, the weigh back data was deemed preferred and used in the consumption calculation.
After the initial basket was picked up subjects returned once weekly to return their past week’s unused
food, return their log books, and pick up materials for the following week. The intervention period
was six weeks. The post-intervention test day was scheduled during the sixth week.

2.3. Body Composition

Subject’s body composition was determined using air displacement plethysmometry
(BodPod, COSMED, USA, Inc., Concord, CA, USA) in conjunction with a calibrated digital scale
(Scale-tronic model 6002, Wheaton, IL, USA). Height was determined by a wall-mounted stadiometer
(Ayrton Stadiometer model S100, Prior Lake, MN, USA). Subjects were required to wear tight fitting
clothing such as a bathing suits or compression shorts as well as swim caps prior to entering the
chamber. Subjects were evaluated twice, once in the baseline period and once after the sixth week of
intervention, on both occasions they were tested after an overnight fast.

2.4. Clinical Parameters

Twelve-hour fasting blood samples were obtained by a licensed phlebotomist twice during the
study. Whole blood was sent to the UC Davis Medical Center’s clinical laboratory for analysis of
glucose, lipids, cell counts, and iron status. The first collection occurred at baseline, the second occurred
post intervention.

2.5. Gastrointestinal Symptoms Log Book

GI symptom log books were distributed and collected weekly with the market baskets. The goal
of the logs was to monitor GI tolerability of the market basket products. Subjects were asked to record
the day and time of each bowel movement and rate the consistency of each bowel movement using the
Bristol stool scale [23]. There was also a short questionnaire in the log book that asked subjects to reflect
over the past week when reporting their answers. The questions regarded frequency of experiencing
gas, bloating, abdominal pain, nausea, or flatulence, and responses were recorded on a 5-point Likert
scale [24]. There was a query about experiencing a change in stool and, if so, how they felt about
the change.

2.6. Fecal Collection

A single bowel movement was collected by the subject at baseline and then again post intervention
using a feces collection kit. The kit consisted of a plastic container lined with a ziplock bag,
gloves, pens for labeling, and a hard-sided cooler with dry ice to keep their samples frozen until
they could be delivered to the research center (WHNRC) for immediate storage at −20 ◦C.

2.7. Gut Microbial Community Analysis

The composition of the fecal microbiota was determined by sequencing of bacterial 16S rRNA
genes. Comparisons of the fecal microbiota at baseline and post intervention were used to determine
the change in relative abundance of specific taxa. Bacterial DNA was extracted as previously
described [25]. Briefly, approximately 200 mg of fecal material was placed in a 2 mL screw cap tube
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containing 300 mg of 0.1 mm diameter zirconia/silica beads (Biospec Products, Bartlesville, OK, USA),
the mixture was treated with lysozyme from the QIAamp DNA Stool Mini Kit (QIAGEN) and held for
30 min at 37 ◦C. Next mechanical lysis was performed by bead beating for 1 min, twice, at 6.5 m/s
(FastPrep-24, BP Biomedicals, Santa Ana, CA, USA) in 1.5 mL ASL buffer [25,26]. Finally, the suspension
was heated to 95 ◦C for 5 min while shaking at 500 rpm. DNA was then purified using the QIAamp
DNA Stool Mini Kit (QIAGEN) according to the manufacturer’s instructions.

The V4 region of the 16S rRNA gene was selected for PCR amplification because it has been shown
to faithfully represent the taxonomic profile of microbial communities relative to characterization of
the full length 16S gene sequences [27]. Primers F515 and R806 [28] were used to amplify the 16S
rRNA V4 region from each purified DNA sample. An eight base pair (bp) barcode was present on the
5’ end of primer F515 [29] to facilitate demultiplexing of pooled sequence samples during downstream
analysis. The PCR products were pooled and gel purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA). Amplicons were then sent to the UC Davis Genome Center
(http://www.genomecenter.ucdavis.edu/) for library preparation and paired-end 250 bp sequencing
using the Illumina MiSeq platform (San Diego, CA, USA).

QIIME (Quantitative Insights into Microbial Ecology) [30] was used to join paired ends [31],
quality filter, and demultiplex the sequencing data. Chimeras were identified using USEARCH [32,33]
and removed. Operational Taxonomic Units (OTUs) were picked from the assembled sequences using
the open reference OTU picking method and a threshold of 97% pairwise identity [30]. Very low
abundance (0.005% or less) OTUs were removed prior to statistical analysis [34].

2.8. Statistical Methods

Microsoft Excel (Microsoft, Redmond, WA, USA)) was used to format data.
JMP (JMP ®, Version 12.1.0. SAS Institute Inc., Cary, NC, USA) and R (R, Version 3.3.2, R Foundation for
Statistical Computing, Vienna, Austria) were used for analysis. Data were tested for normal distribution
using the Shapiro–Wilks test of normality and if non-normally distributed transformation using Box
Cox was performed, if transformation was unsuccessful (w above 0.96) nonparametric testing was used.
Body composition data and fasting blood data were analyzed using linear regression and analysis of
variance using baseline measures as a cofactor in the regression model. Gastrointestinal symptoms,
bowel movement frequency, Bristol scores of feces, and microbial abundance could not be normalized
using Box Cox transformations so non-parametric Wilcoxon Signed Ranks tests were used to determine
significance following logistical regression [35]. For the microbial data, OTU counts were rarefied to
a depth of 15,000 sequences per sample prior to analysis. This number was chosen because at this
sequencing depth the number of unique OTUs observed was no longer exponentially increasing.
Samples from two subjects on the whole grain market basket intervention had fewer than 15,000 sequences
and so were discarded prior to analysis. Taxa that were present in at least 2% relative abundance in at
least one sample were analyzed for differential abundance between experimental groups using LefSe [36].
For the purposes of determining fold change, sequence counts of 0, when they occurred, were replaced
with a sequence count of 1. Due to the increased risk of type 1 errors with multiple comparisons,
the Benjamini–Hochberg False Discovery Rate Procedure was implemented to reduce the risk of false
discovery [37].

3. Results

3.1. Market Basket Consumption

There was a wide range of consumption of the market baskets products with refined grain
consumption ranging from 1.1% to 95.1% and whole grain consumption ranging from 18.1% to 97.5%
(Figure 1).
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Figure 1. Range of Market Basket Consumption. Consumption of the refined grain market basket
ranged from 1.1% to 95.1% with the average consumption being 44.7% and a standard error of the
mean of 7.8. Consumption of the whole grain market basket ranged from 18.1% to 97.5% with the
average consumption being 47.9% and a standard error of the mean of 3.0.

3.2. Changes in Body Composition from Baseline to Post-Intervention

Air displacement plethysmometry performed at baseline and post intervention was used to
calculate the change in Body Mass Index (BMI), fat mass, and fat free mass between baseline and
post intervention. Using baseline measures as a cofactor linear regression followed by analysis of
variance were performed in the treatment groups and no significant differences were seen (Table 4).
Similar analysis was performed on each treatment group relative to the percent of the market basket
consumed and significant differences were still not observed (Figure 2).

Table 4. Change in body mass index and body composition over the six-week intervention for refined
grain (RG) and whole grain (WG) and treatments 1,2.

Treatment Change in BMI (kg/m2) Change in Fat Mass (kg) Change in Fat Free Mass (kg)

RG 0.01 ± 0.11 1.13 ± 0.57 −0.45 ± 0.56
WG 0.05 ± 0.10 0.49 ± 0.31 −0.43 ± 0.37

p value 0.846 0.936 0.936
1 Values are reported as the mean ± the standard error of the mean; 2 Change in BMI (RG: n = 11, WG: n = 34),
change in Fat Mass and Fat Free Mass (RG: n = 10, WG: n = 33).
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Figure 2. Changes in Body Composition with Percent Consumption of the Market Baskets.
No significant differences were found using analysis of variance in the change of BMI (RG p = 0.494,
WG p = 0.658), fat mass (RG p = 0.962, WG p = 0.372), or fat free mass (RG p = 0.823, WG p = 0.561) from
baseline to post intervention.

3.3. Changes in Fasting Blood Glucose from Baseline to Post-Intervention

Similar to our findings with body composition, we found there was no significant impact
of the type of market basket consumed on fasting blood glucose and the mean change for both
treatment groups was negligible (RG = −3.00 ± 2.38 mg/dL; WG = −0.29 ± 1.62 mg/dL; p = 0.250).
However, the percent of the WG market basket consumed trended with decreased fasting blood glucose
when looking at the change in blood glucose from baseline to post intervention while controlling for
baseline levels using linear regressions followed by analysis of variance (p = 0.053). This observation
was not replicated with RG market basket consumption (p = 0.590), indicating that a certain quantity
of whole grain consumption may be reducing fasting blood glucose (Figure 3).

Figure 3. Percent of Market Basket Consumed Related to Change in Fasting Glucose.
Increased consumption of the whole grain market basket was related to lower (p = 0.053) fasting
blood glucose in the whole grain treatment, whereas there was a pattern of increased blood glucose
with increased consumption of the refined grain market basket (p = 0.590).

3.4. Changes in Fasting Blood Lipids from Baseline to Post Intervention

When observing the changes in fasting blood lipids from baseline to post intervention
between the RG and WG treatments, while controlling for baseline levels, significant differences
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were seen in total cholesterol (p = 0.018), LDL cholesterol (p = 0.035), and in non-high density
lipoprotein (HDL) cholesterol (p = 0.047) (Figure 4). Negligible changes were seen in HDL
cholesterol (RG = 1.55 ± 1.49 mg/dL; WG = −2.41 ± 1.31 mg/dL; p = 0.178) and triglycerides
(RG = 2.73 ± 14.47 mg/dL; WG = 6.29 ± 8.97 mg/dL; p = 0.799).

Figure 4. Consumption of the Whole or Refined Grain Market Basket Related to Change in Fasting Total,
LDL, and Non-HDL Cholesterol. Consumption of the WG market basket was significantly associated
with lower fasting levels of total cholesterol (p = 0.018), LDL cholesterol (p = 0.035), and non-HDL
cholesterol (p = 0.047) when compared to subjects that consumed the RG market basket.

When comparing fasting lipid levels to percent consumption of the market baskets while
controlling for baseline levels no significant differences were seen in the change in total (RG p = 0.179;
WG p = 0.122), LDL (RG p = 0.0682; WG p = 0.265), HDL (RG p = 0.972; WG p = 0.816), or non-HDL
(RG p = 0.313; WG p = 0.313) cholesterol, or triglycerides (RG p = 0.790; WG p = 0.313).

3.5. Gastrointestinal Tolerability

Gastrointestinal symptoms were reported by subjects in their weekly log books. Table 5 represents
the self-reported gastrointestinal symptoms of bloating or gas, abdominal pain, nausea, flatulence,
changes in stool, change in feelings about changes in stool, bowel movement frequency, and Bristol
stool score for weeks one and six during the market basket intervention.

Table 5. GI symptoms reported at Weeks 1 and 6 of the refined grain (RG) (n = 10) and whole grain
(WG) (n = 27) interventions 1,2.

Treatment Bloating and Gas Abdominal Pain Nausea Flatulence Change in Stool
Feeling about

Change in Stool
Bowel Movement

Frequency
Average

Bristol Score

Week 1 Responses

RG 0.80 ± 0.29 0.70 ± 0.30 0.60 ± 0.31 0.90 ± 0.38 0.8 ± 0.25 2.14 ± 0.25 7.00 ± 0.61 3.18 ± 0.23
WG 0.78 ± 0.20 0.56 ± 0.12 0.38 ± 0.12 1.04 ± 0.24 1.17 ± 0.21 2.14 ± 0.23 8.28 ± 0.65 4.16 ± 0.54

p value 0.824 0.863 0.595 0.573 0.371 0.785 0.397 0.088

Week 6 Responses

RG 0.40 ± 0.22 0.20 ± 0.13 0.10 ± 0.10 0.60 ± 0.31 0.90 ± 0.28 2.00± 0.19 7.00 ± 0.70 3.42 ± 0.25
WG 0.64 ± 0.14 0.44 ± 0.10 0.40 ± 0.14 0.68 ± 0.18 0.92 ± 0.20 2.18 ± 0.23 7.93 ± 0.59 3.41 ± 0.14

p value 0.307 0.198 0.187 0.774 0.952 0.518 0.535 0.959

1 Values are means ± SEM. 2 Higher values represent increases in symptoms, frequency, changes, positive feelings,
or firmness of feces while lower numbers represent decreases in symptoms, frequency, changes, positive feelings, or
firmness of feces.

The average bowel movement frequency for subjects during the sixth week of the intervention
was compared to the average grain product consumption (percent consumed) by rank (50% or higher
consumption verses less than 50% consumption) by subject in each treatment group, respectively.
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Using logistical regression and Wilcoxon Rank Sum testing, it was determined that there was a
significant increase in bowel movement frequency with increased consumption of the whole grain
market basket (p = 0.046). There was no association between increased frequency and the refined grain
treatment (p = 0.407) (Figure 5).

Figure 5. Percent of market basket consumed related to bowel movement frequency. The association
between bowel movement frequency and percent of market basket consumed for refined grain
consumers (left panel) and whole grain consumers (right panel) as determined by logistical regression
and Wilcoxon Rank Sum testing. The refined grain treatment represents data from ten subjects;
the whole grain treatment represents data from 27 subjects. There is a significant positive association
with whole grain consumption (p = 0.046), but not with refined grain consumption (p = 0.407).

3.6. Fecal Microbiota Analysis

To determine if there were significant changes in the gut microbial community mediated by diet,
which could then potentially influence changes in the health parameters observed, we sequenced the
16S rRNA V4 region of the bacterial DNA in subject stool collected at baseline and after six weeks
of either WG or RG market basket consumption. A total of 2,983,060 sequences were obtained after
quality filtering with an average of 48,100 sequences per sample. Two subjects in the WG market
basket treatment were excluded from the microbiota analysis because one each of their samples was
not sequenced sufficiently to effectively represent the overall community structure.

Overall, Firmicutes was the most relatively abundant phylum detected in our subjects, as has
previously been observed in studies examining urban adult human gut microbiota using stool
samples [38,39]. The second most abundant phylum was Actinobacteria with Bacteroidetes coming
in third. The high proportion of Actinobacteria in our samples was driven primarily by a high
representation of the genus Bifidobacterium, which composed as much as 40% of one sample prior to
whole grain market basket consumption and was present at a median 10% and 16% relative abundance
at baseline prior to WG and RG market basket consumption, respectively. Change in abundance during
market basket consumption was not significant and this might be explained by the high levels present
prior to consumption (Figure 6).

Although there was no significant difference in the relative abundance of any particular taxa
between experimental groups, six of eight individuals consuming a high proportion (50% or greater)
of the WG market basket showed increased relative abundance of Akkermansia and Lactobacillus,
while two of three individuals consuming a high proportion of the RG market basket showed
decreased relative abundance of this organism. There was also a trend for increased abundance
of order Erysipelotrichales (p = 0.023) with high (50% or greater) RG market basket consumption. In our
dataset, order Erysipelotrichales included unidentified members of family Erysipelotrichaceae and the
genera Eubacterium and Catenibacterium (Figure 7).
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(a) (b)

Figure 6. Relative proportion of taxa in each experimental group. The relative proportion of taxa at
baseline (B) and post intervention (P) for the refined grain (RG) and whole (WG) treatments: (a) the
relative proportion of bacteria at the phylum level; and (b) the relative abundance of bacteria at the
most specific level of classification available. In both panels, taxa present at a median of 1% relative
abundance in the data set are shown. Taxa present at lower than 1% median relative abundance are
grouped into the “Other” category.

(a) (b)

Figure 7. Variation in specific taxa during market basket consumption. Log2 fold change in abundance
of bacteria at either high (50% or more) or low (49.99% or less) levels of consumption of the market
baskets from baseline to post intervention for: refined grain (a); and whole grain (b). Taxa shown were
present in at least 2% relative abundance in at least one sample. Dots seen in the graphs represent
outliers. The findings of interest were an increase in the relative abundance of Akkermansia and
Lactobacillus with high whole grain market basket consumption and a decrease with high refined grain
consumption, as well as the increased abundance of the order Erysipelotrichales (p = 0.023) with high
refined grain consumption.
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4. Discussion

Consumption of the whole grain market basket products for six weeks was associated with a
significant decrease in total, LDL, and non-HDL cholesterol compared to subjects consuming the
refined grain market basket. Health parameters including fasting glucose, and bowel movement
frequency were associated with a higher percentage of consumption of the whole grain market basket.
No significant differences were seen when comparing the change from baseline to post intervention
between treatment groups for the following parameters: BMI, fat mass, fat free mass, glucose, HDL,
triglycerides, gas or bloating, abdominal pain, nausea, self-reported change in stool, feelings about
changes in stool, bowel movement frequency, Bristol stool score, or abundance of microbiota.

4.1. Fiber Intake

Market baskets were designed to mimic the types of grain products typically consumed by
Americans as closely as possible, which is why the baskets featured a majority of wheat products
(~75%), some maize products (~15%), and rice (~10%), since those proportions are similar to the
national availability of those grains as reported by USDA Economic Research Service [1]. The whole
and the refined grain market baskets were matched as closely as possible in terms of types of foods
provided, but the difference in the amount fiber between market baskets was substantial. At the
2000 kcal level, the whole grain market basket supplied 96 g of fiber, an average of 13.7 g per day,
whereas the refined grain market basket supplied only 29.7 g of fiber, an average of 4.2 g per day,
if all of the products were consumed. The average consumption of the market basket in this study,
when rounded, was 47 percent. Thus, subjects in the refined grain group were consuming only
about 2 g per day of fiber from the provided grain products whereas the whole grain subjects were
consuming about 7 g per day of fiber from the grain products. Even though this is an average of a
five-gram difference in fiber consumption between the grain treatments, whole grains at this percent
consumption are not contributing a significant amount of fiber to the daily diet. Fibers such as beta
glucan have been shown to reduce cholesterol and LDL with as small a dose as three grams per
day [40]. However, the major sources of fiber in wheat are arabinoxylans, hemicellulose, and only very
small amounts of beta glucan [41]; corn fibers are hemicellulose, arabinose, xylan, lignin, and resistant
starch [42]; and rice contains cellulose, pectic fibers (arabinans, arabinogalactans, and galacturonans)
and hemicellulose [21,43–46]. Not much is known about the dietary impacts of these individual fibers.
Since background diet was not evaluated during the intervention it is possible that subjects in the
whole and refined grain treatment groups were consuming vegetable and or fruit fiber at different
levels from each other. Assuming we were successful at disqualifying habitual medium or high whole
grain consumers, we were confident that the enrolled subjects were not consuming a large amount
of cereal fiber outside of the intervention. Not having a reliable estimate of the subject’s fiber intake
outside of the intervention limits any conclusions we can draw about fiber intake during the study,
and how the difference in fiber provided by the market baskets may have influenced the outcome of
individual subjects.

4.2. Fasting Glucose

When comparisons were made taking into account what percentage of the market basket was
consumed, a nearly significant trend was observed: as whole grain consumption increased fasting
glucose levels decreased. A potential mechanism behind this theory is that due to the increased
fiber of whole grains they remain as larger particles post mastication and so potentially are more
challenging to mechanically and enzymatically degrade resulting in lower, longer releases of glucose
into the blood stream and subsequently a more gradual secretion of insulin. However, this effect
may not explain why a decrease in glucose might exist after something as long as a 12-h overnight
fast [47–50]. Another potential mechanism that may explain the persistence of decreased glucose
levels with increased consumption of whole grains, even after an overnight fast, is that the increase in
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fiber from whole grains may alter metabolism in the microbiota increasing the production of short
chain fatty acids (SCFA) like propionate and acetate due to continued exposure to fiber from the
whole grains. Propionate is known to stimulate enteroendocrine L cells to increase the release of
glucagon-like peptide-1 (GLP-1) which increases the responsiveness of insulin to glucose as well as
inhibiting gastric emptying [51–53]. In a human study, supplementation with propionate was shown
to decrease glucose peaks and two-hour glucose area under the curve [54]. Acetate may be able to
alter appetite and satiety signaling in the brain without use of gut hormone intermediaries, and has
been shown to reduce fasting glucose levels in humans [55,56]. Reduced blood glucose has been
seen postprandially in the literature with boiled barley, whole rye, whole wheat, and brown rice in
comparison to refined grain interventions [46,57,58]. Fasting glucose has been shown to decrease with
acute interventions of wheat bran in mice [50] and with acute interventions of whole wheat, whole oats,
and whole barley in rats [59]. There is some literature suggesting that whole grains do not have an
effect on glycemic control. For example Ampatzoglou and colleagues showed no significant impact of
increasing whole grain consumption from 24 or more grams per day to at least 80 g per day for six
weeks, on blood glucose [13]. Another study by Kristensen and colleagues compared acute whole
grain wheat and refined grain wheat consumption and failed to show significant differences in blood
glucose up to 180 min after feeding [60]. Since only a trend towards decreased glucose levels was
observed in our study no strong conclusions can be drawn, but it is clear that future research will be
needed to definitively understand if beginning or increasing whole grain consumption may effect
glycemic control, and if so why.

4.3. Blood Lipids

Fasting total, LDL, and non-HDL cholesterol decreased with consumption of the whole grain
market basket, whereas no significant changes were seen with these lipids in the refined grain group.
Whole grain consumption has been shown to improve lipid profiles [12]. In rats diets high in maize
have been shown to reduce LDL [61]. In humans diets rich in whole wheat have been shown to reduce
total cholesterol when given at a dosage of 48 g per day [15,19]. Most of the research on the lipid
lowering effects of whole grains has been performed with oats, which are rich in beta glucan, a fiber
that has been clinically shown to lower cholesterol [40]. Oats were not featured in this study and while
whole wheat contains very small amounts of beta glucan, maize and rice do not [21,41]. The current
understanding of this lipid lowering property of whole grains is that it is due to their increased fiber
content as compared to their refined grain counterparts [8,41].

Assuming whole grain intake replaces refined grain intake this diet alteration would be expected
to increase fiber intake, thereby initiating the following signaling cascade. Fiber increases the viscosity
of the foodstuffs in the stomach which may delay gastric emptying and affect satiety signaling.
In the duodenum the increased viscosity may also alter nutrient release from the chyme and thus
affect nutrient sensing, which could have far reaching consequences including lipid metabolism and
processing [62]. The better established and accepted mechanism for increased fiber intake decreasing
blood cholesterol levels is through sequestration of bile salts resulting in their loss in feces instead
of their reabsorption back into the intestine, which results in the body needing to use cholesterol to
manufacture more bile salts, thus decreasing blood cholesterol concentrations [58,63]. The existing
literature suggests that in some cases increasing whole grains consumption does not affect lipid
levels. This was seen in the previously discussed mixed increased whole grain consumption study by
Ampatzoglou and colleagues [13]. Odes and colleagues also performed a study on humans using a
mixed grain fiber supplement providing 12.5 g of fiber daily for two or four weeks and found that
it had no effect on HDL or LDL cholesterol [64]. However, the findings of the current study indicate
that inclusion of a combination of whole grain wheat, corn and rice in the diet for six weeks led to
decreased fasting total, LDL, and non-HDL cholesterol levels compared to consuming the refined
grain counterparts.
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4.4. Fecal Frequency

While there was no difference in average bowel movement frequency across the six-week
intervention, there was there a significant difference in frequency with relation to percent of the whole
grain market basket consumed when looking at only the sixth week of intervention. Bowel movement
frequency increased significantly with increased whole grain consumption in Week 6 while there was
only a slight, non-significant increase in the refined grain intervention. Whole grains have been shown
to decrease intestinal transit time, thereby increasing bowel movement frequency [8,41,65,66]. In a
recent review of 65 intervention studies, it was found that intake of wheat fiber, such as is found in
wheat bran, a component of whole grain wheat, was shown to decrease transit time by about 45 min
per gram of wheat fiber consumed, if the initial transit time was more than 48 h [67]. In a meta-analysis
of 65 intervention studies utilizing cereal fibers from wheat, rye, corn, oats, barley, sorghum, and rice,
investigators reported that, if the initial transit time was more than 48 h, cereal fiber reduced transit
time by 30 min per gram consumed [68]. The mechanism for this is generally thought to be fecal
bulking due to the increased fiber from increasing whole grain intake causing water retention in the
feces which improves transit time [8,69]. Consuming whole grain barley has been shown to increase
average fecal weight compared to the stool weight of refined grain consumers [65] and consumption
of a high fiber cereal made of wheat, corn, oats, and soybeans was shown to increase bowel movement
frequency compared to a similar low fiber cereal in humans [70]. It must be noted that bowel movement
frequency was self-reported in our study and was not measured pre-intervention at baseline. There was
also a trend towards increased bowel movement frequency observed in the refined grain intervention,
thus the validity of the increase should be interpreted with caution.

4.5. Microbiota

Increasing intake of whole grain wheat, maize, and barley have all been shown to alter the
human gut microbiota, potentially through increasing the availability of fiber, but possibly due to
other functional components in the whole grains such as polyphenols [14].

However, in this study no significant changes in microbial community composition were detected
with consumption of the whole or refined grain market baskets. This is not necessarily surprising,
given that in this pilot study subjects were free-living and the market basket comprised only about
16% of their expected calorie intake at the average level of consumption.

Although no significant differences were detected between the whole and refined grain treatments
this does not empirically mean that there were not changes in the microbial community that were
simply unable to reach statistical significance with our small sample size. Additionally, it is possible
that changes occurred in the metabolic pathways or activity of the microbiota over the course of
this investigation that could be detected with metatranscriptomic, metabolomics, or proteomic
analysis [71]. For example, changes in the production of metabolic byproducts such as short chain fatty
acids can occur without necessitating changes in bacterial composition [72–74]. Alterations in bacterial
metabolism can occur due to changes in pH, oxygen tension, or substrate availability, to name a few [75].

Based on studies seen in the literature it was expected that the increase in dietary fiber from
the consumption of 50% of more of the whole grain market basket would initiate an increase in the
abundance in Bifidobacterium [19,76–78]. At baseline, high levels of Actinobacteria were seen, largely
due to an enrichment of Bifidobacterium. Enrichment of Actinobacteria has previously been observed in
expectant mothers in the third trimester of pregnancy [79], however since subjects were excluded if
pregnant it is unclear to us why Actinobacteria was so abundant at baseline. It is possible that subjects
were consuming a significant amount of dietary fiber from a non-whole grain source prior to the
study, which could have selectively enriched Bifidobacterium [80]. If this were the case, background diet
variability may have acted as a confounding factor obscuring the expected increase in the abundance
of Bifidobacterium. The average fiber intake for American adults is 17.0 g per day with grain products as
well as mixed dishes (containing grains) make up nearly half (46%) of the intake, whereas vegetables
account for 16%, snacks and sweets for 13% and fruits 12% [81].
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The trend towards increased relative abundance of Akkermansia and Lactobacillus with high whole
grain consumption seen in this study has been previously observed with a whole grain barley feeding
study in rats [82]. Increases in the abundance of Lactobacillus have also been seen in humans after a
diet rich in whole grain barley [83] and whole grain wheat [19]. While this trend was not significant,
we feel it is a noteworthy observation since increases in Akkermansia are associated with reduced
endotoxemia, improved inflammatory tone, and potentially weight loss [84–87]. Lactobacillus are often
taken as probiotics due to their ability to exclude pathogenic bacteria and prevent or shorten episodes
of diarrhea [88].

An increase in the abundance of the order Erysipelotrichales was seen in this study in the three
individuals that consumed 50% or more of the refined grain market basket. Increased abundance
of Erysipelotrichales has also been reported in canines with a diet high in refined maize and low in
fiber [89], in mice with high fat diets [90], in mouse models of acute inflammatory colitis [91], and in
humans with Crohn’s disease [92]. Within the order Erysipelotrichales, the genera Eubacterium and
Catenibacterium as well as unidentified members of family Erysipelotrichaceae were observed, although
no significant differences were detected at the family or genus levels. Eubacterium has been seen in
lower abundance in individuals with metabolic syndrome [93] and advanced colorectal adenoma [94].
Catenibacterium has been observed to be enriched in individuals with end stage renal disease [95]
and to be depleted in individuals with higher risk for cardiovascular disease [96]. Erysipelotrichaceae
has been observed as being enriched with obesity, Western-type diets, and increased host cholesterol
metabolites [97].

4.6. Limitations

A serious limitation of the study was the small sample size. The study enrolled 46 subjects but
due to technical problems with instrumentation and only partial cooperation of some of our research
volunteers, we have missing data for some variables reported here. Most notably fecal samples from
only 28 subjects were available for microbiota analysis. Of those 28 subjects used for the microbiota
analysis the ratio of sexes was not balanced. There was a 1:2 ratio of females to males in the refined
grain treatment and about a 3:1 ratio of females to males in the whole grain treatment. When observing
gut microbiota there is enormous variation between subjects, and within subjects, so it is difficult to
detect the signal above the noise, as it were, especially with a small population of subjects. Only having
one baseline and one post intervention blood draw and fecal collection was another limitation. Much
of the data were collected through self-report which introduces its own complexities and errors,
especially when it concerns dietary record keeping, however pre-weighing and re-weighing the market
baskets was used to improve the accuracy of those data. Background diet was attempted to be assessed
with phone interviews using the multi-pass 24 hour recall method, however subject cooperation was
extremely poor so the data collected were not considered to be representative of the usual diet intake.
Due to this limitation, we cannot say with certainty that subjects did maintain their habitual diet,
creating another possible source of error. Estimated fiber intake from the market basket products
was calculated, not determined directly by analysis, so it is possible that the quantity of grain fiber
consumed was erroneous. However, since those values were then averaged across the week and by all
subjects in the treatment group, this might improve the reliability of the estimations. Analysis was
done for body composition, blood work, and GI symptoms using linear regression which can only be
used to discover medium to large effects with a sample size as small as those utilized in this study;
small changes many have occurred but would not have been detectable. This limits the ability to
conclude with certainty that changes did not occur if no difference was detected in our analysis.

5. Conclusions

The results of this paper indicate that increasing the consumption of whole grains in
habitual low-whole grain consumers may significantly lower fasting measures of total, LDL,
and non-HDL cholesterol.
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The trend towards decreased fasting glucose with increased whole grain consumption came
tantalizingly close to significance, and was not seen when the same analysis was done with those
receiving the refined grain intervention. Due to the tight regulation of blood glucose in healthy
individuals, it is not surprising that changes to fasting levels would be subtle and challenging to detect
without large groups of homogenous subjects. The fact that a strong trend was seen indicates that a
true effect may be present and detectable with better study design.

The increase in bowel movement frequency seen with increased consumption of whole grains
during the sixth week of the intervention is supported by existing literature and meta-analyses,
however given that no baseline measurements were taken, the sample size was small (n = 37), the data
rely solely on self-report, and that the same pattern was seen in the refined grain intervention this
finding must be interpreted with some reservations.

Microbial analysis was conducted on 28 subjects, and we did not have the power needed to detect
anything but very large changes in the microbial community. The only significant change seen was
an increase in abundance of the order Erysipelotrichales in the three individuals that consumed 50%
or more of the refined grain market basket. This finding cannot reasonably be interpreted to say that
other changes to the microbiota were not occurring, since there was not enough power in the analysis
to validate that inference. The microbial analysis performed in this study was exploratory and should
not be interpreted without the many caveats discussed above.

6. Future Research

Given the small sample size and limited sample collection, future research would be necessary
to definitively describe changes in health parameters seen with increased whole grain consumption.
This study does indicate that whole grains may be an important food type for improving fasting
cholesterol and glucose levels, as well as increasing bowel movement frequency. Due to the fact that
some changes in health parameters only became apparent in subjects who consumed at least 50% of
the whole grain market basket, another direction for future research would be to determine what
level of whole grain consumption affords the most beneficial health effects. Due to differences in the
composition and level of fibers, vitamins, minerals, and digestibility of different grains, it would also
be important to consider exactly which whole grains are being studied and whether they are similar to
the grains, and preparations of grains, seen in the population relevant to the study. Another possible
direction for future research would be to compare the whole grains typically consumed in the US
(wheat, corn, and rice) to other sources of whole grains such as oats, barley, and rye for which more
definitive health effects have been documented. Then, recommendations could be further refined to
include not only the total quantity of whole grains, but also more specifically for the types of grains
consumed based on the potential health benefit.

It is likely that the improvements seen from increasing whole grain consumption come from the
increases in fiber consumption, but future research is necessary to confirm this assertion and determine
if other functional components of the whole grains contribute to health benefits. Regardless of how
whole grains exert their effects, increasing whole grain consumption can reduce the gap between the
recommended consumption of fiber and current fiber intake in the US.
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Appendix A

(a) (b)

Figure A1. Images of the 2000 kcal market baskets: (a) the refined grain basket; and (b) the whole
grain basket.
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Abstract: This study investigates the effectiveness of two types of prebiotics—stachyose and
raffinose—which are present in staple food crops that are widely consumed in regions where dietary
Fe deficiency is a health concern. The hypothesis is that these prebiotics will improve Fe status,
intestinal functionality, and increase health-promoting bacterial populations in vivo (Gallus gallus).
By using the intra-amniotic administration procedure, prebiotic treatment solutions were injected
in ovo (day 17 of embryonic incubation) with varying concentrations of a 1.0 mL pure raffinose
or stachyose in 18 MΩ H2O. Four treatment groups (50, 100 mg·mL−1 raffinose or stachyose) and
two controls (18 MΩ H2O and non-injected) were utilized. At hatch the cecum, small intestine,
liver, and blood were collected for assessment of the relative abundance of the gut microflora,
relative expression of Fe-related genes and brush border membrane functional genes, hepatic ferritin
levels, and hemoglobin levels, respectively. The prebiotic treatments increased the relative expression
of brush border membrane functionality proteins (p < 0.05), decreased the relative expression of
Fe-related proteins (p < 0.05), and increased villus surface area. Raffinose and stachyose increased the
relative abundance of probiotics (p < 0.05), and decreased that of pathogenic bacteria. Raffinose and
stachyose beneficially affected the gut microflora, Fe bioavailability, and brush border membrane
functionality. Our investigations have led to a greater understanding of these prebiotics’ effects on
intestinal health and mineral metabolism.

Keywords: raffinose; stachyose; brush border membrane; iron; prebiotics

1. Introduction

Iron (Fe) deficiency is the most common nutrient deficiency worldwide, affecting between 30%
and 40% of the world’s population [1,2]. Those who suffer from this condition can experience fatigue,
cognitive impairment, and death [3]. The prevalence of Fe deficiency in these geographical regions can
be attributed to the populations’ consumption of low-diversity plant-based diets including cereals and
legumes, which contain low amounts of bioavailable Fe as well as compounds such as polyphenols
that further inhibit Fe absorption [4,5]. Dietary Fe deficiency and other dietary mineral deficiencies
stem from a lack of essential nutrients in staple food crops, and thus health sectors have turned to
various agricultural interventions as potential solutions. A form of intervention that shows great
promise is biofortification. Biofortification refers to the use of traditional breeding practices to bring
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about significant increases in bioavailable micronutrients in the edible portions of food crops [6,7].
Once biofortified, the seedlings of staple foods crops can be distributed to farmers who are already
experienced in growing these particular crops. In fact, biofortified crops are found to have a multitude
of agronomic benefits for farmers due to their high micronutrient stores, including disease resistance,
improved seed viability, greater seedling vigor, lower seeding rate requirements, and faster root
establishment—all of which lead to increased productivity relative to the original seedlings [7].
Another sustainable aspect of this solution is that once biofortified varieties are grown, they will
not continue to require government attention or funding [7].

However, a major challenge associated with biofortification of staple food crops—namely cereal
grains and legume seeds—in developing regions is that they contain factors such as polyphenols
and phytic acid that inhibit the absorption of Fe [8]. When these crops are biofortified via
conventional breeding, there is the potential for these inhibitory factors to increase along with
Fe [9–11]. Despite containing inhibitory factors, cereal grains and legumes also carry other substances,
referred to as promoters, which have the potential to counteract the effects of these inhibitory factors.
Thus, one prospective solution to the aforementioned dilemma is to increase the content of these
promoter substances to counteract the negative effects of the inhibitory factors such as polyphenols [9].
One of the most notable of these promoter substances is the prebiotic [9,12].

Prebiotics are polysaccharides that have been shown to enhance the growth and activities
of probiotics, or beneficial gut microflora. These compounds are capable of surviving acidic and
enzymatic digestion in the small intestine, and thus can be fermented by probiotics that reside in the
colon/cecum [6]. The fermentation of prebiotics by probiotics leads to the production of short-chain
fatty acids, which lower intestinal pH, inhibiting the growth of potentially pathogenic bacterial
populations and improving the absorption of minerals such as Fe [7]. Raffinose and stachyose were
chosen as the prebiotics for investigation in this study, since they are found in high concentrations in
lentils and chickpeas [8], which are staple crops consumed by populations in which Fe deficiency is a
health concern [5]. Previously, we demonstrated the effects of the wheat prebiotics arabinoxylans and
fructans on intestinal probiotics [12] as a potential approach to improving Fe bioavailability in staple
food crops and gut health.

In the current study, raffinose and stachyose effects were studied in vivo by utilizing the poultry
model (Gallus gallus). The broiler chicken is a fast-growing animal with sensitivities to dietary
deficiencies of trace minerals such as Fe [13], and is very receptive to dietary manipulations [9,12–14].
Additionally, there is >85% homology between gene sequences of human and chicken intestinal genes
such as DMT1, DcytB, ZnT1, and Ferroportin [15]. Thus, one objective of this study is to assess the
effects of intra-amniotic raffinose and stachyose administration on Fe status in vivo (Gallus gallus),
an animal model that has been used to investigate the physiological effects of various nutritional
solutions [16,17]. Specifically, the expression of Fe metabolism-related genes (DMT1, the major Fe
intestinal transporter; DcytB, Fe reductase; and Ferroportin, the major intestinal enterocyte Fe exporter),
in the duodenum (the major Fe absorption site). The second objective in using this model is to assess
the effects of raffinose and stachyose on brush border membrane (BBM) development and functionality
using biomarkers for BBM absorptive ability such as the relative expressions of aminopeptidase (AP),
sucrase isomaltase (SI), and sodium glucose cotransporter-1 (SGLT1), as well as the surface areas of the
intestinal villi. The third objective is to evaluate the effects of the intra-amniotic administration
of these prebiotics on intestinal bacterial populations by measuring the relative abundances of
probiotic health-promoting populations bacteria such as Bifidobacterium and Lactobacillus versus those
of potentially pathogenic bacteria such as E. coli and Clostridium.

The goal in investigating these effects is to determine whether raffinose and stachyose may be
candidates for biofortification in staple food crops. If they demonstrate the ability to improve Fe status,
BBM functionality, and intestinal bacterial populations, breeding lentils and chickpeas for increased
stachyose and raffinose content may potentially eliminate the need for exogenous Fe supplementation
by increasing the bioavailability of Fe in these crops. The distribution of biofortified crop seedlings
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would serve as a sustainable means of combating malnutrition in developing regions where dietary Fe
deficiency is common.

2. Materials and Methods

2.1. Animals and Design

Cornish cross-fertile broiler chicken eggs (n = 120) were obtained from a commercial hatchery
(Moyer’s chicks, Quakertown, PA, USA). The eggs were incubated under optimal conditions at the
Cornell University Animal Science poultry farm incubator.

2.2. Intra-Amniotic Administration

All animal protocols were approved by Cornell University Institutional Animal Care and Use
committee (ethic approval code: 2007-0129). Pure stachyose and raffinose in powder form were
separately diluted in 18 MΩ H2O to determine the concentrations necessary to maintain an osmolarity
value of less than 320 Osm to ensure that the chicken embryos would not be dehydrated upon injection
of the solution. This intra-amniotic administration procedure followed that of Tako et al. [12]. On day
17 of embryonic incubation, eggs containing viable embryos were weighed and divided into 6 groups
(n = 12) with an approximately equal weight distribution. The intra-amniotic treatment solution (1 mL
per egg) was injected with a 21-gauge needle into the amniotic fluid, which was identified by candling.
After injection, the injection sites were sealed with cellophane tape. The six groups were assigned as
follows: 1. 5% stachyose (in 18 MΩ H2O); 2. 10% stachyose (in 18 MΩ H2O); 3. 5% raffinose (in 18 MΩ
H2O); 4. 10% raffinose (in 18 MΩ H2O); 5. 18 MΩ H2O; 6. non-injected. Eggs were placed in hatching
baskets such that each treatment was equally represented at each incubator location.

2.3. Tissue Collection

On the day of hatch (day 21), birds were euthanized by CO2 exposure. The small intestines,
ceca, blood, and livers were quickly removed from the carcasses and placed in separate tubes for
storage. The samples were immediately frozen in liquid nitrogen and then stored in a −80 ◦C freezer
until analysis.

2.4. Isolation of Total RNA

Total RNA was extracted from 30 mg of small intestine (duodenal) tissue using Qiagen RNeasy
Mini Kit. RNA was quantified by absorbance at 260–280 nm. Integrity of the 28S and 18S rRNA was
verified by 1.5% agarose gel electrophoresis followed by ethidium bromide staining.

2.5. Gene Expression Analysis

As was previously described [9,12,13], RT-PCR was carried out with primers chosen from the
fragments of chicken duodenal tissues. After the completion of PCR, the results were run under gel
electrophoresis on 2% agarose gel stained with ethidium bromide for separation of the target genes
(DMT1, Ferroportin, DcytB, AP, SI, SGLT1). Quantity One 1D analysis software (Bio-Rad, Hercules,
CA, USA) was utilized to quantify the resulting bands. Highly conserved tissue-specific 18S rRNA
was used as internal standard to normalize the results.

2.6. Bacterial Analysis

As was previously described [18–20], the contents of the ceca were placed into a sterile 50 mL
tube containing 9 mL of sterile phosphate-buffered saline (PBS) and homogenized by vortexing with
glass beads. Debris was removed by centrifugation. For DNA purification, the pellet was treated with
lysozyme. The bacterial genomic DNA was isolated using a Wizard Genomic DNA purification kit.
Primers for Lactobacillus, Bifidobacterium, Clostridium, and E. coli were designed according to previously
published data by Zhu et al. in 2002 [19]. The universal primers—which identify all known strains of
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bacteria in the intestine—were prepared with the invariant region in the 16S rRNA of bacteria, and
were used as internal standard to normalize the results. The DNA samples underwent PCR, and the
amplified results were loaded on 2% agarose gel stained with ethidium bromide and underwent
electrophoresis for separation. Then, the bands were quantified using Quantity One 1-D analysis
software (Bio-Rad, Hercules, CA, USA). Abundance of individual bacterial gene expression was
measured relative to the universal primer product, where the total bacteria equaled 100%.

2.7. Assessment of Liver Ferritin

As was previously described [9,14], the collected liver samples were treated similarly to the
procedures described in a previous study by Passaniti et al. in 1989 [21]. Approximately 0.25 g
of liver sample was diluted into 0.5 mL of 50 mM Hepes buffer (pH 7.4) and homogenized on
ice using an UltraTurrax homogenizer at maximum speed (5000× g) for 2 min. Each homogenate
was subjected to heat treatment for 10 min at 75 ◦C to aid isolation of ferritin. The samples were
immediately cooled on ice for 30 min after heat treatment, centrifuged at 13,000× g for 30 min until a
clear supernatant was obtained, and the pellet containing insoluble denatured proteins was discarded.
Native polyacrylamide gel electrophoresis was utilized for separation technique. Six percent separating
gel and 5% stacking gel were prepared for the procedure. A constant 100 V voltage was administered
throughout the process. The resulting gels were then treated with two specific stains: potassium
ferricyanide (K3Fe(CN)6)—a stain specific for Fe—and Coomassie blue G-250 stain, specific for protein
in general. The Fe-stained bands represented ferritin levels, and were compared to the corresponding
bands in the Coomasie-stained gel to calculate relative abundance of ferritin (ferritin-to-total-protein
ratio). Gels were scanned by using the Bio-Rad densitometer and measured using the Quantity-One
1-D analysis program (Bio-Rad, Hercules, CA, USA). Horse spleen ferritin was used as a standard to
calibrate ferritin/Fe concentrations. Ferritin saturation levels were measured by calculating relative
percentage of Fe present in the protein to the maximum number of Fe atoms that can be present per
molecule of ferritin (approximately 4500 Fe atoms) [22].

2.8. Blood Analysis and Hb Measurements

Blood was collected using micro-hematocrit heparinized capillary tubes (Fisher Scientific,
Waltham, MA, USA). Blood Hb concentrations were determined spectrophotometrically using the
cyanmethemoglobin method (H7506-STD, Pointe Scientific Inc., Canton, MI, USA) following the kit
manufacturer's instructions.

2.9. Morphological Examination of the Intestinal Villi

As was previously described [17], intestinal samples (duodenal region as the main intestinal
Fe absorption site) at day of hatch from each treatment were fixed in fresh 4% (vol/vol) buffered
formaldehyde, dehydrated, cleared, and embedded in paraffin. Serial sections were cut at 5 μm and
placed on glass slides. Sections were deparaffinized in xylene, rehydrated in a graded alcohol series,
stained with hematoxylin and eosin, and examined by light microscopy. Morphometric measurements
of villus height and width were performed with an Olympus light microscope using EPIX XCAP
software. Villus surface area was calculated from villus height and width at half height.

2.10. Goblet Cell Diameter

Morphometric measurements of goblet cell diameter were performed with an Olympus light
microscope using EPIX XCAP software.
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2.11. Statistical Analysis

Results were analyzed by one-way multiple analysis of variance (MANOVA) using the JMP
software (SAS Institute Inc., Cary, NC, USA). Differences between treatments were compared by
Tukey’s test, and values were statistically different at p < 0.05 (values in the text are means ± SEM).

3. Results

3.1. Intestinal Content Bacterial Genera- and Species-Level Analysis

The relative abundance of both Bifidobacterium and Lactobacillus—which are known to be
probiotics—significantly (p < 0.05) increased in the presence of both concentrations of stachyose and
raffinose. The relative abundance of E. coli did not significantly (p > 0.05) increase or decrease in the
presence of the prebiotic treatment solutions compared to the controls. Clostridium’s relative abundance
significantly (p < 0.05) decreased in the presence of both concentrations of stachyose and raffinose
compared to the controls (Figure 1). These results indicate that stachyose and raffinose improved gut
health by promoting the survival of probiotics and limiting the existence of potentially pathogenic
bacterial populations. The presence of these probiotics was expected to give rise to an increase in
short-chain fatty acid production and an increase in Fe solubility, and in turn, Fe bioavailability.

3.2. BBM Functional Genes

The relative expressions of AP, SI, and SGLT1 were all significantly (p < 0.05) up-regulated in
the presence of both concentrations of stachyose and raffinose (Figure 2). The up-regulation of the
expression of BBM functional genes signifies increased absorptive ability of the BBM, which indicates
improved functionality and gut health [23].

3.3. Fe Metabolism Genes

The relative expressions of DcytB, DMT1, and ferroportin were all significantly (p < 0.05)
down-regulated in the presence of both concentrations of stachyose and raffinose (Figure 2).
The down-regulation of these genes is in turn suggested to be an indicator of Fe-replete conditions.
This is a potential biomarker for improved Fe status.

3.4. Cecum-to-Body-Weight Ratio

The cecum-to-bodyweight ratios were significantly (p < 0.05) higher in the prebiotic treatment
groups compared to the controls. The ceca of subjects that received stachyose and raffinose increased,
indicating an increase in their content of bacterial populations (Table 1).

3.5. Morphometric Data for Villi

The villus surface areas significantly (p < 0.05) increased in the presence of both concentrations of
stachyose and raffinose (Table 2). This serves as a mechanical measurement of BBM absorptive ability
and improvement in BBM functionality and gut health by indicating that the introduction of stachyose
and raffinose enhanced proliferation of enterocytes.

3.6. Goblet Cell Diameters

The goblet cell diameters significantly (p < 0.05) increased in the presence of both concentrations
of stachyose and raffinose (Table 2).

3.7. Liver Ferritin and Hb

There were no significant (p > 0.05) differences in ferritin or Hb values between treatment groups.
The lack of a significant difference in these physiological measurements of Fe status between groups
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is posited to be because there was not enough Fe in the environment to create a significant change
(Table 3).

Figure 1. Genera and species-level bacterial populations (AU) from cecal contents measured on the
day of hatch. Values are means ± SEM, n = 8. Per bacterial category, treatment groups not indicated by
the same letter are significantly different (p < 0.05).

Figure 2. Duodenal mRNA expression (in AU) of measured brush border membrane (BBM)
functional and Fe metabolism genes on the day of hatch. Values are means ± SEM, n = 8.
Standard errors are represented by vertical bars. Per gene, treatments groups not indicated by
the same letter are significantly different (p < 0.05). AP: aminopeptidase; SI: sucrase isomaltase;
SGLT1: sodium glucose cotransporter-1.
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Table 1. Cecum-to-body weight ratio (%). Values are means ± SEM, n = 12. a,b Treatment groups not
indicated by the same letter are significantly different (p < 0.05).

Treatment Group Cecum/Body Weight Ratio (%)

5% Stachyose 1.67 ± 0.21 a

10% Stachyose 1.63 ± 0.18 a

5% Raffinose 1.83 ± 0.20 a

10% Raffinose 1.55 ± 0.13 a

18ΩH2O 1.35 ± 0.08 b

Non-injected 1.22 ± 0.07 b

Table 2. Effect of intra-amniotic administration of experimental solutions on the duodenal small
intestinal villus surface area (mm2) and goblet cells diameter (μm). Values are means ± SEM, n = 6.
a–e Treatment groups not indicated by the same letter are significantly different (p < 0.05).

Treatment Group Villus Surface Area (mm2) Goblet Cell Diameter (μm)

5% Stachyose 459.2 ± 32.09 a,b 18.2 ± 0.143 c

10% Stachyose 493.8 ± 10.31 a 19.1 ± 0.152 b

5% Raffinose 467.5 ± 35.55 a,b 22.5 ± 0.180 a

10% Raffinose 425.2 ± 24.04 b,c 19.5 ± 0.156 b

18ΩH2O 384.4 ± 14.16 c 15.4 ± 0.123 d

Non-injected 353.1 ± 13.24 c 13.2 ± 0.105 e

Table 3. Liver Ferritin protein amounts (AU) and blood hemoglobin (Hb) concentrations (g/dL).
Values are means ± SEM, n = 10. a Treatment groups not indicated by the same letter are significantly
different (p < 0.05).

Treatment Group Ferritin (AU) Hb (g/dL)

5% Stachyose 0.48 ± 0.09 a 10.7 ± 0.54 a

10% Stachyose 0.48 ± 0.08 a 11.1 ± 0.55 a

5% Raffinose 0.47 ± 0.10 a 10.5 ± 0.68 a

10% Raffinose 0.48 ± 0.09 a 11.0 ± 0.56 a

18ΩH2O 0.47 ± 0.09 a 10.4 ± 0.42 a

Non-injected 0.47 ± 0.07 a 10.3 ± 0.65 a

4. Discussion

This study utilized the Gallus gallus model, as it is a fast growing animal with relatively high
mineral requirements, and hence can develop deficiency considerably quickly [13]. Previous studies
have shown that intra-amniotic administration is useful for investigating the effects of specific nutrients
at particular stages of intestinal development [16,17,24]. According to Ludwiczek et al., intracellular Fe
concentrations play a role in regulating Fe absorption into the enterocytes and are beneficial to bacteria
within the cecum [25].

There was an increased abundance of both Lactobacillus (p < 0.05) and Bifidobacterium (p < 0.05),
and a decrease in Clostridium in the cecal contents of the birds that received the prebiotic treatments.
However, there were no significant differences for E. coli between the groups (p > 0.05), and likewise
a lack of significant differences within and between the raffinose and stachyose groups (p > 0.05) of
same bacterial species (Figure 1). As previously mentioned, Lactobacillus and Bifidobacterium are known
probiotics, whereas Clostridium is a potentially pathogenic genus and E. coli can be either pathogenic
or beneficial, depending on the strain [20,26,27]. Lactobacillus and Bifidobacterium both produce short
chain fatty acids (SCFA), potentially increasing Fe bioavailability and reducing the abundance of
pathogenic bacteria that utilize dietary Fe in the colon [28,29]. Other prebiotic compounds such as
inulin have been shown to enhance the proliferation of selected beneficial colonic microflora [26,30].
Bifidobacterium and Lactobacillus have an advantage over other intestinal microorganisms due to their
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β-1,2-glycosidase activity that allows them to break down prebiotics, resulting in their proliferation
and possibly leading to greater SCFA production [18–20]. Therefore, it is reasonable to suspect that
the intra-amniotic administration of stachyose and raffinose may improve Fe status by inducing
a more efficient Fe uptake and intestinal transferring. In addition to the more efficient Fe uptake,
the cecum-to-bodyweight ratios were higher in the prebiotic treatment groups versus the control
groups (p < 0.05), indicating that the cecal content of chickens that received intra-amniotic prebiotic
solutions was greater than those that did not. This observation is used as an indicator for a potential
increase in cecal bacterial populations (Table 1) [12].

In addition, the expressions of duodenal (the major Fe absorption site) Fe metabolism-related
proteins (DMT1, the major Fe intestinal transporter; DcytB, Fe reductase; and Ferroportin, the major
intestinal enterocyte Fe exporter), was decreased in treatment groups receiving the raffinose and
stachyose solutions versus controls (p < 0.05) (Figure 2). These results are comparable to those
of a previous study conducted on late-term broiler embryos and hatchlings, in which treatment
groups with improved Fe status expressed significantly less Fe-related proteins [31]. The results
suggest that the increased Fe bioavailability led to Fe-sufficient conditions, meaning an increase in
Fe metabolism-related transporters and enzymes were not required (as a compensatory mechanism).
Furthermore, there was no significant differences (p > 0.05) between the two raffinose administered
groups in DMT1 and ferroportin; whereas DcytB actually showed a significant decrease (p < 0.05)
in the 10% versus 5% raffinose (Figure 2). One reasonable explanation is that SCFA produced from
bacteria increases Fe3+ solubility, resulting in more bioavailable Fe that led to the decreased DcytB
expression [16].

The significant increase in the expression of the BBM functionality genes (AP, SI, SGLT1, p < 0.05)
is in agreement with the morphometric measurements, indicating that intra-amniotic administration
of raffinose and stachyose improved BBM functionality and potentially enhanced the absorptive and
digestive capacity of the villi (Table 2). As is evident in the current study, it was previously suggested
that dietary prebiotics increase probiotics’ butyrate production, which may lead to cellular (enterocyte)
proliferation. It was also demonstrated that birds that received intra-amniotic administration of
carbohydrates developed villi with greater surface areas compared to the untreated birds [32].
Scholz-Ahrens et al. (2007) and Preidis et al. (2012) support these results by concluding that some
of their respective prebiotics increase cellular proliferation, which causes the increase in villi surface
area [33,34]. Additionally, we also measured an increase in goblet cell diameter, which suggests an
increased production of mucus that coats the intestinal lumen and effects bacterial composition and
function [35,36].

Overall, the up-regulation of BBM functional proteins, down-regulation of Fe metabolism proteins,
in addition to the increase in the relative abundance of beneficial probiotics, intestinal villi surface
area, and goblet cell diameters, suggest that stachyose and raffinose are promising in their potential
for improving Fe status and BBM functionality.

5. Conclusions

The current research validates the need for future studies that could incorporate these plant
origin prebiotics in long-term feeding trials. The potential breeding of staple food crops such as lentils
and chickpeas for increased stachyose and raffinose contents may serve as a sustainable means of
combating malnutrition in developing regions, which is a strategy that has been proven effective in
wheat [12]. This study served as a preliminary step to provide a greater understanding of the way that
various prebiotics can alleviate dietary deficiencies.
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Abbreviations

Fe iron
Hb hemoglobin
DMT1 divalent metal transporter 1
DcytB duodenal cytochrome B
AP amino peptidase
SI sucrose isomaltase
SGLT-1 sodium glucose transporter 1
BBM brush border membrane
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Abstract: Apples are a rich source of polyphenols and fiber. A major proportion of apple polyphenols
escape absorption in the small intestine and together with non-digestible polysaccharides reach
the colon, where they can serve as substrates for bacterial fermentation. Animal studies suggest
a synergistic interaction between apple polyphenols and the soluble fiber pectin; however, the effects
of whole apples on human gut microbiota are less extensively studied. Three commercial apple
varieties—Renetta Canada, Golden Delicious and Pink Lady—were digested and fermented
in vitro using a batch culture colonic model (pH 5.5–6.0, 37 ◦C) inoculated with feces from three
healthy donors. Inulin and cellulose were used as a readily and a poorly fermentable plant fiber,
respectively. Fecal microbiota composition was measured by 16S rRNA gene Illumina MiSeq
sequencing (V3-V4 region) and Fluorescence in Situ Hybridization. Short chain fatty acids (SCFAs) and
polyphenol microbial metabolites were determined. The three apple varieties significantly changed
bacterial diversity, increased Actinobacteria relative abundance, acetate, propionate and total SCFAs
(p < 0.05). Renetta Canada and Golden Delicious significantly decreased Bacteroidetes abundance and
increased Proteobacteria proportion and bifidobacteria population (p < 0.05). Renetta Canada also
increased Faecalibacterium prausnitzii, butyrate levels and polyphenol microbial metabolites (p < 0.05).
Together, these data suggest that apples, particularly Renetta Canada, can induce substantial changes
in microbiota composition and metabolic activity in vitro, which could be associated with potential
benefits to human health. Human intervention studies are necessary to confirm these data and
potential beneficial effects.

Keywords: apples; polyphenols; proanthocyanidins; fiber; pectin; gut microbiota; in vitro batch
culture fermentation; microbial metabolites; Illumina 16S rRNA gene sequencing; Fluorescence in
situ hybridization (FISH)

1. Introduction

Evidence suggests that plant-derived dietary polyphenols and fiber possess health-promoting
properties [1]. Apples are among the most popular and frequently consumed fruits in the world and
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a rich source of both polyphenols and fiber [2]. Epidemiological and dietary intervention studies
suggest that frequent apple consumption is associated with a reduced risk of chronic pathologies such
as cardiovascular disease, obesity and cancer [2,3]. However, up to 90–95% of dietary polyphenols are
not absorbed in the small intestine [4] and together with non-digestible polysaccharides from apples
reach the colon almost intact, where they can interact with the gut microbiota [2]. This interaction is
reciprocal. Firstly, polyphenols and fiber undergo an extensive microbial bioconversion producing
phenolic acids and short chain fatty acids (SCFAs), respectively, well-known to have positive health
effects [5]. Secondly, polyphenols, fiber and/or their metabolic products modulate the gut microbiota
composition by inhibiting pathogenic bacteria and stimulating beneficial bacteria, therefore acting as
potential prebiotics [5].

Dietary fiber constituents in apples include insoluble fiber, mainly cellulose and hemicellulose
and soluble fiber, mainly pectin. In vitro studies, using human fecal inoculum, have shown that
pectin is fermented to SCFAs (acetate, propionate and butyrate) by several intestinal bacteria genera
including Bacteroides, eubacteria, clostridia and bifidobacteria [6,7]. However, a recent study suggested
a high selectivity at the species level [8]. Apples also contain a variety of polyphenols including
dihydrochalcones, flavonols, hydroxycinnamates and flavanols (catechin and proanthocyanidins
(PAs)) [9]. PAs, the major polyphenolic class in apples, also known as condensed tannins, are oligomers
and polymers of flavanols and the most likely to reach the colon [2]. In an in vitro study, apple PAs
have been shown to be converted to polyphenol microbial metabolites, mainly phenylpropionic,
phenylacetic and benzoic acid derivatives. [10]. The study also reported reduced saccharolytic
fermentation, suggesting potential antimicrobial properties of PAs. However, the specific bacteria
composition was not explored [10].

In vivo, extraction juices from apple pomace, rich in polyphenols and fiber, have been shown
to increase Lactobacillus, Bifidobacterium, Bacteroidaceae species, Eubacterium rectale cluster as well as
SCFAs in rats [11,12]. Licht et al. (2010) [13] considered pectin, among apple components, responsible
for a decrease in Bacteroides spp. and an increase in Clostridium coccoides and butyrate in rats [13].
Likewise, apple pectin restored the Firmicutes/Bacteroidetes ratio to normal in obesity-induced
rats [14]. Decreased Firmicutes/Bacteroidetes ratio was similarly seen in mice with the administration
of apple PAs, which also increased the proportion of Akkermansia [15]. However, a rat cecum
fermentation showed that apple polyphenols and pectin are more effective in combination implying a
synergistic effect [16]. Data available from human studies are still limited [2]. In a small scale trial of
eight people, two apples per day for two weeks significantly increased bifidobacteria while reducing
Enterobacteriaceae and lecithinace-positive clostridia, including C. perfringens [17]. In a more recent
four-week study of 23 healthy subjects, whole apple and pomace intake lowered fecal pH but there
were no changes in gut microbiota composition [18].

Thus, to date, the effects of apple components on gut microbiota have been explored mainly
in animals and using extracted juices [11,12], PAs [15] or pectin [14] alone. There are no in vitro
studies investigating the effects of whole apples using human fecal inoculum and only recently studies
with apple components have focused on the entire gut community instead of targeted taxa [13,15].
The aim of the current work was to assess the effect of three commercial apple varieties—Renetta
Canada, Golden Delicious and Pink Lady—on human gut microbiota composition and metabolic
activity in vitro, compared to inulin (a prebiotic) and cellulose (poorly fermented). Illumina 16S rRNA
sequencing was used to provide a broad picture of the microbial community architecture. Bacteria of
specific interest (i.e., bifidobacteria and Faecalibacterium prausnitzii) were enumerated using the
quantitative 16S rRNA probe based method, FISH. The production of SCFAs (acetate, propionate and
butyrate) was also measured. Finally, disappearance of apple polyphenols and formation of
microbial-derived metabolites were monitored throughout the fermentation using a targeted LC-MS
based metabolomics approach.
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2. Materials and Methods

2.1. Fecal Donors

Fecal donors, two males and one female, were in good health and aged between 30 and 50.
They had not received antibiotic treatment for at least 3 months prior to stool collection, had not
knowingly consumed pre- or probiotic supplements prior to experiment, and had no history of bowel
disorders. The three healthy donors were informed of the study aims and procedures and provided
their verbal consent for their fecal matter to be used for the experiments, in compliance with the ethics
procedures required at the University of Reading and Fondazione Edmund Mach.

2.2. Materials

Enzymes for the apples digestion and chemicals for the batch culture basal nutrient medium
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Applichem (Darmstadt, Germany),
unless otherwise stated. For the chemical standards of polyphenols and microbial metabolites as
well as the LC-MS reagents more information can be found in Vrhovsek et al. (2012) [19] and
Gasperotti et al. (2014) [20].

2.3. Apples and Controls

The three commercial apple varieties, Renetta Canada, Golden Delicious and Pink Lady were
purchased from a local shop in the Trentino region in north Italy. The apples’ macronutrient composition
was analyzed by Campden BRI laboratories, UK, whereas the detailed polyphenol content was
measured in our laboratory in Fondazione Edmund Mach based on Vrhovsek et al. (2012) [19].
Inulin (from dahlia tubers) and cellulose were used as a readily and a poorly fermentable plant
fiber, respectively.

2.4. Preparation of Phospholipid Vesicles

A protocol was followed according to Mandalari et al. (2008) [21], with some modifications,
for the preparation of the phospholipid vesicles and the simulation of the in vitro gastric and
duodenal digestion as described below. Egg L-α-phosphatidylcholine (PC, lecithin grade 1, 99% purity,
Lipid Products, Surrey, UK), 6.5 mL of a stock solution (127 mmol/L in chloroform/methanol),
was placed into a round-bottom flask, and dried under rotary evaporation to make a thin
phospholipid film. The lipid film was further dried overnight under vacuum to remove any remaining
solvent. Then, it was hydrated with the addition of 170 mL of warm saline (150 mmol/L NaCl, pH 2.5,
at 37 ◦C). The flask was flushed with argon to prevent oxidation and was placed in an orbital shaker
(170 rpm, 37 ◦C) for 30 min together with five 2 mm diameter glass beads. A PC nanoemulsion was
then produced using a Branson Ultrasonics sonifier S-450 (Branson Ultrasonics, Danbury, CT, USA)
equipped with a 13 mm titanium horn (30% of amplitude). The temperature of the liquid kept below
60 ◦C with ice.

2.5. In Vitro Gastric and Duodenal Digestion

A ratio of 4 g of apples for 12.4 mL gastric phase volume (acidic saline) considered appropriate
after preliminary experiments and according to Mandalari et al. (2008) [21]. Initially, 96 g of each
apple variety were grated with their skin and added to 146 mL of the sonicated and filtrated PC vesicle
suspension. The pH was adjusted to 2.5 using HCl and acidic saline (150 mmol/L NaCl, pH 2.5) was
added to a total volume of 298 mL. Then, the PC vesicle suspension together with gastric pepsin and
lipase were added so that the final concentrations were 2.4 mmol/L, 146 units/mL and 60 units/mL,
respectively. The digestion was performed in an orbital shaker (170 rpm, 37 ◦C) for 2 h. The in vitro
gastric digestion was followed by duodenal digestion. The pH was raised to 6.5 using NaOH and
the following were added: 4 mmol/L sodium taurocholate, 4 mmol/L sodium glycodeoxycholate,
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11.7 mmol/L CaCl2, 0.73 mmol/L Bis-Tris buffer (pH 6.5), 5.9 units/mL α-chymotrypsin, 104 units/mL
trypsin, 3.2 μg/mL colipase, 54 units/mL pancreatic lipase and 25 units/mL alpha-amylase. The total
volume of 340 mL was reached by the addition of saline (150 mmol/L NaCl, pH 6.5) and the final
PC concentration was 2.1 mmol/L. The duodenal digestion was performed for 1 h in the shaking
incubator (170 rpm, 37 ◦C). Then, samples were transferred to 1 kDa MWCO (molecular weight cut
off) cellulose dialysis tubing (Spectra/Por® 6, Spectrum Europe, Breda, Netherlands) and dialyzed
overnight against NaCl (10 mmol/L) at 4 ◦C to remove low molecular mass digestion products.
The dialysis fluid was changed and dialysis continued for an additional 2 h. Finally, apples were frozen
at −20 ◦C and then freeze-dried until use. Inulin and cellulose (19.2 g each, equivalent with the dry
content of 96 g of apples) were also digested and dialyzed using the same protocol.

2.6. Fecal Batch-Culture Fermentation and Samples Collection

The fermentation profile of the three commercial apples, the prebiotic inulin and the poorly
fermented cellulose was determined using anaerobic, stirred, pH and temperature controlled fecal
batch cultures. Glass water-jacketed vessels (300 mL) were sterilized and filled aseptically with 180 mL
of pre-sterilized basal nutrient medium according to Sanchez-Patan et al. 2012 [22]. The pH was
adjusted to 5.5–6.0 and kept between this range throughout the experiment with the automatic
addition of NaOH or HCI (0.5 M), to mimic the conditions located in the proximal region of the
human large intestine. The medium was then gassed overnight with oxygen free nitrogen to maintain
anaerobic conditions. The following day and before the inoculation, each of the 5 vessels was dosed
with 2 g of the appropriate substrate/treatment (inulin, cellulose, Renetta Canada, Golden Delicious
or Pink Lady) for a final concentration of 1% (w/v). Fresh human fecal samples were collected in an
anaerobic jar and were processed within 1 h. Fecal slurry was prepared by homogenizing the feces in
pre-reduced phosphate buffered saline (PBS). The temperature was set to 37 ◦C using a circulating
water-bath and the vessels were inoculated with 20 mL fecal slurry (10% w/v of fresh human feces)
to a final concentration of 1% (w/v). Batch cultures were run under these controlled conditions for
a period of 24 h, during which samples were collected at 4 time points (0, 5, 10 and 24 h) for FISH,
SCFA, precursors polyphenols and polyphenol microbial metabolites. Pellets were stored at −80 ◦C
for DNA extraction. Fermentations were conducted in triplicate using three healthy fecal donors.

2.7. DNA Extraction, Amplification and Sequencing

DNA was extracted from each sample (available for 0, 10 and 24 h time points) using
the FastDNA Spin Kit for Feces (MP Biomedicals, UK). Nucleic acid purity was tested on
NanoDropTM 8000 Spectrophotometer (Thermo Fisher Scientific). Total genomic DNA was then
subjected to PCR amplification by targeting a ~460-bp fragment of the 16S rRNA variable region
V3-V4 using the specific bacterial primer set 341F (5′ CCTACGGGNGGCWGCAG 3′) and 806R
(5′ GACTACNVGGGTWTCTAATCC 3′) with overhang Illumina adapters. PCR amplification of each
sample was carried out using 25 μL reactions with 1 μM of each primer, following the Illumina
Metagenomic Sequencing Library Preparation Protocol for 16S Ribosomal RNA Gene Amplicons.
The PCR products were checked on 1.5% agarose gel and cleaned from free primers and primer
dimer using the Agencourt AMPure XP system (Beckman Coulter, Brea, CA, USA) following the
manufacturer’s instructions. Subsequently dual indices and Illumina sequencing adapters Nextera
XT Index Primer (Illumina) were attached by 7 cycles PCR (16S Metagenomic Sequencing Library
Preparation, Illumina). The final libraries, after purification by the Agencourt AMPure XP system
(Beckman), were analyzed on a Typestation 2200 platform (Agilent Technologies, Santa Clara, CA, USA)
and quantified using the Quant-IT PicoGreen dsDNA assay kit (Thermo Fisher Scientific) by the
Synergy2 microplate reader (Biotek). Finally, all the libraries were pooled in an equimolar way
in a final amplicon library and analyzed on a Typestation 2200 platform (Agilent Technologies,
Santa Clara, CA, USA). Barcoded library was sequenced on an Illumina® MiSeq (PE300) platform
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(MiSeq Control Software 2.0.5 (Illumina, San Diego, CA, USA) and Real-Time Analysis software 1.16.18
(Illumina, San Diego, CA, USA)).

2.8. Sequence Data Analysis

Demultiplexed sequences were further processed using the Quantitative Insight Into Microbial
Ecology (QIIME) open-source software package [23] using the following workflow: Forward and
reverse Illumina reads (300 bp each) were joined using the fastq-join method [24], quality filtering was
performed using 19 as the minimum Phred quality score and chimeric sequences were identified and
removed using usearch 6.1. Then, sequences were assigned to operational taxonomic units (OTUs)
using the QIIME implementation of UCLUST algorithm at 97% similarity threshold [25]. Representative
sequences for each OTU were assigned to different bacterial taxonomic levels -phylum (p.), class (c.),
order (o.), family (f.) and genus (g.)—by using Greengenes database release (May 2013).

The number of sequences collected that fulfilled quality control requirements (Phred quality
score ≥20) yielded 1,647,935 (Sequence length mean ± SD, 450 ± 12). After removing chimeric
sequences, a total of 1,621,799 reads remained, meaning that the used usearch61 algorithm reduced
the dataset by approximately 1.6%. Using 97% as a homology cutoff value 4530 species-level OTUs
were identified. For alpha and beta diversity tests all samples were subsampled to an equal number of
reads (11,708 reads per sample which constitutes to 90% of the most indigent sample in the dataset).
For further downstream analysis, the dataset was filtered to consider only those OTUs that were
present in all samples at a relative abundance >0.005% (486 OTUs).

2.9. Enumeration of Bacterial Groups with Fluorescence In Situ Hybridization (FISH)

Changes in bacterial populations were determined using genus- and group-specific 16S rRNA
gene-targeted oligonucleotide probes, labeled with Cy3 fluorescent dye, applying the FISH method [22].
The used oligonucleotide probes were: Bif164 specific for the Bifidobacterium spp. [26] and Fpra655
specific for the Faecalibacterium prausnitzii genus [27]. For total bacterial cell stain, the fixing of the
samples onto the Teflon slides was performed as normal and the slides were incubated for 10 minutes
in 50 mL of PBS with the addition of 50 μL of SYBR Green to a final concentration of 1:1000 [28].

2.10. Analysis of Short Chain Fatty Acids (SCFAs)

Analysis of SCFAs was performed using the method by Zhao et al. (2006) [29] with slight
modifications. Briefly, 1 mL aliquots of 10% (w/v) fecal suspension in sterile 1 M PBS (pH 7.2)
were dispensed into 1.5 mL tubes and centrifuged at 13,000× g for 5 min to pellet bacteria and
other solids. Supernatants were then transferred into clean 1.5 mL tubes and frozen at 20 ◦C until
required. On the day of the analysis samples were defrosted on ice and acidified to pH 2–3 by the
addition of one volume of 6 M HCl to three volumes of sample. After 10 min incubation at room
temperature, samples were centrifuged at 13,000× g for 5 min and filtered using a 0.2 μm polycarbonate
syringe. One volume of 10 mM 2-ethylbutyirc acid was added to four volumes of sample as the internal
standard. Calibration was done using standard solutions of acetic acid, propionic acid, i-butyric acid
and n-butyric acid (Sigma-Aldrich, Schnelldorf, Germany) in acidified water (pH 2). SCFAs were
determined by gas-liquid chromatography coupled with mass spectrometry on a Thermo Trace GC
Ultra (Thermo Fisher Scientific, Austin, TX, USA) fitted with a FFAP column (Restek Stabilwax-DA;
30 m × 0.25 mm; 0.25 μm fth) and a flame-ionization detector. Peaks were integrated using Thermo
Scientific Xcalibur data system (Thermo Fisher Scientific, Austin, TX, USA). All SCFAs showed a linear
range between at least 0.5–20 mM with a coefficient of linearity R2 > 0.999. LOD and LOQ were
below 0.5 mM.

2.11. Analysis of Precursor Polyphenols and Polyphenol Microbial Metabolites

The determination of precursor polyphenols was performed according to Vrhovsek et al.
(2012) [19] whereas the polyphenol microbial metabolites according to Gasperotti et al. (2014) [20].
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Briefly, a previously developed targeted metabolomic method was performed with an
ultra-performance liquid chromatographic system coupled to tandem mass spectrometry system
with electrospray ionization (UHPLC-ESI-MS/MS). Before injection, batch culture supernatants were
defrosted, centrifuged (13,000 rpm, 5 min), filtered (0.22 μm) and trans-cinnamic acid-d5 (5 μg/mL)
was added as the first internal standard. Then, samples were dried under nitrogen and reconstituted
in methanol:water (1:1, v/v) containing rosmarinic acid (1 μg/mL) as the second internal standard.
Samples were finally shaken for 10 min in an orbital shaker, centrifuged for 5 min at 16,000 rpm and
injected (2 μL) into the UHPLC–MS/MS system. Data processing was performed using Waters
MassLynx 4.1 (Waters, Milford, CT, USA) and TargetLynx software (Waters, Milford, CT, USA).
Details of the liquid chromatography and mass spectrometry are described in Vrhovsek et al. (2012) [19]
and Gasperotti et al. (2014) [20].

2.12. Statistical Analysis

For the sequencing data analysis, the QIIME pipeline version 1.9.1 [23] was used. Within community
diversity (alpha diversity) was calculated using observed OTUs, Chao1 and Shannon indexes with
10 sampling repetitions at each sampling depth. Analysis of similarity (ANOSIM) and the ADONIS
test were used to determine statistical differences between samples (beta diversity) following the
QIIME compare_categories.py script and using weighted and unweighted phylogenetic UniFrac
distance matrices. Principal Coordinate Analysis (PCoA) plots were generated using the QIIME
beta diversity plots workflow. The biplot function was used to visualize samples and taxa in the
PCoA space. For the rest of the data analysis the SPSS IBM version 21 (SPSS Inc., Chicago, IL, USA)
was used. One-way ANOVA was used to determine differences between fermentation treatments
(inulin, cellulose, Renetta Canada, Golden Delicious and Pink Lady) at the same time point (0, 5, 10
or 24 h), followed by the least significant difference (LSD) post hoc test. A repeated measures ANOVA
was used to explore the differences within the same treatment/vessel (inulin, cellulose, Renetta Canada,
Golden Delicious or Pink Lady) with all the time points (0, 5, 10 and 24 h) as within factor and with
LSD as the post hoc test. In addition to these analyses, the p values were corrected using false discovery
rate (FDR) to account for multiple testing at the lower bacterial taxonomical level (67 taxa). p ≤ 0.05
was considered statistically significant.

3. Results

3.1. Composition of Apples

The fiber and polyphenol content of the three fresh apples is shown in Table 1 (detailed nutrient
composition analysis is presented in the Supplementary File, Table S1). Renetta Canada had the highest
total polyphenol content (276 mg/100 g) followed by Golden Delicious (132 mg/100 g) and Pink Lady
(94 mg/100 g). The total fiber content was similar among the apple varieties (Table 1).

Table 1. Composition analysis of Renetta Canada, Golden Delicious and Pink Lady *.

Components Renetta Canada Golden Delicious Pink Lady

Total dietary fiber (AOAC) (g/100 g) 2.6 2.4 2.4
Soluble fiber (AOAC) (g/100 g) 1.6 1.3 0.9

Insoluble fiber (AOAC) (g/100 g) 1.0 1.1 1.5
Polyphenols (mg/100 g)

Flavanols
(+)—Catechin 1.07 0.16 0.17

(−)—Epicatechin 10.9 2.8 2.8
Procyanidin B1 6.6 0.95 0.78

Procyanidin B2 + B4 (as B2) 18.3 6.1 4.8
Proanthocyanidin (as cyanidin) 169.2 91.5 62.1
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Table 1. Cont.

Components Renetta Canada Golden Delicious Pink Lady

Hydroxycinnamates
Chlorogenic acid 61 18.7 17.5

Neochlorogenic acid 0.04 0.04 0.01
Cryptochlorogenic acid 0.98 0.67 0.15

Flavonols
Quercetin-3-glucoside 0.99 6.9 3.1

Quercetin-3-rhamnoside 0.65 2.7 1.7
Rutin 0.09 0.44 0.19

Kaempferol-3-rutinoside 0.002 0.011 0.002
Isorhamnetin-3-glucoside 0.001 0.002 0.001

Dihydrochalcones
Phlorizin 5.9 1.5 0.8

Anthocyanins
Cyanidin 3-galactoside 0.006 0.017 0.027
Benzoic Acid Derivatives

Vanillin 0.008 0.006 0.003
Vanillic acid 0.001 0.003 0.002

* For each apple variety a mixture of three fresh whole apples was analyzed.

3.2. Changes in Fecal Bacterial Alpha and Beta Diversity

The diversity of gut microbiota within a community was measured with alpha diversity indices
(within-sample richness), in particular the number of observed OTUs, the Chao1 estimator of species
richness and the Shannon entropy and these are shown in Figure 1. At 0 h there were no differences
between the treatments. At 10 h the observed OTUs, species richness (Chao1) as well as Shannon
entropy were significantly lower with all the apple treatments compared to inulin or cellulose. At 24 h
the same statistical differences as the 10 h time point were shown for the observed OTUs and species
richness, with the exception of Shannon entropy, where Renetta Canada and inulin had lower values
compared to the other apples or cellulose (p < 0.05). All alpha diversity indices decreased over time
within every treatment throughout the fermentation (p < 0.05).

When the bacterial diversity between samples (for all the data set) was examined (beta diversity)
a clustering was shown according to fecal donor (ANOSIM and ADONIS test, p = 0.01 and p = 0.001
(R2 = 34%), respectively) (Figure 2) and time point (ANOSIM and ADONIS test, p = 0.01 and p = 0.001
(R2 = 11%), respectively) (Figure S1), as demonstrated with principal coordinate analysis (PCoA)
based on an unweighted (qualitative) phylogenetic UniFrac distance matrix. The clustering was less
distinct but still significant according to donor (ANOSIM and ADONIS test, p = 0.01 and p = 0.001
(R2 = 29%), respectively) and time (ANOSIM and ADONIS test, p = 0.01 and p = 0.001 (R2 = 30%),
respectively) when based on a weighted (quantitative) phylogenetic UniFrac distance matrix (Figure 2
and Figure S1, respectively). There was no significant effect of treatment on beta diversity for all
the data set together (all time points and donors), ANOSIM test, p = 0.81 and p = 0.59 and ADONIS
test, p = 0.95, R2 = 7% and p = 0.55, R2 = 8.5%, according to an unweighted and a weighted UniFrac
distance matrix, respectively (Figure S2). The 6 core genera which influenced overall variance the
most in the samples were Bacteroides, Bifidobacterium, Megamonas, Ruminococcaceae unassigned genus,
Lachnospiraceae unassigned genus and Faecalibacterium (Figure 2, Figures S1 and S2).
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(A)

 
(B)

Figure 2. Principal coordinate analysis (PCoA) plots of 16S rRNA gene profiles based on (A) unweighted
(qualitative) and (B) weighted (quantitative) phylogenetic UniFrac distance matrices calculated from
a rarefied OTU table (11708 reads per sample) showing a clustering between donors (ANOSIM and
ADONIS test, p = 0.01 and p = 0.001, respectively) for the whole data set (24-h in vitro batch
culture fermentations inoculated with human feces (n = 3 healthy donors) and administrated with
inulin, cellulose, Renetta Canada, Golden Delicious and Pink Lady as the substrates/treatments).
Samples were analyzed at 0, 10 and 24 h. Each color represents a different donor. The gray spherical
coordinates indicate taxonomic vectors of the 6 most prevalent taxa at the genus level. The size of
each sphere is proportional to the mean relative abundance and approximates the causing variance
throughout the plotted samples.

3.3. Fecal Bacterial Relative Abundance at the Phylum Level

The total sequence reads used in this study were classified into 7 phyla and one phylum was
noted as unassigned. In particular, the bacterial communities, at time 0 h in all cultures, were dominated
by bacteria belonging to Firmicutes (58–64%), Bacteroidetes (27–34%), Actinobacteria (5–7%) and
Proteobacteria (1.5–2.0%) phylum, whereas a small percentage (0.1–0.3%) belonged to Cyanobacteria,
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Lentisphaerae, Tenericutes and an unassigned phylum (Figure 3). Treatment did not have any
significant effect on the relative abundance of phylum level at time 0 h and 10 h. However, at time
24 h Actinobacteria relative abundance differed significantly among all five treatments (p = 0.017),
where supplementation with all the apple varieties led to a higher abundance compared to cellulose
(p < 0.05). Focusing on changes over time for each treatment separately (Figure 3), Firmicutes abundance
remained unaffected, whereas Bacteroidetes significantly decreased over time with inulin (p = 0.012),
Renetta Canada (p = 0.002) and Golden Delicious (p = 0.019). Actinobacteria proportion was significantly
increased over time with all the apple varieties (Renetta Canada, p = 0.05, Golden Delicious, p = 0.011
and Pink Lady, p = 0.018). Finally, Proteobacteria abundance was also significantly increased with
cellulose (p = 0.021), Renetta Canada (p = 0.012) and Golden Delicious (p = 0.02) (Figure 3).

Figure 3. Changes in bacterial phyla (relative abundances (%)) throughout 24-h in vitro batch culture
fermentations inoculated with human feces (n = 3 healthy donors) and administrated with inulin,
cellulose, Renetta Canada, Golden Delicious and Pink Lady as the substrates (treatments). Samples were
analyzed at 0, 10 and 24 h. Values are mean (%) with SEM (the negative error value is shown).
Other bacteria represent Cyanobacteria, Lentisphaerae, Tenericutes and an unassigned phylum.
* Significant differences from the 0 h time point within the same treatment (p < 0.05, FDR corrected).

3.4. Fecal Bacterial Relative Abundance at the Genus Level

At the lowest taxonomic level, 67 distinct bacterial taxa were detected. Of these, 46 were identified
at the genus level, 15 at the family level, 5 at the order level and one was unassigned. At 0 h
there were no differences between the treatments in bacterial taxa relative abundance. At 10 h,
treatment had an effect on the abundance of g. Oscillospira, g. Ruminococcus, g. Parabacteroides,
g. Bilophila, unassigned f. Lachnospiraceae, unassigned f. Mogibacteriaceae and unassigned and
unclassified o. Clostridiales, which remained significant after the FDR correction for multiple testing
for o. unassigned Clostridiales and f. Mogibacteriaceae, with cellulose administration showing higher
proportions of these taxa compared to the other treatments (Table 2). Notably, Bifidobacterium g.
abundance differed among all treatments at 10 h, with the highest proportion after Renetta Canada
and Golden Delicious administration, however, this lost significance with FDR correction (Table 2).
Significant differences, before correction, between treatments were also observed at 24 h on the
relative abundance of g. Faecalibacterium, g. Butyricimonas, g. Bifidobacterium and unassigned o.
Clostridiales. Additional details on the relative abundance of bacterial taxa at 10 and 24 h for the
different treatments are shown in Table 2. Focusing on changes over time for each treatment separately,
there were significant changes in the relative abundance of specific taxa however, these were not
always significant after correction and presented as supplementary information (Table S2).
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3.5. Changes in Selected Fecal Bacterial Populations Measured with FISH

Changes in Bifidobacterium spp., Faecalibacterium prausnitzii and total bacteria were also assessed by
FISH (Figure 4). At 0 h there were no significant changes between the treatments. At 5 h bifidobacteria
numbers increased significantly with Renetta Canada compared to cellulose (p = 0.004) and inulin
(p = 0.047); bifidobacteria also increased with Golden Delicious as the treatment compared to cellulose
(p = 0.007). At 10 h bifidobacteria and total bacteria increased significantly with all the apple varieties
compared to cellulose (p < 0.05); with total bacteria also increasing with inulin compared to cellulose
(p = 0.009). Bifidobacteria also increased at 10 h with Renetta Canada compared to inulin (p = 0.036).
At 24 h Faecalibacterium prausnitzii increased significantly with Renetta Canada compared to the other
apples (p < 0.05). All apple varieties and inulin increased Faecalibacterium prausnitziii compared to
cellulose (p < 0.05). Inulin and Golden Delicious also had higher Faecalibacterium prausnitziii numbers
at 24 h compared to Pink Lady (p = 0.004 and p = 0.032 respectively) (Figure 4). Finally, at 24 h total
bacteria increased significantly with all the apple varieties and inulin compared to cellulose (p < 0.05).

Following changes over time for the same treatment, a significant increase in bifidobacteria
population, from 0 h, was observed for Renetta Canada (compared to 5, 10 and 24 h (p < 0.05)) and
Golden Delicious (compared to 10 and 24 h (p < 0.05)). Furthermore, inulin also increased Bifidobacterium
spp. at 5 h (p = 0.044) compared to the 0 h value, but to a lesser extent compared to Renetta Canada and
Golden Delicious. Faecalibacterium prausnitzii population was significantly higher after 24 h only for
Renetta Canada compared to 0 h (p = 0.049), while it decreased significantly after the administration of
cellulose (at 24 h compared to 0 h, p = 0.02). Apart from the cellulose treatment (significant decrease at
10 h, p = 0.028) there were no significant changes over time in total bacteria population with any of the
other treatments (Figure 4).
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Figure 4. Changes in bacterial populations ((A) Bifidobacterium spp.; (B) Faecalibacterium prausnitzii and
(C) Total Bacteria) throughout 24-h in vitro batch culture fermentations inoculated with human feces
(n = 3 healthy donors) and administrated with inulin, cellulose, Renetta Canada, Golden Delicious
and Pink Lady as the substrates (treatments). Samples were collected at 0, 5, 10 and 24 h. Results are
expressed as log10 cells/mL of batch culture medium and values are mean ± SEM of the three
fermentations. Significant differences (p < 0.05) between treatments at the same time point are
indicated with different letters. * Significant differences (p < 0.05) from the 0 h time point within
the same treatment.

3.6. SCFAs Production

Changes in SCFAs concentrations over time with the different treatments are shown in Table 3.
All apples varieties significantly increased the concentration of acetic, propionic and total SCFAs (p < 0.05),
but only Renetta Canada increased butyric acid among the apples (p < 0.05). Inulin significantly increased
the concentrations of acetic, butyric and total SCFAs (p < 0.05) but these remained lower compared
to the apple varieties. Cellulose increased butyric acid and total SCFAs but to a much lesser extent
compared to inulin and the apple varieties (p < 0.05). There were no significant changes between the
treatments at the same time point (0, 5, 10 or 24 h).

3.7. Changes in Precursor Polyphenols

A list of the precursor polyphenols and polyphenol microbial metabolites together with their
multiple reaction monitoring (MRM) conditions are presented in Table S3. Changes in the concentration
of precursor polyphenols, during the fecal fermentation, are shown in Table S4. Proanthocyanidin,
kaempferol-3-rutinoside, rutin, isorhamentin-3-glucoside and cyanidin 3-galactoside were measured
only in fresh apples whereas procyanidin A2, quercetin, kaempferol, isorhamnetin, laricitrin, phloretin,
luteolin and ellagic acid were measured only in batch cultures.

Changes between the three apple varieties were observed at 0 h. In particular, Renetta Canada
treatment resulted in significant higher concentrations of (+)-catechin, (−)-epicatechin, procyanidin
A2, procyanidin B1, phloretin, phlorizin and vanillin compared to Golden Delicious and Pink Lady
(Table S4). On the other hand, treatment with Golden Delicious resulted in higher (p < 0.05) levels of
quercetin-3-glc compared to Pink Lady and Renetta Canada and higher quercetin-3-rha compared
to Renetta Canada (Table S4). There were no significant changes in the concentration of precursor
polyphenols at 5, 10 or 24 h.

Changes in the concentration of precursor polyphenols were observed over time throughout the
fecal fermentation of the three apple varieties. In particular, significant reductions throughout the
fermentation were detected for (+)-catechin (Renetta Canada), (−)-epicatechin (Renetta Canada and
Golden Delicious), procyanidin A2 (Renetta Canada, Golden Delicious and Pink Lady), neochlorogenic
acid (Golden Delicious), cryptochlorogenic acid (Golden Delicious), quercetin-3-glc (Renetta Canada,
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Golden Delicious and Pink Lady), quercetin-3-rha (Renetta Canada, Golden Delicious and Pink Lady),
kaempferol (Renetta Canada), isorhamnetin (Renetta Canada), phlorizin (Renetta Canada and Golden
Delicious) and vanillin (Renetta Canada and Golden Delicious) (Table S4).

Table 3. SCFA concentrations (mmol/L) throughout 24-h in vitro batch culture fermentations
inoculated with human feces (n = 3 healthy donors) and administrated with inulin, cellulose, Renetta
Canada, Golden Delicious and Pink Lady as the substrates (treatments).

Substrate Time (h)
Acetic Acid
(mmol/L)

p a Propionic
Acid (mmol/L)

p a Butyric Acid
(mmol/L)

p a Total SCFAs
(mmol/L)

p a

Inulin

0 2.2 ± 0.1

0.050

0.8 ± 0.1

0.185

1 ± 0.3

0.013

4.1 ± 0.6

0.049
5 9.5 ± 5.4 2.8 ± 1.4 4.4 ± 2.8 16.8 ± 9.6
10 11 ± 2.1 2.9 ± 0.8 5.5 ± 1 * 19.3 ± 3.3 *
24 17.3 ± 2.1 * 6.9 ± 2.6 11 ± 0.5 * 35.4 ± 4.6 *

Cellulose

0 4.8 ± 2.9

0.062

1.4 ± 0.8

0.062

1.2 ± 0.6

0.041

7.5 ± 4.2

0.022
5 5 ± 1.3 1.9 ± 0.5 2.3 ± 0.2 * 9.2 ± 2.3
10 13.5 ± 5.2 3.3 ± 1 2.8 ± 0.6 19.5 ± 5.6 *
24 13.1 ± 1.1 3.4 ± 0.1 3.5 ± 1 20 ± 1.5

Renetta Canada

0 1 ± 0.1

0.034

0.5 ± 0.1

0.020

0.5 ± 0.1

0.025

3 ± 0.3

0.044
5 11.5 ± 2.7 4.6 ± 2.6 2 ± 0.5 18.1 ± 3.9
10 19 ± 2.2 * 5.6 ± 2.1 3.7 ± 0.6 *,# 28.4 ± 1.8 *
24 28.1 ± 6 *,# 8.8 ± 2.6 #,ˆ 16.9 ± 6.1 53.7 ± 11.4 *

Golden Delicious

0 2 ± 0.4

0.034

0.6 ± 0.1

0.016

0.5 ± 0.2

0.057

3.1 ± 0.7

0.008
5 13.9 ± 5.8 4.2 ± 1.6 1.9 ± 0.7 20 ± 6.7
10 15.3 ± 3 * 4.7 ± 1.9 4.9 ± 1.6 25 ± 3.1 *
24 23.7 ± 2.8 * 7.8 ± 1.9 #,ˆ 13.3 ± 5.1 44.8 ± 7.2 *,#

Pink Lady

0 1.8 ± 0.3

0.049

0.5 ± 0.1

0.020

0.4 ± 0.1

0.044

2.7 ± 0.5

0.040
5 8.3 ± 2.3 3.2 ± 1.5 1.1 ± 0.2 12.6 ± 2.9
10 22.8 ± 8 6 ± 2.2 4 ± 1.2 32.8 ± 9.7
24 26.2 ± 3.8 *,# 8.8 ± 2 #,ˆ 13 ± 2.8 48 ± 7.9 *,#,ˆ

Results are expressed as mmol/L of batch culture medium and values are mean ± SEM of the three fermentations.
a Difference over time within the same treatment (ANOVA). * Significant different from 0 h time point p < 0.05,
# Significant different from 5 h time point, p < 0.05, ˆ Significant different from 10 h time point, p < 0.05.

3.8. Formation of Polyphenol Microbial Metabolites

The formation of polyphenol microbial metabolites throughout the fecal fermentation of the
three apple varieties is shown in Figures 5 and 6. Significant increases were observed over
time for 3-hydroxyphenylacetic acid (Renetta Canada and Pink Lady, p = 0.034 and p = 0.043,
respectively), 3,4-dihydroxyphenylacetic acid (Renetta Canada, p = 0.05), 3-(4-hydroxyphenyl)propionic
acid (Pink Lady, p = 0.009), hydroferulic acid (Renetta Canada, p = 0.046), 4-hydroxybenzoic acid
(Pink Lady, p = 0.017) and pyrocatechol (Pink Lady, p = 0.049). In contrast, significant decreases
throughout the fermentation were shown for caffeic acid (Renetta Canada and Golden Delicious,
p = 0.000 and p = 0.001, respectively), p-coumaric acid (Renetta Canada and Golden Delicious, p = 0.001
and p = 0.001, respectively), trans-ferulic (Renetta Canada and Golden Delicious, p = 0.002 and p = 0.003,
respectively) and trans-isoferulic (Renetta Canada, p = 0.001), as these metabolites can also appear as
precursor polyphenols in apples (Figure S3). There were no significant changes in the concentration of
the polyphenol microbial metabolites between the three apple varieties when each time point (0, 5, 10 or
24 h) was explored separately, with the exception of caffeic acid and p-coumaric acid (significantly higher
concentration with Renetta Canada fermentation compared to Golden Delicious and Pink Lady at 0 h)
and t-ferulic acid (significantly higher concentration with Renetta Canada compared to Pink Lady at 0 h).
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Figure 5. Changes in phenylacetic ((A) 3-Hydroxyphenylacetic acid; (B) 3,4-Dihydroxyphenylacetic
acid and (C) Homovanillic acid) and phenylpropionic acid ((D) 3-(3-Hydroxyphenyl)propionic acid;
(E) 3-(4-Hydroxyphenyl)propionic acid and (F) Hydroferulic acid) derivatives throughout 24-h in vitro
batch culture fermentations inoculated with human feces (n = 3 healthy donors) and administrated
with Renetta Canada, Golden Delicious and Pink Lady as the substrates (treatments). Samples were
collected at 0, 5, 10 and 24 h. Results are expressed as ng/mL of batch culture medium and values are
mean ± SEM of the three fermentations. * Significant differences (p < 0.05) from the 0 h time point
within the same treatment.
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Figure 6. Changes in benzoic acid derivatives ((A) Gallic acid; (B) 4-Hydroxybenzoic acid;
(C) Protocatechuic acid and (D) Pyrocatechol) throughout 24-h in vitro batch culture fermentations
inoculated with human feces (n = 3 healthy donors) and administrated with Renetta Canada, Golden
Delicious and Pink Lady as the substrates (treatments). Samples were collected at 0, 5, 10 and 24 h.
Results are expressed as ng/mL of batch culture medium and values are mean ± SEM of the three
fermentations. * Significant differences (p < 0.05) from the 0 h time point within the same treatment.

4. Discussion

The present in vitro study showed that whole apples can effectively modify both the human fecal
microbiota composition and metabolic output. Effects on the bacterial community were observed at
phylum and genus/species level. Actinobacteria relative abundance increased with all the tested apple
varieties (Renetta Canada, Golden Delicious and Pink Lady). Increases in Actinobacteria have been
observed in humans after intake of pectin [30], resistant starch [31] and pomegranate extract [32] and
in rats fed with wild blueberries [33]. This increase can be explained by Bifidobacterium spp. growth,
an important member of the Actinobacteria phylum. Although this did not remain significant with
Illumina sequencing after multiple testing correction in the current study, the FISH results showed
that Bifidobacterium spp. population increased significantly after the administration with Renetta
Canada and Golden Delicious varieties. Notably, Bifidobacterium is considered a beneficial member of
the gut microbiota by inhibiting the growth of pathogens, synthesizing certain vitamins (e.g., folate)
and reducing serum cholesterol [2]. This observation is consistent with previous studies showing
a bifidogenic effect with extraction juices from apple pomace in rats [12] and with the administration of
two apples daily for two weeks in eight human subjects [17]. In contrast, Masumoto et al. (2016) [15],
using a high throughput metagenomics technique, have reported decreased relative abundance of
Bifidobacterium in diet-induced obese mice after the administration of apple PAs [15]. In our study,
inulin, a known prebiotic, increased bifidobacteria to a lesser extent than apples. Inulin structure can
affect its utilization by gut bacteria and many isolated bifidobacteria cannot utilize long-chain inulin [8]
but they can grow on short-chain length structures (i.e., fructo-oligosaccharides) [34]. The inulin
in the current study was a commercial isolate from dahlia tubers and details of its structure were
not available.

Within the Firmicutes phylum, Faecalibacterium prausnitzii population (measured with the quantitative
FISH) increased with Renetta Canada administration. F. prausnitzii is a key butyrate-producer,
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with anti-inflammatory properties, that may offer potential health benefits, especially in patients
with inflammatory bowel disease (IBD) [35,36]. Renetta Canada increased butyrate, a major energy
source for the colonocytes, which is particularly beneficial to the gut mucosa [37]. In support of our
results F. prausnitzii strains have been shown to utilize apple pectin for growth [8,38] and increase
butyrate concentration [13,39]. F. prausnitzii levels were unaffected by Golden Delicious and Pink Lady,
and although the concentration of pectin was not determined, Renetta Canada had 19% and 44%
higher soluble fiber content compared with Golden Delicious and Pink Lady, respectively. These data
suggest that at least for F. prausnitzii, pectin may have played a major role.

Bacteroidetes relative abundance decreased with inulin, Renetta Canada and Golden Delicious.
Bacteroides is considered a dominant bacterial group in the large intestine and the main Bacteroidetes
member, along with the Prevotella. Licht et al. (2010) reported that both whole apples and isolated
pectin decreased Bacteroides spp. in rats compared to a control diet [13]. Moreover, Bacteroides has been
shown to decrease after the administration of other polyphenol sources, such as red wine [40] and
cocoa [41] in rats, as well as with grape [42] and date extracts [43] in in vitro gut models inoculated
with human feces. By contrast, Bacteroides species have been shown to increase with apple pomace
juice extracts [11] and PAs from Acacia angustissima [44] in rats, as well as with red wine in humans [45].

The proportion of Proteobacteria increased after the administration of Renetta Canada and Golden
Delicious but to a lesser extent compared to cellulose. However, an increase in Enterobacteriaceae family,
a major member of Proteobacteria, was not observed. Enterobacteriaceae, includes numerous pathogenic
bacteria genera, such as Escherichia, Salmonella and Yersinia and has been shown to increase in IBD
patients. Increased Proteobacteria with inulin [8], resistant starch [46] and de-alcoholized wine [45]
has also been reported elsewhere.

Interestingly, the alpha diversity of gut microbiota, at the OTU level, was lower with the apple
treatments compared to inulin or cellulose. This may indicate the selective nature of the apple
fermentations towards particular species. The beta diversify analysis showed a partitioning by donor
and time, but not with treatment, which indicates that each individual possesses a specific starting
population of gut bacteria, a finding consistent with the previously described inter-individual variation
in the intestinal microbiota [47,48]. However, despite the variability between donors, there were still
treatment-associated changes in gut microbiota composition at phylum and at genus/species level.

In the present study, the conditions of the proximal colon were simulated by creating
an environment moderately acidic (pH 5.5–6.0) compared to a more neutral pH in the transverse
and distal colon. The majority of the unabsorbed dietary carbohydrates are fermented in the
proximal section producing SCFAs, leading to this reduced colonic pH, whereas in the distal section
carbohydrate fermentation is generally assumed to be low. The pH affects bacterial growth and SCFA
production, especially among bacteria that utilize the same polysaccharides [8,49]. For example,
suppression in Bacteroides spp. growth was observed at pH values below six [8]. On the other hand,
F. prausnitzii is more low-pH tolerant [8]. Moreover, a lower pH tends to favor butyrate production [49].
However, in our study, a significant increase in butyrate levels and F. prausnitzii population was only
shown by Renetta Canada, indicating a treatment effect rather than a pH effect.

Pectin, the main soluble fiber found in apples, is extensively fermented by the gut microbiota
to SCFAs, which are an important energy source for colonic health as well as for other tissues and
organs [2]. Apart from the aforementioned butyrate increase by Renetta Canada, all apples significantly
increased propionate and mainly acetate. Increased SCFAs have been shown with apple pomace
juices [11,12]. Acetate serves as an energy source for the liver and peripheral tissues, but is also
involved in the metabolic pathways of lipogenesis [50]. Pectin is known to produce relatively large
amounts of acetate [51], which can also be utilized by butyrate producers such as F. prausnitzii as
part of the cross feeding between bacteria [52]. A cross-feeding between Bifidobacterium strains and
F. prausnitzii has been suggested, enhancing butyrate production [53]. Propionate on the other hand,
may help to reduce hepatic cholesterol synthesis [54].
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The effects of polyphenols on health depend on their bioavailability. Flavanol monomers
(i.e., catechin and epicatechin) are readily absorbed in the small intestine, while high molecular
weight polyphenols, such as the polymeric PAs, reach the colon almost intact, where they are
transformed by the gut bacteria into a complex mixture of simple phenolic acids [55]. In the present
study, the degradation of precursor apple polyphenols started as early as 5 h of fermentation and was
complete throughout the 24 h for most of the polyphenolic compounds. Renetta Canada fermentation
resulted in higher degradation of precursor polyphenols due to their initial high concentration.

The formation of polyphenol microbial products represent potential beneficial bioactive
metabolites, not only locally in the gut but also systematically after their absorption in the colon
and their appearance in the blood circulation. Renetta Canada was associated with the production
of 3,4-dihydroxyphenylacetic acid and hydroferulic acid, which both have shown to possess
anti-inflammatory properties [56]. It has been proposed that 3,4-dihydroxyphenylacetic acid can
arise from the microbial catabolism of dimeric PAs [57]. Moreover, microbial metabolites of chlorogenic
acids such as dihydroferulic acid showed a high antioxidant activity in vitro [58]. These results are in
line with the higher concentration of PAs and chlorogenic acid in Renetta Canada apples. Pink Lady
was associated with the formation of 3-(4-hydroxyphenyl)propionic acid and benzoic acid derivatives,
in particular 4-hydroxybenzoic acid and pyrocatechol. Benzoic acids such as 4-hydroxybenzoic acid
are considered to arise from beta oxidation of phenylpropionic acid derivatives and higher levels
have been found after the in vitro fermentation of grape seed flavanols [59]. Pyrocatechol may arise
from the dehydroxylation of gallic acid [60], which has been identified as a microbial metabolite and
a native compound [61]. In our study, gallic acid concentration remained unaffected throughout the
fermentation. Finally, both Renetta Canada and Pink Lady apples increased 3-hydroxyphenylacetic acid
concentration. In vitro studies with human fecal inoculum are in line with the identified phenolic acids.
In particular, PA catabolism has been associated with the production of 3-hydroxyphenylpropionic
acid, 3-phenylpropionic acid, 4-hydroxyphenylpropionic acid and 4-hydroxyphenylacetic acid [62]
as the main metabolites, whereas apples and apple components including isolated PAs formed
3-(3,4-dihydroxyphenyl)propionic acid, 3-(3-hydroxyphenyl)propionic acid, 3-phenylpropionic
acid, benzoic acid, 2-(3,4-dihydroxyphenyl)acetic acid and 2-(3-hydroxyphenyl)acetic acid [10].
Furthermore, in human subjects, chocolate intake, a rich source of flavanols increased the
urinary excretion of 3-hydroxyphenylpropionic acid, ferulic acid, 3,4-dihydroxyphenylacetic acid,
3-hydroxyphenylacetic acid, vanillic acid and 3-hydroxybenzoic acid [63].

In this study, we demonstrated that whole apples could modify the gut microbiota composition
and affect the extent of degradation of soluble fiber and polyphenols through the production of
SCFAs and phenolic acids, with Renetta Canada variety showing the most beneficial effects. In vitro
batch culture models are a quick, simple and cost effective method of mimicking changes in gut
microbiota numbers and metabolism [64], although they lack key metabolic functions, such as host
immunological interactions, intestinal absorption and physiological components, such as epithelial
mucosa, that exist in the human colon. The sample size (n = 3) is consistent with similar studies
investigating polyphenols extracts [22,59], prebiotics [65,66] and fruits [43,67], with observed changes
consistent with outcomes of human intervention studies [68]. Batch culture vessels contain a basal
medium with limited carbohydrate and protein sources, therefore changes in microbiota composition
and fermentation metabolites is known to be due to the added substrate, the apple varieties added
to the vessels, even with different starting bacterial populations. Finally, although, donors were of
similar age, with no gastrointestinal disorders, other characteristics that may affect gut microbiota
composition such as diet, exercise and stress levels were not recorded and may have influenced the
observed results, and it is recommended that these are provided in future studies.

5. Conclusions

In conclusion, whole apples beneficially modulate the gut microbiota composition and metabolic
output in vitro. Renetta Canada variety in particular may have positive consequences for human
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health by increasing bifidobacteria, Faecalibacterium prausnitzii population and producing SCFAs and
polyphenol microbial metabolites. It is recommended that the findings of this in vitro study should be
confirmed in human intervention trials.
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Abstract: The symbiotic co-habitation of bacteria in the host colon is mutually beneficial to
both partners. While the host provides the place and food for the bacteria to colonize and live,
the bacteria in turn help the host in energy and nutritional homeostasis, development and
maturation of the mucosal immune system, and protection against inflammation and carcinogenesis.
In this review, we highlight the molecular mediators of the effective communication between
the bacteria and the host, focusing on selective metabolites from the bacteria that serve as
messengers to the host by acting through selective receptors in the host colon. These bacterial
metabolites include the short-chain fatty acids acetate, propionate, and butyrate, the tryptophan
degradation products indole-3-aldehyde, indole-3-acetic, acid and indole-3-propionic acid, and
derivatives of endogenous bile acids. The targets for these bacterial products in the host include the
cell-surface G-protein-coupled receptors GPR41, GPR43, and GPR109A and the nuclear receptors aryl
hydrocarbon receptor (AhR), pregnane X receptor (PXR), and farnesoid X receptor (FXR). The chemical
communication between these bacterial metabolite messengers and the host targets collectively has
the ability to impact metabolism, gene expression, and epigenetics in colonic epithelial cells as
well as in mucosal immune cells. The end result, for the most part, is the maintenance of optimal
colonic health.

Keywords: colonic bacteria; symbiotic relationship; bacterial metabolites; molecular targets;
cell-surface receptors; nuclear receptors; immune tolerance; colitis; colon cancer

1. Introduction

Over millions of years, humans have co-evolved with microorganisms through co-habitation.
Adult human harbors microflora that is equal or even greater than their human cells in number [1,2].
These microorganisms colonize different parts of the body that are exposed to external environment,
which include skin, oral cavity, airway lumen, intestinal tract, and vagina. Among these, the colon
is the site where the microorganisms are most abundant, with bacteria as the principal component.
There are 800–1000 different species of colonic bacteria under normal physiological conditions, but the
presence or absence of specific strains and the relative abundance of any given strain might vary
from individual to individual, primarily influenced by the environmental factors such as the diet,
air and water quality, medications, and mode of delivery (vaginal or Cesarean section) [3]. Because of
the impact of multiple variables, the colonic bacteria might not remain the same even in a given
individual over a long period of time. Despite these interpersonal variations, colonic bacteria are
in general dominated by two phyla: Bacteroidetes and Firmicutes [4,5]. Normal microflora in the
colon elicit significant influence on the host, in the colon and in other organs. Recent studies have
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implicated colonic bacteria in brain function (gut-brain axis), liver function (gut-liver axis), mucosal
and systemic immune function, diabetes (type 1 and type 2) (gut-pancreas axis), nutrition and obesity,
and cardiovascular diseases [6–10]. This broad spectrum of biological impact of colonic bacteria on
the host is possible because of active communication between the two co-habitants. The impact of
colonic bacteria on the host is not limited locally to the colon because of the changes the bacteria
bring in terms of gene expression and biological function in colonic epithelial cells as well as mucosal
immune cells. The colon releases a wide variety of biologically active molecules into circulation in
response to changes in the density and phylogenic makeup of the bacterial population; these active
molecules include hormones and cytokines that impact on the functions of distant organs including the
liver, pancreas, and brain. Similarly, mucosal immune cells are also influenced in their behavior and
function in response to colonic bacteria, which then travel to distant sites to modulate immune function
and disease processes [11,12]. Furthermore, colonic bacteria themselves elaborate different classes of
metabolites, which enter the portal and systemic circulations to regulate the biology of cells and tissues
at distant sites through specific molecular targets that include enzymes and receptors [10,13,14].

Because of its close proximity to the bacteria, the colon is the most influenced organ as the
result of this co-habitation. The presence of bacteria in the colon is absolutely necessary for optimal
colonic health; normal bacteria in the colon offer protection against inflammation and cancer. As such,
the beneficial effects of colonic bacteria are undeniable. Any imbalance in the normal density and
phylogenetic composition in colonic bacteria, generally referred to as dysbiosis, is detrimental to
colonic health [15–18]. Inflammatory bowel diseases (IBD) are chronic inflammatory disorders of
the intestinal tract that develop as a result of deregulation of the immune response toward the
intestinal/colonic bacteria. In particular, there is a marked decrease in the colonization of Firmicutes
and Bacteroidetes in the gut microbiota in association with IBD. Crohn’s disease and ulcerative colitis
are the two major types of IBD, which are distinct diseases with different histological features and
etiology that involve different immune cell types. Animal studies have shown that neither of these
diseases develops under germ-free conditions, indicating that the presence of bacteria is obligatory
for the disease process [19,20]. The findings that normal bacteria are essential for colonic health and
that IBD does not develop in the absence of bacteria are not necessarily contradictory. The epithelial
cells of the intestine/colon form an effective barrier between the bacteria and the host, and the
communication between the two co-habitants occurs solely via chemical messengers to make sure that
the mucosal immune system is not overly active in response to the bacterial antigens. However, if the
barrier function is compromised for any reason, the ability of the mucosal immune system to tolerate
the bacteria is at risk [21–23]. What causes the breakdown of the barrier in IBD is not completely
understood, but changes in the normal bacterial phylogenetic composition are believed to be major
determinants in the process. When the phylogenetic composition (i.e., dysbiosis) is altered in the colon,
the chemical communication between the bacteria and the host also undergoes changes, thus initiating
the inflammatory disease process. This phenomenon is also relevant to carcinogenesis in the colon
because chronic inflammation as occurs in ulcerative colitis increases the risk of colorectal cancer [24].

2. Relationship between Microbiota and the Host: Parasitism, Commensalism, or Mutualism?

The relationship between the host and the microbiota could fall into three categories—parasitism,
commensalism, and mutualism—depending on the specifics of the interaction. In parasitism, one of
the co-habitants gets the benefits, while the other is harmed. In commensalism, one of the co-habitants
reaps the benefits, while the co-habitation is neither beneficial nor harmful to the other partner.
In mutualism, both partners get the benefits from the co-existence. The relationship between the
host and the colonic bacteria falls under the third category, mutualism. The benefits to the bacteria
as a result of this co-habitation include the availability of the colonic lumen for colonization and
proliferation and provision of the nutrients by the host necessary for survival and growth. The host
also benefits from the relationship [25–27]. Colonic bacteria synthesize a variety of vitamins (folic acid,
biotin, vitamin K, etc.) that are made available to the host. The principal fermentation products
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of bacterial metabolism, called short-chain fatty acids, that are present in normal colonic lumen at
concentrations as high as 100 mM serve as preferential metabolic fuel to colonic epithelial cells [28].
These short-chain fatty acids also function as signaling molecules eliciting a broad range of biological
effects in colonic epithelium by targeting enzymes such histone deacetylases (HDACs), cell-surface
receptors such as GPR109A and GPR43, and nuclear receptors such as AhR, PXR, FXR, and peroxisome
proliferator-activated receptors (PPARs) [29]. The end result of this mutually beneficial co-habitation
is a symbiotic relationship between the two partners. Notwithstanding this overwhelming evidence
for mutualism between the host and colonic bacteria, too many investigators and published reports
still continue to describe the relationship between the host and the bacteria as commensalism and the
bacteria as commensals [30–32]. Surprisingly, the terms “commensalism” and “commensals” appear
even in publications that provide data in support of the mutually beneficial relationship between the
host and the colonic bacteria [25,30–32].

3. Bacterial Dysbiosis as a Cause of Colonic Diseases

Dysbiosis in the colon is a critical determinant in the pathogenesis of IBD. Research on
colitis induction in germ-free mice with introduction of specific strains of bacteria has shown
that microbial dysbiosis, rather than genetic factors, is the major factor for IBD pathogenesis.
Many genetically-engineered mouse models that develop spontaneous colitis in the presence of bacteria
in the colon are resistant to colitis when raised under germ-free conditions [33,34]. This suggests
that the presence of bacteria in the intestinal tract is a critical requirement for IBD development.
Most animal models of colitis show altered bacterial composition in the colon, providing evidence of
dysbiosis [16,35]. However, the link between dysbiosis and IBD is only associative, and the cause-effect
relationship has not yet been established beyond doubt. Nonetheless, administration of probiotics to
patients with colonic inflammation has beneficial effects in terms of slowing or preventing progression
of the disease process [36–38]. As these probiotics tend to favor colonization of normal bacterial flora
and suppress the growth of pathogenic bacteria in the colon, the preventive effects of probiotics suggest
effective reversal of the disease-associated dysbiosis and may actually point to a mechanistic model in
which the dysbiosis is most likely the cause, rather than the result, of colonic inflammation [37,39,40].

4. Bacterial Metabolites with Impact on the Host: Relevance to Colitis and Colon Cancer

The communication between colonic bacteria and the host could be contact-dependent as well as
contact-independent. The phylogenetic composition of the microflora in colonic lumen is not exactly
the same as that of the microflora on the surface of the colonic epithelium. Which bacterial strains
adhere to the colonic epithelial cells depends on multiple factors such as the presence or absence
of cell-surface receptors for a given strain, ability of bacterial strains to traverse the thick mucin
present on the luminal surface of the epithelial cell layer, as well as susceptibility of the bacterial
strains to the bactericidal and bacteriostatic actions of the various molecules secreted by the epithelial
cells and mucosal immune cells. The physical contact followed by insertion of specific bacterial
proteins into the epithelial cell membrane could elicit signaling changes in the epithelium as a means
of communication. Another mode of communication, probably more prevalent than the former,
is through metabolites released into the lumen from live bacteria or from dead bacterial cells. The colon
provides a favorable environment for anaerobic microbial growth, resulting in fermentation by resident
bacteria of dietary constituents that reach the colon. The microbiota population in the colon is highly
variable depending on the intestinal physiology, substrate availability, oxygen tension, and pH [28].
As a result, the microorganisms present in the colon are not the same all through the length of the
large intestine. The phylogenetic composition of the bacteria is significantly different between the
proximal colon and the distal colon [41]. As the metabolites elaborated by these bacteria depend on
the repertoire of metabolic pathways in a given strain of the bacteria, different regions of the colon are
exposed to different bacterial metabolites and hence respond differently. Furthermore, the phylogenetic
composition of the colonic bacteria varies from individual to individual and also in the same individual
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in health and disease; this again impacts the biological response of the host colon to the presence of
bacteria that could be significantly different on an individual basis and also depend on the health
status of the individual.

Among these bacterial metabolites responsible for communication between the bacteria and the
host, short-chain fatty acids (SCFAs) have received the most attention [42–45]. SCFAs are organic acids
consisting of 2–4 carbon atoms. The principal components of SCFAs are acetate (C2), propionate (C3),
and butyrate (C4). These fatty acids arise in the colon by bacterial fermentation of carbohydrates that
reach the colon either in the form of dietary fiber or due to ineffective digestion and absorption in the
small intestine. The relative ratio of acetate, propionate, and butyrate in colon is 6:3:1, and the total
concentration of these three SCFAs in colonic lumen is in the range of 50–100 mM. SCFAs serve as
an important energy source for colonocytes. These fatty acids enter the colonic epithelium across the
lumen–facing apical membrane by diffusion, anion-exchange, H+/SCFA− symport, and Na+/SCFA−

symport [46–49]. The relative contributions of each of these entry mechanisms might vary depending
on the luminal concentrations of SCFAs because of the marked differences in the substrate affinities
for the transport processes. Under physiological conditions with luminal concentrations of SCFAs in
the range of 50–100 mM, diffusion is probably the major entry mechanism. When the concentrations
decrease due to changes in the dietary intake of fibers or due to dysbiosis under disease conditions,
the carrier-mediated entry mechanisms probably play the major role. Irrespective of the entry
mechanism, most of the SCFAs generated by the bacteria are absorbed in the colon, with only a
minimal amount excreted in feces. The biological effects of SCFAs in the colon are not restricted
to their role as energy substrates for the epithelial cells. These bacterial metabolites promote water
and electrolyte absorption in the colon, thus providing protection against potential diarrheagenic
diseases [48]. They also modulate the mucosal immune system by helping the development of a
tolerant environment to facilitate the co-habitation of the bacteria and the host [50–52]. They aid in the
maintenance of the mucosal barrier, thus preventing the direct exposure of systemic organs to colonic
bacteria. SCFAs also suppress colonic inflammation and carcinogenesis [43,46,53–56].

As the cell-surface receptors for SCFAs are located on the lumen-facing apical membrane of
colonic epithelial cells (see below), the luminal concentrations of these agonists are physiologically
relevant. SCFAs are low-affinity agonists for these receptors, and the normal luminal concentrations
of these bacterial metabolites are in the millimolar levels, sufficient to activate these receptors
from the luminal side. However, some of the molecular targets for these metabolites are either
inside the cells (e.g., HDACs) or on the surface of the immune cells located in the lamina propria.
Therefore, concentrations of these metabolites inside the colonic epithelial cells and in the lamina
propria are relevant to impact these molecular targets. The intracellular target HDAC is inhibited by
butyrate and propionate at low micromolar concentrations. There are effective transport systems for
SCFAs in the apical membrane of colonic epithelial cells (e.g., proton-coupled and sodium-coupled
monocarboxylate transporters) [47], thus making it very likely for these SCFAs to reach intracellular
levels sufficient to inhibit HDACs. Even though the luminal concentrations of SCFAs are in the
millimolar range, it is unlikely that they reach lamina propria at significant levels to activate the
cell-surface receptors present on the mucosal immune cells. These metabolites are present only at
micromolar levels in the portal blood [57], indicating that they undergo robust metabolism inside the
colonic epithelial cells. This raises the question as to the physiological relevance of these bacterial
metabolites to the activation of the cell-surface SCFA receptors in immune cells located in the lamina
propria. With regard to this issue, it is important to note that colonic epithelial cells are highly ketogenic;
they use acetate and butyrate to generate the ketone body β-hydroxybutyrate [58]. This ketone body is
released from the cells into portal blood. As β-hydroxybutyrate is 3–4 times more potent than butyrate
in activating its receptor GPR109A, it can be speculated that the colon-derived ketone body is most
likely involved in the activation of the SCFA receptor in mucosal immune cells.

Lactate is another bacterial metabolite that is important to colonic health but has received much
less attention than the SCFAs. Lactobacilli that generate lactate as a fermentation product form a
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significant constituent of normal bacterial flora in the colon. As such, in addition to the dietary sources
of lactate from yogurt and other dairy products, bacterial metabolism constitutes an important source
of lactate in the colonic lumen [36,59].

Bacterial metabolites arising from protein catabolism are receiving increasing attention in recent
years, particularly the metabolites resulting from tryptophan degradation [60,61]. This includes
indole, indole-3-aldehyde, indole-3-acetic acid, and indole-3-propionic acid. These metabolites also
elicit beneficial effects on the host colon; they suppress inflammation and carcinogenesis [14,62].
Another important class of bacterial metabolites that impact on colonic health is the secondary bile
acids [63]. Liver synthesizes two different bile acids, namely cholic acid and chenodeoxycholic acid,
which are called primary bile acids. These bile acids are secreted into the bile and reach the small
intestine to facilitate the digestion and absorption of dietary fat. Almost 95% of these bile acids are
reabsorbed in the ileum to undergo entero-hepatic circulation. The remaining bile acids reach the
colon where the resident bacteria metabolize them into secondary bile acids (deoxycholic acid and
lithocholic acid). The bacteria-generated secondary bile acids get absorbed in the colon and enter the
entero-hepatic circulation similar to the primary bile acids produced by the liver. Colonic bacteria
also act on dietary lipids, generating metabolites such as conjugated linoleic and linolenic acids
and trimethylamine [64–66]. All these molecules have marked biological effects on the host colon.
In addition to these metabolites, the bacterial cell-wall components such as lipopolysaccharide,
peptidoglycans, and polysaccharide A also serve signaling molecules in the colon.

5. Molecular Targets for Bacterial Metabolites in the Host

Even though the beneficial effects of colonic bacteria and their metabolites on the host have
been recognized for a long time, it was not until recently that we began to understand the molecular
mechanisms that underlie this important biological phenomenon. This was true even in the case of
SCFAs for which there is a long history of investigations focusing on the role of these bacterial
metabolites as the molecular link between colonic bacteria and the host. Inhibition of histone
deacetylases (HDACs) by the SCFA butyrate is an exception; HDAC is probably the first molecular
target discovered for bacterial metabolites in the colon to provide a mechanistic insight into the
communication between colonic bacteria and the host [67]. HDACs are enzymes that modulate the
epigenetics of the target cells, including the colonic epithelium. Butyrate is an inhibitor of HDAC1 and
HDAC3, which belong to class I HDACs [68,69]. Propionate also possesses this inhibitory effect [68,69].
There is overwhelming evidence in the literature for overexpression of HDACs in cancer and for the
therapeutic rationale and efficacy of HDAC inhibitors in cancer treatment [70,71]. As such, the biologic
phenomenon of protection against colon carcinogenesis by SCFAs can be explained, at least in part, by
the functions of butyrate and propionate as inhibitors of HDACs. This also provided a mechanistic
explanation for the tumor-suppressive function of the Na+-coupled SCFA transporter SMCT1 (SLC5A8)
in the colon [46]. HDACs being intracellular enzymes, entry of SCFAs from the lumen into colonic
epithelial cells is a prerequisite for these bacterial metabolites to reach their molecular targets inside
the cells. As inhibition of HDACs causes tumor suppression, it is understandable why the transporter
that facilitates this process functions as a tumor suppressor.

In the past decade, we have witnessed a burgeoning of literature describing identification of
new and novel molecular targets in the colon for bacterial metabolites [29,50,51,60,61]. These new
discoveries have expanded our current understanding and knowledge of the molecular mechanisms
as the basis of effective communication between the colonic bacteria and the host. The newly identified
molecular targets include the cell-surface G-protein-coupled receptors GPR109A, GPR43, GPR41,
GPR 81, and GPR91, and the nuclear receptors AhR (aryl hydrocarbon receptor), PXR (pregnane X
receptor), and FXR (farnesoid X receptor). Table 1 lists the bacterial metabolites and the corresponding
endogenous metabolites that function as agonists for each of these molecular targets. There are
additional molecular targets for bacterial metabolites such as the receptors for bacterial cell-wall
components (TLR4 for lipopolysaccharide, NOD1/NOD2 for peptidoglycans, and TLR2 for
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polysaccharide A) and the receptors for lipid metabolites from bacteria (TAAR5 for trimethylamine
and PPARs for conjugated linoleic and linolenic acids) [29]. The present review however will focus on
the cell-surface G-protein-coupled receptors GPR109A, GPR43, GPR41, GPR81, and GPR91, and the
nuclear receptors AhR, PXR, and FXR.

Table 1. Receptors involved in host-bacteria communication in the colon.

Receptor
Agonist

Bacterial Metabolite Endogenous Metabolite

Cell-surface receptors

GPR109A Butyrate [72,73] β-Hydroxybutyrate [74]

GPR43 Acetate, Propionate, Butyrate [75–77] Acetate, Propionate [75–77]

GPR41 Acetate, Propionate, Butyrate [75] Acetate, Propionate [75]

GPR81 Lactate [78] Lactate [78]

GPR91 Succinate [79] Succinate [79]

Nuclear receptors

AhR
Tryptamine, Indole, Indole-3-aldehyde,
Indole-3-acetic acid, Indole-3-propionic
acid [60,61], Indole-3-acrylic acid [80]

Kynurenine [81]

PXR Lithocholic acid, Indole-3-propionic acid [82] Steroids [82]

FXR Deoxycholic acid, Lithocholic acid [83–86] Cholic acid, Chenodeoxycholic acid [83–86]

6. G-Protein-Coupled Receptors for Bacterial Metabolites

G-protein-coupled receptors are seven transmembrane domain–containing proteins involved
in cellular signaling; most of them are expressed on the cell surface to interact with extracellular
signals and transmit the signals into the cells via second messengers. The human genome encodes
~700 G-protein-coupled receptors. Even though physiological agonists have been identified for many of
these receptors, a significant number of them still remain as orphan receptors with no information on
the identity of their agonists. In the last decade, however, a distinct class of these “orphan” receptors
has been found to be activated by normal physiological metabolites, which were never considered
as signaling molecules; these include long-chain fatty acids, the ketone body β-hydroxybutyrate,
the ubiquitous metabolite lactate, and the citric-acid-cycle intermediate succinate. Many of these
metabolites are also found in the bacterial kingdom and hence are present in colonic lumen; consequently,
if these receptors are expressed on the lumen-facing apical membrane of colonic epithelial cells, bacterial
metabolites serve as the agonists for these receptors rather than the metabolites arising from the host
metabolism. Examples of this category include GPR81, GPR91, GPR43, and GPR41 (Table 1). In some
cases, the endogenous agonists for the receptors in non-colonic tissues are different from the bacterial
metabolites, which activate the same receptors in the colon; in these cases, metabolites from bacteria that
are structurally similar to endogenous agonists “hijack” the receptors for bacteria-host communication.
Examples of this category include GPR109A, AhR, PXR, and FXR (Table 1).

7. GPR109A: Expression and Function in the Colon and the Mucosal Immune System

GPR109A was originally identified as a high-affinity receptor for the B-complex vitamin niacin
(nicotinic acid) [87–89]. This provided a molecular mechanism for the niacin-induced correction of
dyslipidemia because activation of the receptor in adipocytes inactivates the hormone-sensitive lipase
and inhibits lipolysis. However, niacin is only a pharmacological agonist as the affinity of the receptor
for niacin (~1 μM) is such that plasma concentrations of niacin under normal physiological conditions
(~0.1 μM) are not sufficient to activate the receptor. Subsequently, β-hydroxybutyrate, the major
ketone body in blood, was identified as the physiological agonist for the receptor [74]. GPR109A is
expressed in a wide variety of tissues/cells including adipose tissue, skin, hepatocytes, retinal cells,
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and bones; it is also highly expressed in immune cells such as macrophages and dendritic cells [90,91].
Butyrate is the only known SCFA agonist for GPR109A, but it activates the receptor only with low
affinity (EC50 value in low millimolar range) [72,73]. Acetate and propionate do not interact with the
receptor. The receptor is expressed in the intestinal tract, most robustly in the colon where butyrate is
present at concentrations high enough to activate the receptor [72,73]. The expression is restricted to
the lumen-facing apical membrane of intestinal and colonic epithelial cells, thus having direct access
to butyrate in the lumen. As such, the bacterial metabolite butyrate appears to be the principal agonist
for GPR109A in the intestinal tract. Colonic bacteria regulate the expression of the receptor in the
colon; the expression is markedly reduced in germ-free mice, but the expression comes back to normal
when the colon gets re-colonized [73].

Upon ligand binding, GPR109A couples through the Gi pathway in most tissues, resulting
in decreased levels of cAMP inside the cells [87,88]. The receptor functions as a suppressor of
inflammation and carcinogenesis in the colon [72,92,93]. Deletion of the receptor in mice accelerates the
progression of colonic inflammation and colon cancer in multiple experimental model systems [92,93].
The receptor is also expressed on mucosal immune cells, particularly in dendritic cells. Activation of
the receptor in dendritic cells promotes the ability of these cells to convert naïve T cells into
immunosuppressive Tregs and potentiates the production of the anti-inflammatory cytokine IL-10;
Gpr109a-null mice have reduced number of Tregs in the colon, reduced levels of IL-10, and increased
levels of the pro-inflammatory cytokine IL-17 [92,93]. Studies with NLRP6 knockout mice have
shown that increased Prevotellaceae and decreased IL-18 levels are associated with colitis [94].
Gpr109a-null mice also show decreased IL-18 production and increased population of Prevotellaceae,
both alterations leading to potentiation of experimentally induced colitis [92]. Recent studies show
that NLRP3-mediated inflammasome plays an important role in IL-18 secretion and regulation of
microbiota through GPR109A [93].

8. GPR43: Expression and Function in the Colon and the Mucosal Immune System

GPR43 was discovered in a cluster of four novel GPRs located in close proximity to CD22 on
human chromosome 19 [95] and then cloned from mouse leukemia cells [96]. It has a widespread
expression pattern, with most prominent expression in the adipose tissue, gastrointestinal tract,
leukocytes and neutrophils [75]. The receptor is coupled to both Gq and Gi/o, leading to a decrease in
cAMP levels and the activation of phospholipase-C [50,75]. Studies with reporter mice have shown
that Gpr43 is highly expressed not only in colonic epithelial cells but also in immune cells present in
the colon lamina propria [76]. The receptor is activated by all three major SCFAs, acetate, propionate,
and butyrate [77], which is in contrast to GPR109A that is activated solely by butyrate.

The exact biological role of GPR43 under normal physiological conditions remains controversial
with regard to whether the receptor suppresses or promotes inflammation and carcinogenesis
in the colon. Several studies have demonstrated that the receptor plays a role in promoting
inflammation and cancer [77,97–99]. GPR43 is expressed at higher levels in colorectal and gastric
cancers and overexpression of the receptor in cancer cells potentiates their growth when xenografted in
nude mice [97]. The receptor has also been shown to induce neutrophil chemotaxis and promote
inflammation [77,98,99]. However, there are other reports that show the opposite; the receptor
functions as a suppressor of colonic inflammation and carcinogenesis [55,100,101]. Tang et al. [100]
have reported that GPR43 is silenced in colon cancer, both at the primary site and in metastatic spreads.
Most colon cancer cells do not express the receptor, and when engineered to express the receptor
ectopically, the cells undergo apoptosis upon exposure to the receptor agonists propionate or butyrate.
These studies strongly demonstrate a tumor-suppressive function for the receptor. Maslowski et al. [55]
and Masui et al. [101] have shown that Gpr43- null mice are more susceptible to experimental colitis,
indicating an anti-inflammatory role for the receptor. Our own studies [102] also corroborated the
function of the receptor as a suppressor of inflammation and carcinogenesis. The anti-inflammatory
role is further supported by the findings that Gpr43 blocks inflammasomes [93] and deletion of
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the receptor in mice leads to dysbiosis in colonic microflora and increased susceptibility to colon
cancer [102].

In contrast to GPR109A, which is expressed only in colonic epithelial cells, GPR43 is expressed in
epithelial cells and in enteroendocrine cells, particularly L-cells [103–105]. This has significant biological
implications. L-cells secrete two important gut hormones: glucagon-like peptide 1 and Peptide YY.
Activation of GPR43 by SCFAs increases the secretion of both these gut hormones. As these hormones
impact on the function of pancreas (insulin secretion) and brain (appetite control), SCFAs influence the
biology of distant organs via GPR43 expressed in the intestinal tract.

9. GPR41: Expression and Function in the Colon

GPR41 is also a receptor for SCFAs: all three SCFAs activate the receptor [50]. However, similar to
GPR43, GPR41 is expressed in enteroendocrine cells, but unlike GPR43, GPR41 is not expressed in
colonic epithelial cells [104–106]. Furthermore, unlike GPR109A and GPR43, GPR41 is also in enteric
neurons [107]. However, the intracellular signaling mechanism seems to be similar for all three SCFA
receptors, which involve a decrease intracellular levels of cAMP in response to receptor activation.
Activation of GPR41 by SCFAs present in the colonic lumen is capable of altering secretion of gut
hormones to impact biology at distant organs. Studies have shown that activation of Gpr41 by SCFAs
induces secretion of glucagon-like peptide 1 and Peptide YY to alter insulin secretion and appetite
control [104,105].

10. GPR81 and GPR91: Expression and Function in the Colon

GPR81 is a cell-surface, G-protein-coupled receptor for the ubiquitous metabolite lactate [78]
whereas GPR91, also present on cell-surface, is a G-protein-coupled receptor for the citric-acid cycle
intermediate succinate [79]. Relatively less is known about the role of these receptors in the colon.
Both these receptors are expressed in colonic epithelial cells and are likely to play a role in colonic
biology because lactate is a major metabolite generated by normal colonic bacteria, particularly by
Lactobacilli, and succinate is released by dead bacterial cells. The presence of these receptors in
the colon and their ligands in the colonic lumen strongly suggest a potential connection between
these receptors and colonic health. Further investigations are needed to understand the biological
significance of these two receptors and their role in the communication between colonic bacteria and
the host.

11. Nuclear Receptors AhR, PXR, and FXR and Their Modulation by Bacterial Metabolites

There are bacterial metabolites other than the SCFAs that are also important for the communication
between the host and colonic bacteria and hence for optimal colonic health. These include tryptophan
metabolites and bile acids (Table 1). While the SCFAs elicit their biological effects on the colon by
serving as agonists for the cell-surface G-protein-coupled receptors GPR109A, GPR43, and GPR41,
tryptophan metabolites and bile acids impact colonic health by serving as the ligands for the nuclear
receptors AhR (aryl hydrocarbon receptor), PXR (pregnane X receptor), and FXR (farnesoid X receptor).
Unlike the G-protein-coupled receptors, which regulate cellular function via changes in intracellular
levels of the second messengers such as cAMP and calcium, the nuclear receptors modulate cellular
function by altering gene transcription as they all function as transcription factors. However, the ability
of these nuclear receptors to bind to their target genes is ligand-dependent; the receptors reside in the
cytoplasm when not bound to their ligands, but in the presence of the ligands, the receptor-ligand
complex translocates into the nucleus to act on the target genes.

AhR is expressed in colonic epithelial cells and functions as a suppressor of inflammation
and carcinogenesis [62,108,109]. The bacterial metabolites that activate this receptor originate from
tryptophan catabolism; these include tryptamine, indole, indole-3-aldehyde, indole-3-acetic acid,
and indole-3-propionic acid (Table 1). Activation of AhR by these metabolites occurs at doses
that are relevant to their concentrations found in the colonic lumen under normal physiological
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conditions [60,61]. AhR has received considerable attention for its activation by xenobiotics as a
process related to xenobiotic biotransformation and their subsequent elimination from the body.
However, recent studies have identified the endogenous tryptophan metabolite kynurenine as the
physiological agonist for the receptor [81]. Kynurenine is a catabolic product of tryptophan in
mammalian cells, generated by the intracellular enzyme indoleamine-2,3-dioxygenase-1 (IDO1);
this enzyme is expressed at high levels in colonic epithelial cells. IDO1 is an immunosuppressive
enzyme [110] and its robust expression in the colon contributes to the tolerance of the colonic bacteria
by the host. Activation of AhR by kynurenine in the colon is obviously essential for the host-bacteria
symbiotic relationship. The tryptophan metabolites produced by the colonic bacteria also contribute to
this process via their ability to activate the same receptor. A more recent study has identified another
tryptophan metabolite, indole-3-acrylic acid, in colonic lumen that is generated by a specific bacterial
species, Peptostreptococcus [80]. This metabolite is an agonist for AhR and is also a potent activator
of antioxidant machinery in cells [80]. Through these mechanisms, indole-3-acrylic acid promotes
intestinal barrier function and attenuates inflammation.

PXR and FXR are also nuclear receptors and they are also activated by various xenobiotics.
However, the endogenous agonists for these receptors are steroids and bile acids, respectively (Table 1).
The bacterial metabolites that activate these receptors include the secondary bile acids deoxycholic
acid and lithocholic acid and the tryptophan metabolite indole-3-propionic acid. The activation of both
these receptors elicits protective effects in the colon against inflammation and cancer [82–86].

12. Relevance of Dietary Fiber to the Production of Tryptophan Metabolites in Colon

Colonic bacteria generate tryptophan metabolites via protein metabolism. In contrast,
the short-chain fatty acids are generated via fermentation of carbohydrates that reach the colon mostly
in the form of dietary fiber. However, the quantity and quality of dietary fiber can potentially impact
the generation of tryptophan metabolites because fiber as the source of carbon and energy is a major
determinant of the composition of bacterial species in the colon. It has been documented that restriction
of sugar in the diet promotes expansion of Lactobacilli species that possess enzymatic machinery
to generate selective tryptophan metabolites to activate AhR and stimulate IL22 production [14].
This cytokine alters mucosal immune response in such a manner that it facilitates colonization
of selective bacterial species and at the same time prevents colonization of the fungus Candida
albicans [14]. As such, alterations in dietary fiber intake have a major impact on the generation of
tryptophan metabolites and possibly other metabolites as well.

13. Conclusions

The symbiotic relationship between colonic bacteria and the host is undeniable, and this mutually
beneficial coexistence is made possible through effective communication between the two partners in
this co-habitation. The primary mode of this communication is chemical, mediated by specific bacterial
metabolites that elicit their biological effects on the host by activating selective molecular targets
in the host colon. Some of these molecular targets (GPR41, GPR43, GPR109A, GPR81, and GPR91)
are located on the lumen-facing apical membrane of colonic epithelial cells where they have direct
access to bacterial metabolites generated in the lumen. Some are located intracellularly (e.g., HDACs,
AhR, FXR, PXR, and PPARs), and there is evidence that the bacterial metabolites generated in the
lumen enter the colonic epithelial cells, many of them via selective transporters expressed in the apical
membrane of these cells. Mucosal immune cells present in the lamina propria also express the same
molecular targets as in colonic epithelial cells for these bacterial metabolites, but it is questionable
if all of these metabolites reach lamina propria at concentrations sufficient to act on these targets in
immune cells. This question seems particularly appropriate for SCFAs because these metabolites are
actively metabolized in colonic epithelial cells. This might not be an issue for tryptophan metabolites.
Taken collectively, there is an overwhelming evidence for active dialogue between colonic bacteria and
the host with selective bacterial metabolites functioning as messengers. The end result of this chemical
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communication is the tolerance of colonic bacteria by the host immune system, which is obligatory
for the symbiosis. A beneficial byproduct of this co-habitation and symbiosis is the maintenance of
optimal colonic health with a decreased risk of colonic inflammation and carcinogenesis.
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Abstract: The selectivity and beneficial effects of prebiotics are mainly dependent on composition
and glycosidic linkage among monosaccharide units. This is the first study to use prebiotic
galacto-oligosaccharides (GOS) that contains β-1,6 and β-1,3 glycosidic linkages and the novel
combination of GOS and inulin in cancer prevention. The objective of the present study is to explore
the role of novel GOS and inulin against various biomarkers of colorectal cancer (CRC) and the
incidence of aberrant crypt foci (ACF) in a 1,2-dimethyl hydrazine dihydrochloride (DMH)-induced
rodent model. Prebiotic treatments of combined GOS and inulin (57 mg each), as well as individual
doses (GOS: 76–151 mg; inulin 114 mg), were given to DMH-treated animals for 16 weeks. Our data
reveal the significant preventive effect of the GOS and inulin combination against the development
of CRC. It was observed that inhibition of ACF formation (55.8%) was significantly (p ď 0.05)
higher using the GOS and inulin combination than GOS (41.4%) and inulin (51.2%) treatments
alone. This combination also rendered better results on short-chain fatty acids (SCFA) and bacterial
enzymatic activities. Dose-dependent effects of prebiotic treatments were also observed on cecum
and fecal bacterial enzymes and on SCFA. Thus, this study demonstrated that novel combination of
GOS and inulin exhibited stronger preventive activity than their individual treatments alone, and can
be a promising strategy for CRC chemoprevention.

Keywords: prebiotics; galacto-oligosaccharides; inulin; biomarkers; colon cancer

1. Introduction

Colorectal cancer (CRC) is one of the major causes of mortality in both genders among
cancer-related deaths worldwide. Being quite a complex process, many factors contribute to the
onset of colon cancer and the major risk factors include family history, age, pre-carcinogens present
in the food chain and environment [1,2], inflammatory bowel diseases, low intake of vegetables,
fruits and fibers, high consumption of red meat and processed meat [3,4], as well as hereditary
genetic factors [5]. Epidemiological studies suggest that high intake of fruits and vegetables in
human diets has been linked to a lower risk of colon cancer. Excessive scientific and public concerns
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have been shown in earlier studies to identify naturally-occurring substances in food for CRC
chemoprevention [6,7]. In chemoprevention, those natural or synthetic bioactive compounds are used
to prevent, delay, or reverse the formation of adenomas, as well as their progression into carcinomas
through signal transduction pathways in tumor cells. Recently, prebiotics have gained much attention
as natural dietary ingredients which have the potential to maintain a healthy environment in
gastrointestinal tract to improve intestinal functions and to prevent colon cancer [8].

Prebiotics are emerging as bioactive ingredients in foods and can positively influence the
gastrointestinal microbiota and metabolism [9]. The beneficial bacteria residing in the colon causes
fermentation of prebiotics to produce short chain fatty acids (SCFA), including acetate, propionate, and
butyrate, which are further involved in prevention of CRC [10,11]. Prebiotic galacto-oligosaccharides
(GOS) are produced through transgalactosylation of lactose catalyzed by β-galactosidase (EC 3.2.1.23).
During this process various products may be produced having β-1,3, β-1,4, or β-1,6 glycosidic linkages
depending upon the source of the enzyme [12]. Previous studies have demonstrated that GOS having
different glycosidic linkages have different health effects on the host [13], so glycosidic linkages used
between monosaccharide residues is of high importance in imparting health benefits.

The current study was performed to assess, for the first time, the combined effects of prebiotics
GOS and inulin, as well as their individual effect on the various biomarkers of the initiation process
of rat colon carcinogenesis. Several previously-performed experimental studies have shown that
administration of prebiotics, probiotics [14], and synbiotics [15] provide protective and preventive
effects against early biomarkers and tumor development in the colon of carcinogen-induced rats [16–18].
Research on GOS’ role in colon cancer prevention is very limited to date. GOS used in previous studies
had β-1,4 as the primary glycosidic linkage [19,20] and no product with β-1,3 or β-1,6 linkages have
yet been used against any cancer treatment. To the best of our knowledge, this is the first time to use
prebiotic GOS that contains β-1,6 and β-1,3 glycosidic linkages in a cancer prevention study.

Inulin-type prebiotics have been extensively studied for their potential benefits, and a large
number of experimental studies have shown anti-carcinogenic effects of inulin this is the reason we
added inulin as the positive control in our experiment to compare GOS anti-carcinogenic effects
with inulin, as very limited data is available for the efficacy of GOS against CRC. No study is
available on the combined effect of GOS and inulin against CRC prevention. The objectives of the
present study were to investigate the preventive effects of inulin and GOS supplementation separately
and in combination against the incidence of aberrant crypt foci (ACF) in a 1,2-dimethyl hydrazine
dihydrochloride (DMH)-induced rodent model and to evaluate their effects on various biomarkers of
colon cancer. Our study suggests that GOS had a dose-dependent preventive effect on biomarkers of
colon cancer and the combined effect of GOS and inulin exhibited stronger preventive activity than
their individual treatments alone.

2. Materials and Methods

2.1. Chemicals

All chemicals and reagents were analytical grade and were purchased form Merck
Chemicals (Darmstadt, Germany) unless otherwise stated. The DMH, m-nitrobenzoic
acid, phenolphthalein-β-D-glucuronide, nitrophenyl-β-D-glucoside, and ortho-nitrophenyl-β-
D-galactopyranoside (oNPG) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The prebiotic
inulin extracted from chicory roots was purchased from Cargill® (Minneapolis, MN, USA).

2.2. Animals

Six-week old male Wister rats were purchased from the University of Agriculture,
Faisalabad-Pakistan and were housed in temperature and humidity control room (22 ˘ 2 ˝C and
55% ˘ 10%) under 12 h light and dark cycle. All rats received basal diet for one week acclimatization
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period before beginning the actual experiment. The experimental protocols used herein were approved
by the University Ethics Committee for Animal Research.

2.3. Experimental Design

Rats were randomly divided into seven groups (12 per group); G1 was control group fed
on AIN-93G/M as basal diet [21]. G2 (DMH alone) was DMH control group fed on basal diet,
and Groups G3–G7 were treatment groups. Treatments with prebiotic GOS were given to Groups
G3–G5. Group G6 was given inulin and Group G7 received combination of GOS and inulin along with
basal diet. Dose was calculated using the human equivalent dose (HED) equation: HED = animal dose
in mg/kg ˆ (animal weight in kg/human weight in kg)0.33 [22]. Groups G3, G4, and G5 received
76 mg (HED = 4 g), 114 mg (HED = 6 g), and 151 mg (HED = 8 g) GOS, respectively. Group G6
received 114 mg (HED = 6 g) of inulin and group G7 was given combination of GOS and inulin
(GOS 57 mg + inulin 57 mg) 114 mg (HED = 6 g). The doses of prebiotics were given orally through
tube feeding for a period of 16 weeks according to each group’s mean body weight at beginning of
experiment and were adjusted at the end of each week according to body weight changes. In order to
make experimental conditions similar, groups G1 and G2 were administered the same amount of water
orally. After 16 weeks, all animals were sacrificed by injection of 45 mg/kg body weight of sodium
pentobarbital anesthesia.

2.4. Carcinogenic Injection

After acclimatization period of one week, respective groups were given prebiotics daily and
after completion of four weeks of prebiotics doses, groups G2–G7 received four subcutaneous
injections of DMH, 40 mg/kg body weight, twice a week for 2 weeks [23,24]. While G1, control group
received similar subcutaneous injections of Ethylenediaminetetraacetic acid (EDTA) solution of pH 6.0
(DMH vehicle). All prebiotic doses were continued during DMH administration.

2.5. Preparation of Prebiotic GOS

The Escherichia coli BL21 (DE3) containing β-galactosidase (β-gal) gene from Lactobacillus reuteri
L103 was courtesy of Dietmar Haltrich, Food Biotechnology Laboratory, University of Natural
Resources and Life Sciences, Vienna Austria and was used for β-gal production. The enzyme, β-gal was
produced by following the procedure explained by Iqbal et al. [25] and enzyme activity was measured
for oNPG and lactose. The crude cell extract of β-gal was used for the production of prebiotic GOS
through transgalactosylation of lactose (250 g/L) prepared in 50 mM sodium phosphate buffer, pH 6.5
at 37 ˝C. The reaction was carried out for 5 h and immediately stopped by heating at 95 ˝C for 5 min and
stored at ´20 ˝C for further analysis. The Megazyme assay kits (Wicklow, Ireland) were used to analyze
glucose (GOPOD assay kit, K-GLUC), galactose and lactose (Lactose/Galactose assay kit, K-LACGAR)
in the transgalactosylated mixture by following standard protocol given in the manual and GOS were
calculated by subtraction method. The maximum GOS were produced at 75% lactose conversion after
5 h of reaction and the final mixture contained 30% GOS, 30% D-glucose, 15% D-galactose and 25%
untransgalactosylated lactose. Furthermore, the mixture of GOS was composed of mainly disaccharide
(allolactose) and tri-saccharides followed by tetra-saccharides. It was also observed that maximum
GOS were produced at 5 h of lactose conversion and as the reaction continued, all GOS were converted
to monosaccharides, glucose, and galactose.

2.6. Measurement of Body Weight Changes

The body weight changes of rats were recorded weekly on weighing scale (Model No. SCL66110
Olympia Plus Kent Scientific Corporation, Torrington, CT, USA).
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2.7. pH and Ammonia

The pH of cecal and fecal digesta were measured using a microelectrode and a pH/ION meter
(Model No. HI 111, Hanna Instruments, Ann Arbor, MI, USA). The ammonia concentration was
determined by the method described by Lin and Visek [26].

2.8. Aberrant Crypt Foci (ACF) Analysis

After animals were sacrificed, the colon was carefully removed, opened longitudinally, and gently
rinsed with saline to remove residual bowel contents followed by fixing flat in 10% buffered formalin
for 24 h at room temperature. The colon was divided into proximal (near the cecum), middle, and distal
colon (near the rectum). Methylene blue (0.2%) was used to stain all these three sections and ACF
counting was performed under light microscope. The total number of ACF per rat were calculated as
the sum of small, medium, and large ACF in colon [27].

2.9. Samples Collection and Enzyme Analysis

To ensure fresh fecal samples, before sacrificing animals fecal samples were collected by gently
squeezing the rectal region of rats and cecum samples were collected after sacrificing each animal,
which were processed immediately after collection. Azoreductase activity was determined according
to the method described by Goldin and Gorbach [28] and for nitroreductase, β-glucuronidase,
β-glucosidase, and azoreductase activities minor modifications were made in methods described
by Goldin and Gorbach [28].

2.9.1. Nitroreductase Assay

Cold pre-reduced (0.2 M; pH 7.8) Tris-HCl buffer was used to suspend fresh cecum and fecal
samples. Specimens were disrupted using spatula and were agitated by adding glass beads of 0.2-mm
diameter in a tightly stoppered tube for several minutes on a vortex mixer. The supernatant was
collected anaerobically by centrifuging the suspension at 500ˆ g for 10 min. This supernatant was
further processed for enzyme assay. The reaction was carried out anaerobically for 1 h at 30 ˝C
(pH 7.8). The total volume of reaction mixture was 500 μL containing 0.08 M Tris-HCl buffer, 0.35 mM
m-nitrobenzoic acid, 0.5 mM NADPH, 1 mM NADH and 200 μL fecal and cecum extracts. At the
end of reaction 750 μL HCl of 1.2 N concentration was added in reaction mixture to stop chemical
process. To measure the amount of m-aminobenzoic acid produced, readings were taken at 550 nm.
A standard curve was prepared by using the Bratton-Marshall reaction on known concentrations of
m-aminobenzoic acid.

2.9.2. β-Glucuronidase Assay

Fresh cecal and fecal samples were thawed in cold potassium phosphate buffer (0.1 M) having
pH 7.0. The cecal and fecal suspensions were homogenized in a pre-chilled homogenizer. The filtrate
was sonicated for 30 s (six times) bursts at 4 ˝C and then supernatant was collected by centrifuging at
500ˆ g for 15 min. The enzyme reaction was carried out using supernatant at 37 ˝C (pH 6.8), 500 μL
was the total volume of reaction mixture containing 0.02 M potassium phosphate buffer, 0.1 mM
EDTA, 1 mM phenolphthalein-β-D-glucuronide, and 50 μL cecal and fecal extracts. At the end of
reaction 2.5 mL glycine buffer (0.2 M) having pH 10.4 containing NaCl (0.2 M) was added to stop the
reaction. A standard curve of phenolphthalein was prepared for comparison to determine the amount
of phenolphthalein released, all readings were taken at 540 nm.

2.9.3. β-Glucosidase Assay

The samples for β-glucosidase assay were prepared as described for the β-glucuronidase assay.
Reaction was carried out at 37 ˝C (pH 7.0), 500 μL was the total volume of reaction mixture containing
0.1 M potassium phosphate buffer, 1 mM nitrophenyl-β-D-glucoside and 100 μL cecal and fecal extracts.
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At the end of reaction 2.5 mL sodium hydroxide of 0.01 M concentration was added in reaction mixture
to stop chemical process. A standard curve of nitrophenol was prepared for comparison to determine
the amount of nitrophenol released, all readings were taken at 420 nm.

2.10. Short Chain Fatty Acids

After collection, cecal and fecal contents were stored at ´80 ˝C until analysis of SCFAs using
gas chromatography (Agilent 6890 Plus gas chromatograph, Santa Clara, CA, USA) and expressed
as μmol/g of cecal/fecal material [29]. One gram of cecal/fecal sample was thawed and suspended
in 5 mL of distilled water followed by homogenization (UltraTurrax T 25, Staufen, Germany) for
3 min, resulting in a 20% (w/v) cecal/fecal suspension. The HCl (5 M) was used to adjust the pH of
suspension to 2–3 and was placed on shaker for 10 min at room temperature followed by centrifugation
(5000 rpm) for 20 min and the clear supernatant was separated. 2-ethylbutyric acid solution was
added in supernatant as internal standard having final concentration of 1 mM and this prepared
supernatant was used for the quantification of acetic, propionic, and butyric acids using standards of
these fatty acids.

2.11. Statistical Analysis

All of the results were expressed as mean ˘ standard error (SE). The inter group variation
was assessed by one way analysis of variance (ANOVA) using SPSS software (ver. 18). In all
significant results, post hoc comparison was performed using the Duncan Multiple Range test (DMRt).
Differences were considered significant at p < 0.05.

3. Results

3.1. Body Weight and Food Intake

All groups were provided with a basal diet, along with DMH and different treatments of prebiotics,
GOS, and inulin, except group G1 (fed only on basal diet) and G2 (basal diet and DMH without
prebiotics). There were no significant differences in food intake among all groups (Table 1).

Table 1. Average food intake in different groups of animals throughout the experiment.

Groups Food Intake (g/Rat/Day)

G1 (Basal Diet Control Group) 20.0 ˘ 0.5 a

G2 (DMH Control Group) 20.6 ˘ 0.6 a

G3 (DMH + GOS 76 mg) 21.0 ˘ 0.6 a

G4 (DMH + GOS 114 mg) 20.3 ˘ 0.5 a

G5 (DMH + GOS 151 mg) 20.1 ˘ 0.5 a

G6 (DMH + Inulin 114 mg) 21.0 ˘ 0.6 a

G7 (DMH + GOS 57 mg + Inulin 57 mg) 20.7 ˘ 0.6 a

Note: Values are expressed as mean ˘ SE. Means with the same letters are not significantly different (p ď 0.05).

Group G1 gained significant body weight (p ď 0.05) as compared to all other groups.
DMH administration significantly reduced the body weight compared to group G1 as shown in
Figure 1 (Body weight gain = final body wt. ´ initial body wt.). Group G2 gained the lowest body
weight as compared to all other groups. Groups G3–G5, given GOS treatments, showed resistance to
DMH-induced body weight loss and manifested dose-dependent alleviation of their body weights
(p ď 0.05) as compared to Group G2. Moreover, inulin, at a dose of 114 mg, exerted a better effect on
body weight recovery than GOS treatment at the same dose. Interestingly, the combination of GOS
and inulin achieved the best results in preventing DMH-induced body weight loss (Figure 1).
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Figure 1. Change in body weights in DMH-initiated and non-initiated animals. Among DMH-treated
animals, group G7 attained highest body weight. Body weight loss was maximum in the DMH control
group. Values are expressed as mean ˘ SE. Bars with no letters in common are significantly different
(p ď 0.05).

3.2. Individual Effect of GOS and Inulin on Aberrant Crypt Foci (ACF)

ACF analysis was carried out at the end of 16 weeks and results are shown in Table 2 and
Figure 2. The effect of prebiotics on the occurrence and distribution of ACF among different parts of
the colon is shown in Table 2. There was no ACF detected in basal diet control group (G1). With DMH
treatment, total numbers of ACF in the colon in Group G2 were 170.4 ˘ 7.34. A prominent reduction
in the numbers of ACF was observed in DMH + prebiotic treated animals as compared to Group G2.
Groups G4 and G5, given GOS, showed significant (p ď 0.05) reductions in total ACF as compared to
G2. Group G5 saw a significant (p ď 0.05) reduction of total ACF as compared to other GOS groups
(G3 and G4). Group G6 also showed a significant (p ď 0.05) reduction of total ACF as compared to
G2, G3, and G4, however, it was statistically similar to G5. The maximum percentage of total ACF
inhibition was achieved in G6 (51.2%) in case of individual effects of prebiotics, followed by G5 (41.4%)
and G4 (22.8%).

Figure 2. Histological examination of colon for ACF. (a) Normal crypts of control group animals;
(b–d) DMH-treated animals showing aberrant crypt foci. Arrows indicate ACF: singlet (S); doublet (D);
triplet (T); and cluster (C).
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3.3. Combined Effect of Inulin and GOS on ACF

The combined effects of GOS and inulin showed much better results in ACF inhibition than their
individual treatments. Group G7 showed a significant (p ď 0.05) reduction of ACF in all parts of colon
(proximal, middle and distal). The combination of GOS and inulin treatment showed 55.8% inhibition
of ACF formation in animals, which is significantly (p ď 0.05) higher than the GOS treatment alone.

3.4. SCFA, pH, and Ammonia

Groups G3–G5, which were receiving GOS, showed significant (p ď 0.05) increases in cecum
acetate levels as compared to Group G2, while groups G4 and G5 were higher (p ď 0.05) in cecum
butyrate, fecal acetate, and propionate levels, only G5 among GOS groups showed significant (p ď 0.05)
higher concentrations of fecal butyrate compared to the DMH control (G2) group, as shown in
Table 3. Inulin (G6) treatment showed significantly higher levels (p ď 0.05) of cecum and fecal
acetate, propionate, and butyrate concentrations when compared with the DMH control group (G2).
Interestingly, the combination of GOS and inulin treatment (G7) exhibited the highest cecum and
fecal levels of acetate, propionate, and butyrate among all of the treatment groups. In addition to
SCFA, pH and ammonia levels are also indicators of fermentation status. The fecal and cecal pH was
not significantly altered among all groups (Table 3). Nevertheless, prebiotic treatments significantly
reduced (p ď 0.05) the ammonia levels in cecum and fecal overall. The combination of GOS and inulin
significantly (p ď 0.05) reduced the levels of cecal and fecal ammonia than GOS groups alone at doses
of 114 mg and 76 mg, respectively.

3.5. Bacterial Enzymes

Overall, Group G2 showed higher levels of enzyme activities in cecum and fecal contents.
Among those groups which were given GOS as treatments, G5 showed significantly (p ď 0.05)
lower concentrations of β-glucoronidase, and both G4 and G5 showed significantly (p ď 0.05) lower
concentrations of nitroreductase and azoreductase in cecum contents compared to G2. Regarding fecal
content, G4 and G5 were able to significantly (p ď 0.05) reduce the concentrations of β-glucoronidase,
nitroreductase, and azoreductase, while only G5 was able to reduce (p ď 0.05) the concentration
of β-glucosidase compared to G2. Group G6, which was given inulin, also showed significantly
(p ď 0.05) lower concentrations of all enzymes in cecum and fecal contents as compared to DMH control
group (G2). We observed that combination treatment of GOS and inulin (G7) resulted in the lowest
concentrations of all enzymes in cecal and fecal samples, as shown in Table 4. Specifically, addition of
a GOS and inulin mixture in both cecum and feces reduced the activity of all enzymes more efficiently,
compared to individual treatments of GOS and inulin.
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4. Discussion

CRC is one of the most common cancers and is the leading cause for morbidity and mortality,
even in developed countries. Scientists have focused on various bioactive components in foods to
evaluate their role in prevention of CRC. Our data demonstrate that the combination of GOS and inulin
provided a significant preventive effect against the development of CRC. Furthermore, the inhibition of
ACF formation was significantly higher using this novel combination than inulin and GOS treatments
alone. The results of current study also suggest that, in comparison to GOS or inulin individually in
different doses, the combination of GOS and inulin rendered better resistance against DMH-induced
body weight loss and showed higher levels of cecal and fecal SCFA (acetate, propionate, and butyrate).

ACF are pre-adenomatous morphological putative lesions within the colonic mucosa that may
lead to progression to colon cancer. In the present study colon samples were collected after 16 weeks for
ACF analysis and, as reported in previous literature, this time period is sufficient for the development
of ACF and to observe the effects of treatments. Our results indicated that various doses of prebiotics
significantly (p > 0.05) inhibited DMH-induced colonic ACF formation in rats. We also showed that
GOS inhibited ACF formation in rats in a dose-dependent manner; among all GOS groups, G5 had the
maximum effect on ACF inhibition (55.8%), followed by G4 (41.4%) and G3 (22.8%) when compared to
the G2 group. Only one previous study [20] reported a high dose of commercial GOS (β-1,4 linkage),
at 20% concentration in the diet, inhibited ACF formation. Interestingly, our results showed that
the combination of prebiotics with both GOS and inulin (G7) had not only reduced the number
of ACF in the proximal, middle, and distal colon, but also altered the distribution of ACF in the
entire colon (Table 2). This suggests that administration of prebiotics in combination is able to exert a
pronounced chemopreventive effect on preneoplastic ACF formation. Previous experimental studies
also support our findings and suggest that prebiotics are effective enough to inhibit total ACF counts
chemically-induced in the colon [8,20,30–32]. As it is observed that inulin was better than GOS in
reducing ACF counts, it might be due to inulin being slowly degraded and passing further along the
colon before being completely degraded in the upper parts of intestine [33]. Another reason might be
the monosaccharides in GOS which promote the growth of microbes without discriminating beneficial
and harmful microbes. A previous study reported that inulin was able to inhibit 78.8% ACF formation
in rats [30]. The reduced ACF counts in prebiotic-treated animals may be due to the modulation of
microbiota and increased concentrations of SCFAs, as these are important for normal development of
colonic epithelial cells [16,31].

Those groups which were receiving prebiotics, particularly G5–G7, showed higher levels
of SCFA production and reductions in ammonia in cecal and fecal contents of rats (Table 3).
The SCFA, especially acetate, propionate, and butyrate, are the major products of prebiotic anaerobic
fermentation, which results in the lowering of colon pH and increasing the growth of beneficial bacteria,
and ultimately attribute to the health benefits of prebiotics [34]. Among these SCFA, butyrate has
received much attention in colon cancer prevention with multiple roles, including intestinal barrier
function, minerals absorption, cell growth and differentiation [35], as well as its immuno-modulatory
activity through its histone deacetylase (HDAC) inhibitory activity on nuclear factor κB (NF-κB)
and its expression in colon carcinoma cells [36]. The butyrigenic effect of prebiotic GOS and inulin
is very much desirable and has been suggested to be a major contributor to prevent/inhibit colon
carcinogenesis [37]. Higher dietary protein can raise ammonia levels in the colon [38] and increase
CRC risk through enhancing colonocyte proliferation [26]. Prebiotic supplementation or increased
levels of butyrate in the colon may reduce ammonia-mediated toxicity [39,40]. In the present study,
significant (p > 0.05) reduction in ammonia and increase in SCFA’s production in cecum and fecal
samples (Table 3) during prebiotic treatments indicated a degree of shift from proteolytic activity
to saccharolytic fermentation. This is particularly important in the distal colon where proteolytic
fermentation predominates, leading to the accumulation of toxic metabolites. A previous study
using prebiotic fructans was consistent with our results with lower levels of ammonia in the
prebiotic-treated groups [8,40]. In our findings, high concentrations of dietary GOS (G5 151 mg,
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HED 8 g), inulin (G6 114 mg, HED 6 g), and GOS + inulin (G7, 57 mg each, HED 6 g) significantly
(p > 0.05) enhanced the production of SCFA with reduction of ammonia and, interestingly, without a
change in pH. Similar findings have been observed in earlier studies using prebiotics and probiotics in
combination and ITF against CRC [8,16,32].

The gastrointestinal tract (GIT), particularly the colon, is considered a complex natural ecosystem
occupied by large number of micro-organisms. This microbiota is known to play a key role in
the well-being and health of the host [41]. The substances produced by colonic microflora have
different effects on the host, such as carcinogenic, genotoxic, tumor-promoting, and anti-carcinogenic
activities [15]. Enzymes, particularly β-glucuronidase, β-glucosidase, azoreductase, nitroreductase,
7-β-dehydrogenase, and 7-β-dehydrolase, are involved in conversions of endogenous toxins
and genotoxic compounds [34]. It is proven that changes in concentrations of these bacterial
enzymes is an indication of change in GIT microbiota [42] In our findings, the levels of enzymes
(β-glucuronidase, β-glucosidase, azoreductase and nitroreductase) in cecal and fecal contents were
lower in treatment groups. It is well documented that the higher levels of β-glucuronidase and
β-glucosidase are considered as biomarkers of colon cancer playing a significant role in colon
carcinogenesis and are involved in the carcinogenesis of neoplasms [28], as β-glucuronidase is involved
in restoration of the toxic properties of some xenobiotics in colon, its reduced level is taken as a
positive effect for colon cancer prevention [43]. Higher levels of bacterial nitroreductase are considered
harmful as it is involved in the synthesis of nitrosamines in the colon produced by the interaction of
amines with the product of nitrate/nitrite reduction [43]. The decreased activity of β-glucosidase and
β-glucuronidase in the present study with prebiotic treatment may be due to the improved intestinal
microbiota and many other in vivo factors like pH, ammonia production and substrate availability.
Moreover, earlier in vivo studies have also documented that inulin and oligofructose supplementation
in fecal bacterial cultures led to enhanced growth of bifidobacterium, having low β-glucuronidase and
β-glucosidase activity, and reduced growth of Escherichia coli and Clostridium sp. that are known to
have higher β-glucuronidase activity [30]. The previous study [30] using inulin and lactulose prebiotics
also found significantly (p ď 0.05) decreased activity of β-glucuronidase and β-glucosidase in animals
belonging to the inulin + DMH group compared with the lactulose + DMH-treated group strengthens
our findings.

5. Conclusions

In conclusion, this study reveals that GOS prebiotic treatment has a dose-dependent
chemo-preventive effect against DMH-induced ACF formation and CRC-related bio-markers. A GOS
dose of 8 g (HED) per day is more effective at producing these outcomes than lower doses of
4 and 6 g per day. Novelty of the present study is utilization of GOS containing β-1,6 and β-1,3
glycosidic linkages, which have never been used before in any cancer prevention study. A novel
combination of GOS and inulin exhibited stronger preventive activity than their individual treatments
alone. As epidemiological data indicates increasing prevalence of CRC throughout the world, and
dietary patterns are considered one of major risk factors, it time to focus on dietary strategies for
chemoprevention of CRC. Results of the present study encourage inclusion of prebiotic combinations
in routine diet and can be a promising strategy for CRC chemoprevention. Further studies are needed
to understand the mechanisms of action of different prebiotics containing a variety of linkages in
CRC prevention.
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Abstract: We examined colon cancer patients who received soluble dietary fiber enteral nutrition
(SDFEN) to evaluate the feasibility and potential benefit of early SDFEN compared to EN.
Sixty patients who were confirmed as having colon cancer with histologically and accepted radical
resection of colon cancer were randomized into an SDFEN group and an EN group. The postoperative
complications, length of hospital stay (LOH), days for first fecal passage, and the difference
in nutritional status, immune function and inflammatory reaction between pre-operation and
post-operation were all recorded. The statistical analyses were performed using the t-test and the chi
square test. Statistical significance was defined as p < 0.05. After the nutrition support, differences
in the levels of albumin, prealbumin and transferrin in each group were not statistically significant
(p > 0.05); the levels of CD4+, IgA and IgM in the SDFEN group were higher than that of the EN
group at seven days (p < 0.05); the levels of TNF-α and IL-6 in the SDFEN group were lower than
that of the EN group at seven days (p < 0.05); and patients in the SDFEN group had a significantly
shorter first flatus time than the EN group (p < 0.05). Early post-operative SDFEN used in colon
cancer patients was feasible and beneficial in immune function and reducing inflammatory reaction,
gastrointestinal function and speeding up the recovery.

Keywords: colon cancer; dietary fiber; early enteral nutrition

1. Introduction

In the 21st century, cancer incidence and mortality has not reduced; moreover, it has even increased
year by year. The total number of patients with colorectal cancer increased to 1.23 million globally
in 2008; it is ranked third in cancer incidence and fourth in mortality [1]. However, the incidence and
mortality of colorectal cancer were ranked third and fifth, respectively [2] in China. Many studies
showed that the incidence of malnutrition in patients with a malignant tumor was as high as
31%–97% [3,4], especially for gastrointestinal cancer, so choosing a proper nutrition therapy for
colorectal cancer patients with malnutrition is necessary. Early enteral nutrition support is promoted
after gastrointestinal surgery, and there are many kinds of nutrient elements, such as probiotics,
ω-3PUFA, Gln and fiber. We know that dietary fiber is a kind of nutrient, which is divided into soluble
dietary fiber and insoluble dietary fiber and can protect the intestinal barrier, modulate immune
function, induce inflammatory response and postoperative complications [5,6]. SCFA is the main
source of energy for intestinal epithelial cells and plays a key role in maintaining colonic health
and moderating cell growth and differentiation. This depends on the fermentation of dietary fiber.
Soluble dietary fiber is fermented, but insoluble dietary fiber is difficult to ferment. The relationship
between dietary fiber and colon cancer prevention was studied widely, but there is little study about
the early postoperative application of soluble dietary fiber in colon cancer [7–9]. Thus, we decide to
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add soluble dietary fiber to verify the feasibility and potential benefit of SDFEN for colon cancer for
the postoperative course.

2. Patients and Methods

2.1. Patient Selection

We recruited 60 subjects from the department of gastrointestinal surgery of the Sichuan cancer
Hospital between June 2014 and June 2015. All patients who confirmed colon cancer with histologically
and accepted radical resection of colon cancer were randomized into an SDFEN group (30 cases)
and EN group (30 cases). Informed consents were obtained according to the Declaration of Helsinki.
Patients suffering from diabetes or underlying cardiopulmonary diseases were excluded. Moreover,
the patients whose tumor staging was Stage IV (the cancer had spread to other parts of the body) were
also excluded.

2.2. Methods

No patients had a decompression tube before the operation, and all were given sequential nutrition
support for 7 days consecutively after the operation. The total daily calories for all the patients should
reach 125.52 kJ (30 kcal)/kg. All enteral nutrition was ingested through mouth, and if energy was
insufficient, we would obtain residual energy by infusing the Fat Emulsion, Amino Acids (17) and
Glucose (1%) Injection (1440 mL/bag) made by Sino-Swed Pharmaceutical Corp. (Wuxi, China).
Intervention in detail is in the following Table 1.

Table 1. Intervention of the cases and control.

Time Nutrients SDFEN EN

Day 1
5% GNS 500 mL 500 mL
dietary fiber 25 g -
Probiotics 4g 4 g

Day 2–3
Enteral Nutrition 500 mL 500 mL
dietary fiber 25 g -
Probiotics 4 g 4 g

Day 4–7
Enteral Nutrition 1000 mL 1000 mL
dietary fiber 25 g -
Probiotics 4 g 4 g

Total energy 125.52 kJ (30 kcal)/kg

Insufficient energy Amino Acids (17) and Glucose (1%) Injection (1440 mL/bag)

SDFEN: soluble dietary fiber enteral nutrition. EN: enteral nutrition. Dietary fiber: Soluble dietary fiber
from fruit and vegetables made by Beijing yikang Biotechnology Corp. (Beijing, China); Enteral Nutrition:
Enteral Nutritional Emulsion (TP-HE) (500 mL/bag, 750 kcal) made by Sino-Swed Pharmaceutical Corp;
Probiotics: Live Combined Bifidobacterium and Lactobacillus Tablets made by Inner Mongolia shuangqi
Pharmaceutical Corp. (Huhhot, China).

2.3. Clinical Assessment

Clinical factors included age, gender, smoking, drinking habits, and tumor stage according to
the tumor-node-metastasis classification of the International Union against Cancer (7th edition) [10].
Peripheral blood was collected on the pre-operative day, and post-operative second and seventh day.
Nutritional status was expressed by the levels of albumin, prealbumin and transferring; and immune
function was shown by the levels of CD3+, CD4+, CD8+, CD4+/CD8+, IgA, IgM and IgG; The levels
of TNF-α, IL-6 and PCT reflected the immune function. Length of hospital stay (LOH), and bowel
movement recovery were expressed as days and the first fecal passage was recorded. Postoperative
complications including pneumonia, anastomotic fistula and severe abdominal distension were
also recorded.
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2.4. Statistical Analysis

All analyses were carried out with the SPSS 19.0 software package (IBM, New York, NY, USA),
and measurement data were indicated with the mean ± standard deviation. The t-test was used
to examine measurement data, the chi-square test was used to categorize data. p value < 0.05 was
considered significant for statistical analysis.

3. Results

3.1. Demography

Among 30 colon cancer cases, there were 16 males and 14 females, and the mean age was
52.20 ± 14.20 years; among the 30 control cases, there were 19 males and 11 females, and the mean
age was 53.20 ± 13.10 years. The characteristics of the cases and controls are summarized in Table 2.
There was no significant difference between the distributions of the age, gender, smoking, drinking
habits and TNM stage of the two groups.

Table 2. Characteristics of the cases and control.

Variable SDFEN (n = 30) EN (n = 30) p

Gender (%)
Male 16 (53.3) 19 (63.3) 0.735

Female 14 (46.7) 11 (36.7) 0.690
Age mean (SD) year 52.2 ± 14.2 53.2 ± 13.1 0.750
Smoking status (%)

Smokers 12 (40) 9 (30) 0.664
Nonsmokers 18 (60) 21 (70) 0.749
Drinking (%)

Drinkers 10 (33) 13 (43.3) 0.678
Nondrinkers 20 (67) 17 (56.7) 0.868

TNM stage (%)
I, II 13 (43.3) 11 (36.7) 0.839
III 17 (56.7) 19 (63.3) 0.868

SDFEN: soluble dietary fiber enteral nutrition; EN: enteral nutrition; SD: standard deviation.

3.2. Pre-Operative and Post-Operative Nutritional Index

After the nutrition support, differences of the levels of albumin, prealbumin and transferrin in
each group were not statistically significant (p > 0.05) (Table 3).

Table 3. Comparison of the two groups’ nutrition index.

Pre Op POD 2 POD 7

ALB (g/L)
SDFEN 40.15 ± 2.45 32.64 ± 2.32 35.45 ± 2.21

EN 39.39 ± 2.87 31.81 ± 1.72 34.30 ± 1.86
p 0.22 0.09 0.05

PAB (mg/L)
SDFEN 194.78 ± 31.74 177.32 ± 22.82 192.67 ± 21.30

EN 191.47 ± 30.61 178.09 ± 28.24 189.97 ± 25.32
p 0.62 0.88 0.58

TRF (g/L)
SDFEN 2.58 ± 0.50 2.05 ± 0.39 2.29 ± 0.33

EN 2.55 ± 0.39 2.09 ± 0.20 2.23 ± 0.28
p 0.75 0.57 0.30

Pre Op: pre-operation; POD: postoperative day; SDFEN: soluble dietary fiber enteral nutrition;
EN: enteral nutrition; ALB; albumin; PAB; prealbumin; TRF; transferring.
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3.3. Pre-Operative and Post-Operative Immune Index

Differences of CD3+, CD8+, CD4+/CD8+ and IgG in each group were not statistically significant
at two and seven days. The levels of CD4+, IgA and IgM in SDFEN group were higher than the EN
group at seven days (p < 0.05) (Table 4).

Table 4. Comparison of the two groups’ immune index.

Pre Op POD 2 POD 7

CD3+ (%)
SDFEN 62.77 ± 6.46 54.32 ± 6.95 61.34 ± 4.32

EN 60.99 ± 7.00 53.59 ± 6.42 59.80 ± 6.23
p 0.321 0.669 0.285

CD4+ (%)
SDFEN 34.28 ± 4.83 28.40 ± 3.32 35.90 ± 2.24

EN 33.70 ± 5.31 29.76 ± 3.32 34.41 ± 2.64
p 0.61 0.155 0.024

CD8+ (%)
SDFEN 23.20 ± 4.83 21.58 ± 3.91 21.30 ± 3.03

EN 22.03 ± 3.83 21.11 ± 2.72 21.35 ± 1.94
p 0.377 0.659 0.949

CD4+/CD8+
SDFEN 1.55 ±0.43 1.36 ± 0.31 1.72 ± 0.29

EN 1.58 ±0.41 1.44 ± 0.27 1.62 ± 0.20
p 0.766 0.387 0.190

IgA (g/L)
SDFEN 2.13 ± 0.95 1.81 ± 0.94 2.25 ± 0.79

EN 2.03 ± 0.56 1.69 ± 0.59 1.88 ± 0.54
p 0.622 0.567 0.045

IgM (g/L)
SDFEN 1.26 ± 0.64 0.94 ± 0.20 1.30 ± 0.33

EN 1.12 ± 0.19 0.96 ± 0.13 1.11 ± 0.15
p 0.241 0.693 0.002

IgG (g/L)
SDFEN 11.22 ± 1.54 9.57 ± 1.59 11.55 ± 1.44

EN 11.12 ± 1.73 9.74 ± 0.87 11.41 ± 1.32
p 0.799 0.618 0.590

Pre Op: pre-operation; POD: postoperative day; SDFEN: soluble dietary fiber enteral nutrition;
EN: enteral nutrition.

3.4. Pre-Operative and Post-Operative Inflammatory Index

The levels of TNF-α and IL-6 in the SDFEN group were lower than the EN group at seven days
(p < 0.05) (Table 5).

Table 5. Comparison of the two groups’ immune index.

Pre Op POD 2 POD 7

TNF-α (pg/mL)
SDFEN 12.88 ± 5.62 20.32 ± 6.35 13.02 ± 2.85

EN 13.91 ± 6.47 22.14 ± 6.81 14.73 ± 4.07
p 0.524 0.333 0.045

IL-6(pg/mL)
SDFEN 47.54 ± 34.30 110.72 ± 46.86 58.75 ± 24.82

EN 45.83 ± 42.14 115.57 ± 56.93 70.83 ± 35.65
p 0.850 0.682 0.044

PCT (ng/mL)
SDFEN 0.11 ± 0.11 0.26 ± 0.18 0.15 ± 0.07

EN 0.15 ± 0.15 0.28 ± 0.18 0.16 ± 0.08
p 0.086 0.489 0.539

Pre Op: pre-operation; POD: postoperative day; SDFEN: soluble dietary fiber enteral nutrition;
EN: enteral nutrition.
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3.5. Post-Operative Recovery

Patients in the SDFEN group had a significantly shorter first flatus time than the EN group
(p < 0.05). However, abdominal distension, pneumonia, Anastomotic fistula and total postoperative
hospitalization time were similar between the two groups (Table 6).

Table 6. Post-operative recovery.

SDFEN EN p

First flatus time (h) 58.93 ± 6.5 63.03 ± 4.8 0.015
Abdominal distension 1 2 -

Pneumonia 1 2 -
Anastomotic fistula 0 1 -

Length of hospital stay (day) 7.4 ± 0.72 7.63 ± 0.61 0.257

SDFEN: soluble dietary fiber enteral nutrition; EN: enteral nutrition.

4. Discussion

Colon cancer is a common gastrointestinal malignancy, the incidence of which has increased year
by year. Seventy percent of patients with GI cancer may be suffering from malnutrition and 39.3% of
patients with colon cancer had different degrees of malnutrition [11,12]. Surgery is still the first choice
for treatment, but surgical trauma and anesthesia can cause body metabolic disorder and aggravated
malnutrition. Widespread attention has been given on how to further improve the postoperative
nutritional status and the prognosis.

Early enteral nutrition began at 24 h after surgery in our study. ASPEN [13] suggested that ideal
enteral nutrition should begin within 24 to 48 h after surgery. Actually, intestine had recovered its
absorption function and EMG activity within 4 to 8 h after surgery [14]. The gastrointestinal tract can
not only absorb nutrients, but also plays an important role in immunity because it is a central organ
after surgical stress [15] and it is also the motor of the MODS. Intestine mucosal atrophy and abnormal
intestinal permeability can occur after not eating for several days. Early enteral nutrition is more close
to the human physiological needs. The application of enteral nutrition can reverse the loss of gut
mucosal integrity resulting from surgical trauma [16], and early enteral nutrition support is associated
with a decreased infection risk, a reduced hospital stay, and a clear trend of a reduction in anastomotic
breakdown [17,18]. Therefore, it could be the first choice for patients who have had an operation.

Some studies proposed that early application of soluble dietary fiber enteral nutrition could
increase nutritional indicators, make patients’ weight decline slowly and reduce the incidence of
digestive tract complications [19,20]. However, there was no obvious difference in post-operative
nutrition status and complication between the SDFEN group and EN group in our study.
Fortunately, there was a trend of an increased post-operative nutrition status and declined incidence
of complications. Dietary fiber are not a static collection of indigestible plant materials that pass
through the human GI tract without any function; instead, they bind potential nutrients, result in new
metabolites, and modulate nutrient absorption/metabolism, and they can promote the growth of the
small intestinal villus to increase the absorption of nutrients to improve nutrition status. Dietary fiber
is divided into soluble dietary fiber and insoluble dietary fiber. In general, soluble dietary fiber is
fermented, but insoluble dietary fiber is difficult to ferment. Studies found that dietary fiber could
be fermented into SCFAs in colon and unoxidized SCFA through the portal system into the liver.
They can thus be converted to glutamine, and then glutamine enters into the circulation of blood to
nourish the small intestine [21]. Therefore, statistical differences in post-operative nutrition status and
complication will exist between the SDFEN group and EN group, if observation time is enough.

A large amount of research has reported that soluble dietary fiber had health benefits with
immunomodulatory and anti-inflammatory effects [8,22]. In our study, there were significant
differences in the indicators of immune conditions including deviations in CD4+, IgA and IgG at seven
days between the SDFEN group and EN group (35.90% ± 2.24% vs. 34.41% ± 2.64%, 2.25% ± 0.79 g/L
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vs. 1.88 ± 0.54 g/L, and 11.55 ± 1.44 g/L vs. 11.41 ± 1.32 g/L, respectively, p < 0.05), and the levels
of TNF-α and IL-6 in the SDFEN group was lower than those in the EN group (13.02 ± 2.85 pg/mL
vs. 14.73 ± 4.07 pg/mL, and 58.75 ± 24.82 pg/mL vs. 70.83 ± 35.65 pg/mL, respectively, p < 0.05).
These health benefits can be attributed to the fermentation of soluble dietary fiber into SCFAs in the
colon. The three major colonic SCFAs are acetate, propionate and butyrate, which is the main source of
energy for intestinal epithelial cells and plays a key role in maintaining colonic health and moderating
cell growth and differentiation [23]. Acetate plays a role in the host immune system through interacting
with the G protein-coupled receptor (GPCR43, 41) in immune cells [24]. Butyrate exhibits strong
anti-inflammatory properties, and this effect is likely mediated by inhibition of TNF-α production,
NF-κB activation, and IL-8, IL-10, and IL-12 expression in immune and colonic epithelial cells [25,26].
Leukocytes are recruited and migrate from the bloodstream to the inflamed tissue through a multistep
process that involves expression and activation of several proteins such as adhesion molecules and
chemokines, and SCFAs modify this leukocyte recruitment [27,28] by modulating the amount or type
of adhesion molecules and chemokines. SCFAs may alter the recruitment of leukocytes to reduce the
chronic GI tract inflammatory response. Therefore, intakes of dietary fiber can reduce inflammatory
reaction and improve the postoperative immune function.

Under the stimulation of mixed dietary fiber food, the gastrointestinal hormone is increased,
such as gastrin and cholecystokinin, which can promote recovery of intestinal movement.
Furthermore, SCFAs also have the same function; Kamath et al. [29] found that the movement of the
free small bowel was increased after being stimulated with SCFAs. In our study, patients in the SDFEN
group had a significantly shorter first flatus time than the EN group (58.93 ± 6.5 h vs. 63.03 ± 4.8 h,
p < 0.05), so that SDFEN can promote recovery of intestinal movement.

5. Conclusions

Early post-operative soluble dietary fiber enteral nutrition used in colon cancer patients was
feasible and has advantages in improving immune function, reducing inflammatory response and
promoting early recovery of intestinal movement.
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Abstract: Combined intakes of specific dietary fiber and fat subtypes protect against colon cancer in
animal models. We evaluated associations between self-reported individual and combinations of
fiber (insoluble, soluble, and pectins, specifically) and fat (omega-6, omega-3, and docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), specifically) and colorectal cancer (CRC) risk in the
Women’s Health Initiative prospective cohort (n = 134,017). During a mean 11.7 years (1993–2010),
1952 incident CRC cases were identified. Cox regression models computed multivariate adjusted
hazard ratios to estimate the association between dietary factors and CRC risk. Assessing fiber and
fat individually, there was a modest trend for lower CRC risk with increasing intakes of total and
insoluble fiber (p-trend 0.09 and 0.08). An interaction (p = 0.01) was observed between soluble fiber
and DHA + EPA, with protective effects of DHA + EPA with lower intakes of soluble fiber and an
attenuation at higher intakes, however this association was no longer significant after correction for
multiple testing. These results suggest a modest protective effect of higher fiber intake on CRC risk,
but not in combination with dietary fat subtypes. Given the robust results in preclinical models and
mixed results in observational studies, controlled dietary interventions with standardized intakes are
needed to better understand the interaction of specific fat and fiber subtypes on colon biology and
ultimately CRC susceptibility in humans.

Keywords: butyrate; colorectal cancer; DHA; EPA; fat; fiber; omega-3; pectin

1. Introduction

Colorectal cancer (CRC) is the third most common type of cancer in the U.S., accounting for
roughly 8% of new cancer cases and 8% of all cancer deaths in 2015 [1]. Lifestyle factors such as
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diet, physical activity, and body weight contribute substantially to CRC, and it is generally held
that risk could be greatly reduced through dietary modification [2]. Dietary fiber and fat are two of
the most well-studied dietary components in this regard [3]. Although many case-control studies
have found inverse associations between fiber and fat intakes and CRC [4], data from epidemiologic
studies are mixed [4–25], possibly due to differences in intake assessment, the type of fiber or fat
analyzed, and residual confounding by other lifestyle and dietary factors. More recent studies have
attempted to control for dietary confounders such as folate, alcohol, and red meat consumption, yet
the contradictions in outcomes persist [7,15,26,27]. Finally, within the Women’s Health Initiative (WHI)
Dietary Modification Trial, a low fat dietary pattern intervention which included a focus on increasing
servings of whole grains, vegetables, and fruits, was found to have no significant benefit on CRC
incidence over an average of 8.1 years [28].

There is a growing recognition that dietary exposures are complex with synergistic and
antagonistic effects between different dietary components contributing to chronic disease risk.
Interactions between dietary constituents and microbial metabolites may also partially explain
differences in population-level study outcomes [29,30]. In contrast to the equivocal data from
observational studies in humans—in which each dietary component is evaluated separately—strong
evidence for a combined effect of the subtypes of fat and fiber in relation to reduced colon tumorigenesis
has been demonstrated in preclinical animal models [31–35]. Gut bacteria ferment dietary fiber
(e.g., pectins, a type of fermentable soluble fiber) to butyrate [36–49], a potent histone deacetylase
(HDAC) inhibitor [29,30] associated with reduced CRC risk [50–52]. Omega 6 (n-6) polyunsaturated
fatty acids (PUFA), commonly found in refined vegetables oils, processed and fast foods, and red
meat, typical in Western diets [53], and omega 3 (n-3) PUFA in fish oils [54] are structural precursors of
eicosanoids; those derived from n-6 are mainly pro-inflammatory, whereas those produced from n-3
tend to have opposing effects [55,56]. Given the strong correlation between inflammation and CRC [56],
higher intakes of long-chain n-3 PUFA provide biologic validity for a chemoprotective effect [57].

Preclinical research suggests that the combined effects of n-3 PUFA in fish oils
(e.g., docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)) and butyrate from fermentable
fiber (e.g., pectin) may work in concert to enhance the chemopreventive potential of either dietary
component alone, primarily by increasing apoptosis [31,33,34,58–62]. While other factors, such as low
dietary intakes of fiber and certain fatty acid subtypes, may contribute to the mixed results in humans,
the lack of evaluation of the interaction between subtypes of dietary fat and fiber, i.e., pectins in soluble
fiber and marine-derived n-3 PUFA, may also explain why the chemoprotective effects of fiber and fat
have not been consistently detected in prospective cohort studies. Therefore, our objectives for this
study were to determine the associations between the individual and combinations of subtypes of
fiber (soluble, and pectins specifically, which leads to the production of butyrate, vs. insoluble) and fat
(n-3, and DHA + EPA, specifically, vs. n-6), and risk of CRC in the WHI.

2. Materials and Methods

2.1. Study Population

The WHI is a large prospective study focused on understanding preventive strategies for
major chronic diseases in postmenopausal women [63]. WHI includes both a multi-component
randomized Clinical Trial (CT) and an Observational Study (OS). The CT (n = 68,132) was actually
three overlapping randomized controlled trials evaluating combined hormone therapy or estrogen
alone versus placebo (HRT), a low-fat dietary pattern versus comparison (Dietary Modification), and
calcium and vitamin D supplementation versus placebo (CaD), on the risk of breast and colorectal
cancers, coronary heart disease, and osteoporotic fractures. The OS (n = 93,676) examines a broader
range of lifestyle, health, and risk factors and risk of common chronic diseases in postmenopausal
women initially interested in but ineligible for one or more of the clinical trials. Postmenopausal women
aged 50–79 years were recruited from the general population at 40 different Clinical Centers between
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1993 and 1998, with trial follow-up information and outcome data available through 2005, and post-trial
follow-up information and outcome data for these analyses available through September, 2010, the end
of the first WHI Extension Study. All participants in the CT and OS were included in the present
analysis except women who were randomized to the intervention arm of the Dietary Modification trial
(n = 19,541). Further details on recruitment, study design, and baseline measures have been published
elsewhere [63–66]. Institutional review board approval was obtained from all clinical sites, and women
provided written informed consent prior to participation and for follow-up in the Extension period.
The WHI ClinicalTrials.gov identifier is NCT00000611.

2.2. Data Collection and Dietary Assessment

Detailed information on demographic characteristics, medical, reproductive and familial CRC
history, and lifestyle factors were collected at baseline. Weight and height were assessed with
a standardized protocol using a calibrated balance beam scale and stadiometer, respectively,
and body mass index (BMI) was computed as weight in kg/height in m2. Physical activity was
assessed by computing average weekly metabolic equivalents of moderate and vigorous leisure-time
physical activity.

Dietary intake over the past three months was measured from the WHI food frequency
questionnaire (FFQ) [67] using a standardized protocol at baseline for all women, and at year one for
Dietary Modification CT participants. Follow-up FFQs were completed in years two through nine
for a rotating proportion (33%) of Dietary Modification CT participants. The baseline FFQ data were
used for the current study. The FFQs contained 122 food and food group items, and 19 adjustment
questions, the majority of which ask about food practices pertaining to types and amounts of added
fats (e.g., fat added at the table and in cooking), and three summary questions on food purchasing and
preparation methods [67]. The WHI nutrient database was derived from Nutrition Data Systems for
Research (NDS-R, version 2005, Nutrition Coordinating Center, University of Minnesota, Minneapolis,
MN, USA). The database has over 140 nutrient values including total fat, total PUFA, n-6 and n-3
PUFA, total DHA and EPA from food sources; and total, insoluble and soluble fiber, and pectins.

2.3. Colorectal Cancer Case Ascertainment

Clinical outcomes, including cancer diagnoses, were updated annually in the OS and
semi-annually in the CT until 2005 when the outcomes were thereafter reported annually using mail or
telephone questionnaires. Self-reports of CRC were verified by trained physician adjudicators at the
Clinical Centers who reviewed medical records and pathology reports [68]. All CRC diagnoses were
then confirmed by blinded review at the WHI Clinical Coordinating Center at the Fred Hutchinson
Cancer Research Center.

2.4. Statistical Analysis

Exclusions were made for women who reported history of colon or rectal cancers prior to baseline
enrollment or who were missing these data (n = 946). Further exclusions were made for women
with FFQs containing incomplete information, or data that suggested biologically implausible daily
energy intakes of <2512 or >20,930 kJ (n = 4649), or extreme BMIs (<15 or >50 kg/m2; n = 2069).
Finally, women who were missing data for smoking, physical activity, and education variables combined
(n = 9), or were lost to follow up (n = 577), were excluded, leaving a sample of 134,017 for analysis.

Cox proportional hazards models were used to estimate hazard ratios (HR) and 95% confidence
intervals (95% CI) for the association of fiber (total, insoluble, soluble, and pectins) and fat (total,
n-6, n-3, and DHA + EPA) intakes and CRC risk. Dietary variables were evaluated as separate main
effects, as quintiles of intake, using the lowest quintile as the reference group. Quintile assignments of
dietary variables from the baseline FFQ were calculated based on the distribution in non-cases. Tests for
trend were performed in a separate Cox model treating quintiles 1–5 as linear. Fat variables were
analyzed both as g intake/day with energy adjusted in the models, and as % energy. As the results
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for both were similar (data not shown) we present only fat as g intake/day. Interactions (a total of
seven determined a priori: total fat × total fiber; insoluble fiber × n-6 PUFA; soluble fiber × n-3 PUFA;
insoluble fiber × n-3 PUFA; soluble fiber × DHA + EPA; pectins × n-3 PUFA; pectins × DHA + EPA)
were assessed by adding the multiplicative interaction term between linear quintiles of dietary fat
and fiber variables to the final multivariate model. For the significant interaction of soluble fiber and
DHA + EPA, post-hoc HRs and 95% CIs were computed for each quintile comparison for each of the
25 fat × fiber groups.

All models were adjusted for established or suggestive risk factors for CRC: (age (years,
continuous); family history of CRC (yes/no); red and processed meat consumption (g/day, continuous);
BMI (kg/m2, continuous); leisure physical activity (total metabolic equivalent-h/week, continuous);
smoking (current or past/never); alcohol use (g/day, continuous); current use of non-steroidal
anti-inflammatory drugs (NSAIDs; yes/no); folate (food plus supplements; μg dietary folate
equivalents/day, continuous); calcium (food plus supplements; mg/day; continuous)) [69,70],
and confounders that altered point estimates for dietary outcome measures by more than 10%:
total energy intake (kcal/day, continuous); history of screening colonoscopy (yes/no); education level
(high school; technical school or some college; college grad or post); ever use of menopausal
hormones (yes/no); and study component (OS, CT) and CT randomization assignment (HRT, Dietary
Modification or CaD). We created a “missing” category for covariates with data missing for <0.5% of the
participant population (NSAIDs, n = 91, smoking, n = 1737, education level, n = 1005, and colonoscopy
screening, n = 4736), and imputed the median values for physical activity (n = 5230) to reduce the
number of participants who would be dropped from the analysis. All tests for individual dietary
factors were two sided and statistical significance was set at p < 0.05. Tests for interaction were adjusted
for multiple testing using Bonferroni correction (0.05/7 tests conducted = p < 0.007). All analyses were
conducted using Stata (v14.1; StataCorp, College Station, TX, USA).

3. Results

The distribution of baseline participant characteristics and dietary intake for CRC cases and
non-cases are given in Table 1. During a mean follow up of 11.7 years (±3.5; range: 0.02–17.5 years),
a total of 1952 CRC cases were reported. Women with CRC appeared less likely to have ever used
hormone therapy and consumed less calcium. Intakes of all other dietary variables were very similar
in cases and non-cases.

Table 1. Baseline characteristics, colorectal cancer risk factors, and dietary constituents for participants
in the Women’s Health Initiative 1993–2010 1.

Characteristic Cases (n = 1952) Non-Cases (n = 132,065)

Age, (years) 66 (6.9) 63 (7.3)
Height (cm) 162 (6.3) 162 (6.4)

Body mass index (kg/m2) 28 (5.7) 28 (5.5)

Race (%)
White 85 84
Black 9 8

Other/Unknown 2 6 8
Education (% college graduate) 38 40

Screening colonoscopy (%) 49 51
Family history of CRC (%) 19 15

NSAID (% current use) 17 19
Alcohol use at baseline (g/day) 5 (11.3) 5 (10.8)

Never smokers (%) 49 50
Physical activity (MET-h/week) 3 12 (12.6) 13 (13.7)

Ever used post-menopausal Hormone therapy (%) 48 56

Dietary intake
Total energy (kJ/day) 6766 (2671) 6787 (2642)

Total fiber (g/day) 16 (6.9) 16 (6.9)
Soluble fiber (g/day) 4.3 (1.8) 4.3 (1.8)

Pectins (g/day) 2.5 (1.2) 2.5 ( 1.2)
Insoluble fiber (g/day) 11.5 (5.1) 11.8 (5.1)
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Table 1. Cont.

Characteristic Cases (n = 1952) Non-Cases (n = 132,065)

Total fat (g/day) 60 (32.7) 59 (32.0)
n-3 (g/day) 1.41 (0.8) 1.41 (0.8)

DHA + EPA (g/day) 0.12 (0.12) 0.13 (0.12)
n-6 (g/day) 10.8 (6.2) 10.7 (6.2)

Linoleic acid (g/day) 10.8 (6.2) 10.7 (6.1)
Linolenic acid (g/day) 1.3 (0.7) 1.3 (0.7)

Calcium (mg/day) 803 (439) 827 (453)
Folate (DFE, μg/day) 478 (206) 488 (207)

Red meat (g/day) 0.69 (0.57) 0.67 (0.55)
1 Means (Standard Deviation) unless otherwise specified; 2 Includes Hispanic, American Indian, Asian/Pacific
Islander, Mixed races, and Refused; 3 Total metabolic equivalent-hours/week. CRC, colorectal cancer;
DFE, dietary folate equivalents; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; NSAIDs, non-steroidal
anti-inflammatory drugs.

Table 2 provides data on associations of total, insoluble, and soluble fiber, and pectins, with CRC
risk. When assessing fiber as a main effect, higher versus lower total soluble and insoluble fibers were
associated with modest, but non-significant lower risk of CRC. There was a suggestion of inverse linear
trends for total and insoluble fiber, (p-trend = 0.09 for total fiber; p-trend = 0.08 for insoluble fiber).

Table 2. Multivariate-adjusted hazard ratios and 95% CIs for the association of fiber with colorectal
cancer in the Women’s Health Initiative (n = 134,017) 1993–2010.

Quintiles of Dietary Intake No. Cases Person-Years Multivariate Adjusted HR (95% CI) 1

Total fiber (g/day)
<10.3 420 302,828 1.00 (Reference)

10.3–13.6 426 312,546 1.00 (0.87, 1.15)
13.6–17.0 354 316,244 0.83 (0.71, 0.97)
17.0–21.5 372 318,893 0.87 (0.74, 1.03)

>21.5 380 318,844 0.90 (0.73, 1.10)
p-trend 0.09

Soluble fiber (g/day)
<2.8 408 304,051 1.00 (Reference)

2.8–3.7 409 312,599 0.97 (0.84, 1.12)
3.7–4.6 361 316,928 0.85 (0.73, 1.00)
4.6–5.8 410 318,628 0.96 (0.81, 1.13)

>5.8 364 317,148 0.84 (0.69, 1.03)
p-trend 0.14

Insoluble fiber (g/day)
<7.4 433 302,242 1.00 (Reference)

7.4–9.8 413 312,804 0.93 (0.81, 1.07)
9.8–12.3 357 316,721 0.81 (0.69, 0.94)

12.3–15.7 370 318,704 0.84 (0.72, 1.00)
>15.7 379 318,884 0.87 (0.72, 1.06)

p-trend 0.08

Pectin (g/day)
<1.4 399 303,832 1.00 (Reference)

1.4–2.0 397 313,746 0.97 (0.84, 1.12)
2.0–2.6 379 316,302 0.92 (0.79, 1.06)
2.6–3.5 396 318,847 0.97 (0.83, 1.13)

>3.5 381 316,626 0.94 (0.80, 1.11)
p-trend 0.56

1 The following variables were included in both the multivariate and continuous models: total energy intake
(continuous), age (continuous), body mass index (continuous), education (high school, technical school or
some college, college graduate or post-graduate), family history of colorectal cancer (yes/no), history of
colonoscopy (yes/no), current NSAID use (yes/no), alcohol intake (continuous), smoking history (never, former,
current), physical activity (total metabolic equivalent-hours, continuous), ever use of hormone therapy
(never, current/former), folate (DFE; μg/day, continuous), calcium (mg/day, continuous), and red meat
intake (g/day, continuous), and study component (OS, CT) and CT randomization assignment and treatment
arm. OS, observational study; CT, clinical trial; DFE, dietary folate equivalents; NSAIDs, non-steroidal
anti-inflammatory drugs.
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The associations of total fat, n-6 PUFA, n-3 PUFA, and EPA + DHA with CRC risk were null with
most HRs near the null value of 1.0 (Table 3).

Table 3. Multivariate-adjusted hazard ratios and 95% CIs for the association of fat with colorectal
cancer in the Women’s Health Initiative (n = 134,017) 1993–2010.

Quintiles of Dietary Intake No. Cases Person-Years Multivariate Adjusted HR (95% CI) 1

Total fat (g/day)
<33.1 345 309,005 1.00 (Reference)

33.1–45.6 432 318,884 1.20 (1.04, 1.39)
45.6–59.7 394 316,808 1.05 (0.90, 1.24)
59.7–80.6 381 316,629 0.98 (0.82, 1.18)

>80.6 400 313,067 0.98 (0.76, 1.27)
p-trend 0.44

n-6 PUFA (g/day)
<5.9 375 309,046 1.00 (Reference)

5.9–8.1 405 314,292 1.02 (0.88, 1.18)
8.1–10.7 390 316,554 0.95 (0.81, 1.11)

10.7–14.6 394 317,021 0.92 (0.78, 1.09)
>14.6 388 312,441 0.84 (0.68, 1.05)

p-trend 0.10

n-3 PUFA (g/day)
<0.80 401 308,532 1.00 (Reference)

0.80–1.09 389 314,521 0.94 (0.82, 1.08)
1.09–1.41 383 316,931 0.90 (0.78, 1.05)
1.41–1.90 377 316,759 0.87 (0.75, 1.03)

>1.90 402 312,611 0.90 (0.74, 1.09)
p-trend 0.16

DHA + EPA (g/day)
<0.04 402 307,408 1.00 (Reference)

0.04–0.07 389 312,402 0.97 (0.84, 1.12)
0.07–0.11 393 315,998 0.98 (0.85, 1.13)
0.11–0.18 389 318,148 0.99 (0.85, 1.14)

>0.18 379 315,397 0.98 (0.84, 1.13)
p-trend 0.87

1 The following variables were included in both the multivariate and continuous models: total energy intake
(continuous), age (continuous), body mass index (continuous), education (high school, technical school or
some college, college graduate or post-graduate), family history of colorectal cancer (yes/no), history of
colonoscopy (yes/no), current NSAID use (yes/no), alcohol intake (continuous), smoking history (never, former,
current), physical activity (total metabolic equivalent-hours, continuous), ever use of hormone therapy
(never, current/former), folate (DFE μg/day, continuous), calcium (mg/day, continuous), and red meat
intake (g/day, continuous), and study component (OS, CT) and CT randomization assignment and treatment
arm. OS, observational study; CT, clinical trial; DFE, dietary folate equivalents; DHA, docosahexaenoic
acid; EPA, eicosapentaenoic acid; NSAIDs, non-steroidal anti-inflammatory drugs. PUFA, polyunsaturated
fatty acids.

We next examined the interaction of fat and fiber subtypes in relation to CRC risk. The interaction
between DHA + EPA and soluble fiber was statistically significant (p-interaction = 0.01), with a
significant decreased risk of CRC with increasing DHA + EPA intake among those in the lowest
quintile of soluble fiber intake (p-trend = 0.02; Table 4) and a borderline increased risk of CRC with
increasing DHA + EPA among those in the highest quintile of soluble fiber (p-trend = 0.07; Table 4).
There was a marginal statistically significant association between pectins and DHA + EPA (p = 0.05),
with a similar pattern of attenuation, whereby the protective effects of higher intakes of pectins were
no longer apparent with higher intakes of DHA + EPA (data not shown). However, these interactions
were no longer significant when adjusted for multiple comparisons. There were no other significant
interactions between the various dietary fiber and fat combinations.
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Table 4. Soluble fiber and DHA + EPA stratified by quintile of intake, and association with colorectal
cancer in the Women’s Health Initiative (n = 134,017) 1993–2010.

DHA + EPA (g/Day) HR (95% CI) 1 p-Trend 2

Soluble fiber
(g/day)

Q1 Q2 Q3 Q4 Q5

Q1
1.00 0.88 0.78 0.88 0.59 0.91

0.02(Ref) 3 (0.68, 1.13) (0.59, 1.04) (0.65, 1.20) (0.40, 0.88) (0.84, 0.98)

Q2
0.81 0.82 0.91 0.80 0.91 1.03

0.44(0.62, 1.06) (0.63, 1.07) (0.70, 1.18) (0.60, 1.06) (0.69, 1.23) (0.96, 1.11)

Q3
0.71 0.84 0.73 0.65 0.79 0.99

0.70(0.53, 0.96) (0.63, 1.11) (0.55, 0.97) (0.48, 0.87) (0.59, 1.06) (0.91, 1.06)

Q4
0.76 0.86 0.87 0.90 0.77 1.00

0.96(0.56, 1.05) (0.65, 1.15) (0.66, 1.15) (0.68, 1.18) (0.57, 1.02) (0.93, 1.07)

Q5
0.70 0.53 0.73 0.81 0.80 1.08

0.07(0.49, 1.01) (0.37, 0.78) (0.53, 1.00) (0.60, 1.08) (0.60, 1.08) (1.00, 1.17)

HR (95% CI) 1 0.97 0.90 1.02 0.99 1.00
(0.89, 1.08) (0.81, 1.00) (0.92, 1.13) (0.89, 1.09) (0.89, 1.11)

p-trend 2 0.62 0.05 0.72 0.80 0.95
1 HR and 95% CI across quintiles of soluble fiber and DHA + EPA; 2 p-trend values from linear interactions
across each row and column. The following variables were included in the model: total energy intake
(continuous), age (continuous), body mass index (continuous), education (high school, technical school or
some college, college graduate or post-graduate), family history of colorectal cancer (yes/no), history of
colonoscopy (yes/no), current NSAID use (yes/no), alcohol intake (continuous), smoking history (never, former,
current), physical activity (total metabolic equivalent-hours, continuous), ever use of hormone therapy
(never, current/former), folate (μg/day, continuous), calcium (mg/day, continuous), and red meat intake
(g/day, continuous), and study component (OS, CT) and CT randomization assignment and treatment arm;
3 the combination of the first quintiles for soluble fiber and DHA + EPA is the reference group for all
comparisons within quintiles. OS, observational study; CT, clinical trial; DFE, dietary folate equivalents;
DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; NSAIDs, non-steroidal anti-inflammatory drugs.
PUFA, polyunsaturated fatty acids.

4. Discussion

The results of the present analysis in a large, prospective cohort of postmenopausal women do
not support the results obtained in preclinical studies demonstrating that combinations of higher
fiber and fat subtypes are associated with reduced risk of CRC. While there was a modest additional
protective effect of either dietary component when intake of the other was low, this protective effect was
attenuated with greater consumption in our study population. Intakes and ranges were very low such
that only women in the highest quintile of fiber were consuming adequate intakes for this age group
(21 g/day for women ages 51–70 years), with a very small percentage consuming high intakes [71].
Further, intakes of n-3 PUFA, and DHA and EPA, specifically, were substantially lower than the levels
used in experimental diets. These factors may have prevented detection of an association.

It is generally thought that CRC risk could be reduced through dietary modification, including
increased dietary fiber intake and reduced fat intake [3]. Dietary fiber mainly includes remnants of
plant foods resistant to digestion by human enzymes and therefore arrives in the colon relatively intact,
where it undergoes metabolism by gut microbiota. In the 2011 Colorectal Cancer Report, part of the
Continuous Update Project, the World Cancer Research Fund/American Institute for Cancer Research
Expert Panel classified evidence supporting consumption of fiber-containing foods and CRC protection
as ‘convincing’ [72], noting that for every 10 g/day increase in fiber, there was a 10% decrease
in CRC risk. Mechanisms hypothesized to explain how dietary fiber may reduce CRC include
increased stool bulk and reduced intestinal transit time, resulting in reduced exposure to potential
carcinogens; decreased secondary bile acids and subsequent generation of reactive oxygen species;
and fiber fermentation by gut microbiota to short-chain fatty acids, particularly butyrate [73–75].
It is now well-documented that butyrate induces apoptosis in tumor cells through inhibition of
HDAC and subsequent activation of the Fas receptor-mediated extrinsic death pathway [31,76–79].
Given the potential importance of fiber fermentation on CRC risk, consideration of fiber subtypes
may be important; however, few studies have examined fiber subtype (i.e., soluble and insoluble,
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or more and less fermentable), and associations are similar, with both null [9,10] and inverse
associations [80–83] reported.

When evaluating total fiber and subtypes in the present study, CRC risk was reduced for all
quintiles of increased consumption and a marginal linear trend was observed; however, most quintiles
did not reach statistical significance. Inconsistencies across epidemiologic studies may be attributed in
part to lower overall fiber intakes and narrow ranges of fiber intakes in Western populations which
reduce statistical power [13]. Mean fiber intake in the U.S. is ~15 g/day [4]. Intakes at or above current
recommended intakes (25 g/day for women and 38 g/day for men) [71] show robust protection against
CRC with relative risks ranging from 0.72 to 0.90 [4,6,26]. Only 10% of our study population reported
intakes of dietary fiber >25 g/day, thus our ability to detect a protective effect was compromised.

Overlaying the conflicting data observed with dietary fiber and CRC is a similar body of
inconsistent literature on the association between subtypes of fat, particularly n-3 PUFA, and CRC
risk. In addition to the anti-inflammatory effects promulgated by changes in the eicosanoid milieu,
other putative actions of n-3 PUFA have been proposed. These include alterations in membrane
fluidity and lipid raft composition, which may affect receptor signaling involved in proliferation
and apoptosis [84], and modulation of oxidative stress [57,85]. As with dietary fiber, laboratory
data consistently show reduced CRC risk with marine n-3 PUFA [58], while epidemiologic data
are less convincing. Whereas two meta-analyses reported reduced CRC risk with n-3 PUFA from
fish intake [86,87], two systematic reviews concluded that there is insufficient [15] or limited [7]
evidence to suggest an association between long-chain n-3 PUFA intake and CRC risk. A more recent
publication reported no overall association between n-3 PUFA and CRC risk among 123,529 individuals;
however, among women in the same cohort, n-3 PUFA intake after CRC diagnosis had a protective
effect on survival [88].

In the WHI population, we did not observe an association between any dietary fat subtypes
and CRC risk. As with fiber, intakes of n-3 PUFA were very low; mean intakes were 1.4 g/day
(range 0.1–10.4) for n-3, and 0.04 and 0.08 g/day (range 0–1.4 and 0–3.1, respectively) for EPA and
DHA. While specific recommendations for n-3 PUFA intake have not been determined, the Food and
Nutrition Board of the Institute of Medicine established adequate intake levels for alpha-linolenic
acid (ALA), the precursor of long-chain n-3 PUFA, of 1.1 g/day for women over the age of 19 [71].
Only about half of our study population had intakes at that level. Furthermore, the Academy of
Nutrition and Dietetics recommends a minimum intake of 0.5 g/day of combined EPA and DHA [89].
Less than 2% of the women in our study cohort reached an intake level above 0.5 g/day.

Despite the inconsistent epidemiologic data for dietary fiber and fat, studies in preclinical animal
models have shown that combinations of fiber and fat work synergistically to protect against colon
cancer [58–62]. In a series of experiments, the effects of different types of fat (fish oil or corn oil;
15 g/100 g) and fiber (pectin or cellulose; 6 g/100 g) diets were tested on tumorigenesis and various
other aspects of colonocyte physiology [58,90]. Both fish oil and pectin alone, relative to corn oil
and cellulose feeding, resulted in a significantly lower proportion of animals with adenocarcinomas;
however, the combination of fish oil and pectin led to an even greater reduction [58]. Additional work
showed changes to the re-dox environment within rat colonocytes with a concomitant reduction in
DNA damage [35,59,91]. Serving as the primary energy source for colonic epithelial cells, butyrate
induces cellular reactive oxygen species (ROS) generation, creating a pro-oxidant environment [31].
At the same time, long chain n-3 PUFA from fish oil (e.g., DHA) incorporated into cell membranes, are
susceptible to oxidation due to their high degree of unsaturation [33]. These physiological attributes of
butyrate and DHA are relevant as lipid peroxidation can directly trigger the release of pro-apoptotic
factors from mitochondria into the cytosol, through a p53-independent, calcium-mediated cell death
pathway [33]. Given that butyrate independently induces apoptosis through an extrinsic, HDAC
inhibition-mediated pathway, the combination of dietary constituents, and subsequent effects on
intrinsic apoptotic pathways, would be expected to exponentially increase apoptosis.
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Dietary fiber and fatty acids, in combination, and risk of CRC in humans has only recently begun
to be evaluated. In a large cohort study (n = 96,354) of Seventh Day Adventists, risk of CRC was
reduced by 22% among all vegetarians combined compared to non-vegetarians, but protection was
greatest among pescovegetarians who consume high amounts of both fiber and n-3 PUFA-containing
fish (HR: 0.57; 95% CI: 0.40, 0.82) [92]. Furthermore, striking reciprocal changes in gut mucosal cancer
risk biomarkers, the microbiome, and the metabolome were reported after African Americans were
given a high-fiber (primarily in the form of resistant starch, including pectin), low-fat diet and rural
Africans were given a high-fat, low-fiber Western-style diet [93]. Significantly increased butyrate
production and suppressed secondary bile acid synthesis were also noted after the diet exchange to
high-fiber, low-fat intake in African Americans [93].

An analysis in the Rotterdam prospective cohort (n = 4967) lends support to the hypothesis that
higher intakes of fat and fiber are an important factor mediating the relationship between these dietary
variables. An increased risk of CRC was observed with n-3 PUFA intake and dietary fiber intakes below
the median, but not when fiber intakes were above [22]. It is noteworthy that the levels of fiber intakes
were markedly lower (mean 26 g/day) relative to the intakes among pescovegetarians in the Seventh
Day Adventist population (mean 40 g/day) and the African American intervention participants
(mean 55 g/day), but higher than the intakes in our population (mean 16 g/day). Adding to the
complexity of the relationship, when evaluated by food sources of n-3 PUFA in the Rotterdam study,
increased CRC risk was restricted to intake from non-marine sources which contain ALA; there was no
association when n-3 PUFA from marine-derived (e.g., EPA and DHA) sources were evaluated [22].
Contrary to these results, evaluation by n-3 PUFA source in a case-control study did not show any
difference between non-marine and marine sources and interaction with dietary fiber. In this instance,
greater protection of n-3 PUFA was found among individuals with lower dietary fiber intakes although
overall intake was low (median 18.6 g/day) [94], consistent with our observation of the significant
reduced risk of CRC among women with the lowest soluble fiber and highest DHA + EPA intakes.
The authors speculated that high fiber intake may interfere with lipid absorption, offsetting potential
beneficial effects of certain fatty acids [94].

While intakes in animal models do not directly translate to human intakes, the amount of fiber
and fat used in preclinical experiments is comparable, as a proportion of intake, to what is currently
recommended for humans. For example, the amount of fiber in the rat diets was 6% by weight, which is
approximately equivalent to 30 g/day for humans [58]. This level of intake was only approached in the
highest quintile of total fiber intake (>21.5 g/day). Similarly, all rat diets contained fat at 15% by weight
and 30% of energy, with fish oil comprising approximately 1%–5% [58]. Women in WHI consumed
33% of their calories from fat on average, but less than 1% from n-3 PUFA and even less from combined
DHA and EPA from fish oil (highest quintile >0.18 g/day). In the VITamins And Lifestyle (VITAL)
cohort (n = 68,109), individuals using fish oil supplements on 4+ days/week for 3+ years experienced
49% lower CRC risk than non-users (HR = 0.51, 95% CI = 0.26–1.00; p-trend = 0.06) [17]. An average
serving of oily fish (e.g., salmon or mackerel) provides 1.5–3 g of marine fish oil [95]. Thus, it may be
difficult to achieve the levels of n-3 PUFA needed for a chemoprotective effect through diet alone.

Strengths of this study include the large, well-characterized prospective cohort. As CRC was one of
the primary outcomes of WHI, incident cases were expertly adjudicated and confirmed. Additionally,
detailed information was collected on a wide range of exposures, including diet, with reliability
subsequently assessed [65]. Finally, this is the largest prospective cohort to evaluate the interactions of
subtypes of fiber and fat on CRC to date.

As with all observational studies, there are limitations. First, we relied on self-report via FFQ
to capture usual dietary intake, therefore we cannot rule out measurement error. FFQs are subject to
lack of precision and inaccurate recall of dietary intake [96]. As dietary intakes were only assessed at
baseline, it is possible that diets changed over time. However, we performed a sensitivity analysis using
FFQ from women in the Dietary Modification comparison arm (the only group for which FFQ data
from multiple time-points were collected) between years 0, 1, 3, 6, and 9, and found that correlations
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were 0.62 for fiber intake and 0.44 for total fat intake, suggesting that intake remained relatively stable
during the follow-up. The WHI FFQ has been shown to yield nutrient estimates that are similar to
those obtained from short-term dietary recall and recording methods, and test-retest reliability for
most nutrients was high (e.g., FFQ estimates for total, saturated, and polyunsaturated fat variables
were all within 10% of those from food records and 24-h recalls, although dietary fiber was slightly
higher ~17%, and information on fat and fiber subtypes was not evaluated) [67]. Our fiber exposure
also did not include the integration of dietary fiber supplement use, which is known to be higher with
age and among women [97]. Lastly, measurement of the level of EPA/DHA incorporation in plasma or
the tissue level was not conducted. It is widely known that the biological activities of these compounds
depend on their bioavailability [98] and FFQ estimates only provide a surrogate for exposure.

Finally, while we adjusted for several potential confounders, we did not directly evaluate
antioxidant content of the diet. Because the combination of butyrate and n-3 PUFA drive apoptosis via
an oxidative-dependent mechanism, higher antioxidant intakes might antagonize this protective effect.
In addition, there is some evidence that high antioxidants promote CRC in both preclinical [59,91]
and epidemiologic [99–101] studies. Although mean intakes for several individual nutrients with
antioxidant capacity (e.g., vitamins C, E, and beta-carotene) were very similar between cases and
controls at baseline (<1% difference), total antioxidant capacity of dietary intakes was not considered.

5. Conclusions

In summary, at the levels of dietary intake consumed by women in WHI, we did not find
evidence of a protective association between increased subtypes of fiber and fat intakes in combination,
and reduced risk of CRC. Our results for fat and fiber separately are in agreement with what has
been reported previously, namely modest inverse associations with fiber, but no consistent trends
across intakes. Given the biologic plausibility of a protective effect for fiber and n-3 PUFA, the robust
results from preclinical models, and the mixed results in observational studies, controlled feeding
trials with standardized intakes and consideration of the potential impact of the gut microbiome are
urgently needed.
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Abstract: Butyrate, an intestinal microbiota metabolite of dietary fiber, exhibits chemoprevention
effects on colon cancer development. However, the mechanistic action of butyrate remains to be
determined. We hypothesize that butyrate inhibits cancerous cell proliferation but to a lesser extent
in noncancerous cells through regulating apoptosis and cellular-signaling pathways. We tested this
hypothesis by exposing cancerous HCT116 or non-cancerous NCM460 colon cells to physiologically
relevant doses of butyrate. Cellular responses to butyrate were characterized by Western analysis,
fluorescent microscopy, acetylation, and DNA fragmentation analyses. Butyrate inhibited cell
proliferation, and led to an induction of apoptosis, genomic DNA fragmentation in HCT116 cells,
but to a lesser extent in NCM460 cells. Although butyrate increased H3 histone deacetylation
and p21 tumor suppressor expression in both cell types, p21 protein level was greater with
intense expression around the nuclei in HCT116 cells when compared with that in NCM460 cells.
Furthermore, butyrate treatment increased the phosphorylation of extracellular-regulated kinase 1/2
(p-ERK1/2), a survival signal, in NCM460 cells while it decreased p-ERK1/2 in HCT116 cells. Taken
together, the activation of survival signaling in NCM460 cells and apoptotic potential in HCT116
cells may confer the increased sensitivity of cancerous colon cells to butyrate in comparison with
noncancerous colon cells.

Keywords: apoptosis; butyrate; colon cancer; cell proliferation; microbiota

1. Introduction

Colon cancer is the third most frequently occurring cancer in men and women in the United States.
In 2016 about 134,490 people are predicted to be diagnosed with colorectal cancer in the US, and it
is likely that half the Western population will develop at least one colorectal tumor by the age of
70 years [1,2]. It has been reported that high intake of dietary fiber and resistant starches reduces
the risk of colon cancer in human populations and animal models [3,4]. This effect may be related
to butyrate, a short chain fatty acid (SCFA), which is produced in the colonic lumen by the bacterial
fermentation of dietary fiber [3–6]. Colonic luminal SCFA concentration can reach 10 mmol/L when
humans consume diets containing moderate levels of fiber [7,8]. Conceivably, there is continuous
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butyrate exposure in the colonic epithelium, and butyrate may exert several anticarcinogenic effects
through the modulation of colon cell proliferation and apoptosis [9–12].

A successful chemoprevention agent should have a minimal effect on normal cells but a strong
inhibitory effect on cell proliferation and carcinogenic pathways in cancer cells. While much has been
studied on the effect of butyrate on colon cancer cells, little is known about its effect on noncancerous
cells, which is essential for understanding butyrate’s anticancer properties. Several studies have
shown that histone deacetylase (HDAC) activity represses transcriptional activity by condensing the
chromatin package leading to an epigenetically mediated silencing of tumor suppressor genes like
p21 [13,14]. Butyrate is an HDAC inhibitor (HDACi) and a potential anti-tumor agent. HDACi strongly
activates the expression of the cyclin-dependent kinase inhibitor p21, a tumor suppressor [13,15].
In addition, previous data have shown that the extracellular-regulated kinase 1/2 (ERK1/2) and
myelocytomatosis (c-Myc) signaling pathways are both required to drive cell cycle progression during
cell proliferation [16–18]; c-Myc may also modulate p21 expression [19,20]. To study the effects of
butyrate on these signaling pathways related to colon cancer proliferation, two human colon cell lines
were employed in this study. The NCM460 colon cell line is an epithelial cell line which is noncancerous
and derived from normal colon mucosa [21]. This cell line has not been infected or transfected with any
genetic information, and is widely used because there are few other noncancerous colon cell lines [21].
Although there are several cancerous colon cell lines (e.g., HCT116, HT29, and Caco-2) available,
most of these cell lines are derived from adenocarcinoma, and only the HCT116 cell line is derived
from carcinoma [22,23]. It is known that adenocarcinoma develops in glands whereas carcinoma
originates in the epithelial tissue, and there are differences between colorectal carcinoma and advanced
adenomas [24]. Given the fact that NCM460 and HCT116 cells were both originally derived from
(male adult) colon epithelial tissues and are the same cell subtypes, we believe that NCM460 and
HCT116 cells are the best cell-line pair to use in our present study.

In view of the critical role of butyrate in colon cancer prevention [3–6], we hypothesize that
butyrate inhibits cancerous cell proliferation but to a lesser extent in noncancerous colon cells through
signaling pathways regulating apoptosis and cellular survival [21,22]. Colon crypt cells divide rapidly
and travel to the top of the epithelium where they differentiate, proliferate, and undergo cell cycle
progression and apoptosis within 48 h. Thus, we focused on the effects of butyrate on colon cell growth
and apoptosis for up to 48 h in the present study whereas signaling molecules were examined at early
time points (e.g., 1.5 h) to limit the bystander effect.

2. Materials and Methods

2.1. Cell Cultures

HCT116 colorectal carcinoma cells were obtained from American Type Culture Collection and
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA, USA) with 10%
fetal bovine serum (FBS; Sigma Chemical Co., St. Louis, MO, USA). The nontransformed, noncancerous
colon NCM460 cells derived from human normal colon mucosa [21,25] were maintained in M3 Base
medium (INCELL Corp., San Antonio, TX, USA) with 10% FBS. Sodium butyrate (purity > 98.5%)
was purchased from Sigma Chemical Corporation (St. Louis, MO, USA). Stock cells were passaged
twice weekly at ~<80% confluency in Ca-Mg-free Hanks’ balanced salt solution (Sigma Chemical Co.,
St. Louis, MO, USA) containing 0.25% trypsin (Invitrogen) and 1 mmol/L ethylenediamine tetra-acetic
acid (EDTA). Cell viability was determined by trypan blue exclusion based on hemocytometer counts
and cells were incubated in a humidified chamber at 36.5 ◦C with 5% CO2. Cultures were tested and
found to be mycoplasma free [26]. HCT116 cells at passages 22–40 and NCM460 cells at passages 34–50
were used. Importantly, both HCT116 and NCM460 cell lines were grown in DMEM medium with
10% FBS in all subsequent assays.
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2.2. Cell Count/Growth Assay

HCT116 and NCM460 cell lines were both cultured in DMEM medium with 10% FBS, harvested
with 0.25% trypsin (Invitrogen) and 1 mmol/L EDTA, and resuspended in 1 mL medium. Cells were
then diluted 1:2 (or 1:4) in 0.2% trypan blue and counted in duplicate using a hemocytometer. At least
200 cells per sample were counted.

2.3. Apoptosis Analysis

Apoptosis was analyzed using a Guava Nexin™ Kit (Guava Technologies, Inc.
Hayward, CA, USA). HCT116 and NCM460 cell lines were tryspinized, and then suspended
in growth media (DMEM with 10% FBS). Annexin V is a calcium-dependent phospholipid binding
protein with high affinity to phosphatidylserine (PS), which has translocated from the internal
to external side of the cell membrane upon induction of apoptosis. The cell impermeant dye
7-amino-actinomycin D (7-AAD) is included in the assay kit as an indicator of membrane structural
integrity [27]. Therefore, [Annexin V (+), 7-AAD (−)] cells are in the early stages of apoptosis,
and [Annexin V (+) and 7-AAD (+)] cells are in the late stages of apoptosis. At least 2000 single cell
events per sample were analyzed by the Guava PCA System (Hayward, CA, USA).

2.4. DNA Fragmentation Assay

Each DNA sample was extracted from about 1,000,000 cells by overnight incubation at 50–55 ◦C
in a lysis buffer (50 mmol/L Tris-HCl, pH 8.0, 10 mmol/L EDTA, 150 mmol/L NaCl, 100 μg/mL
proteinase K). These DNA samples were recovered by isopropanol precipitation, resuspended in
Tris-EDTA-RNase (6 units/mL), analyzed using 1.9% agarose gels, and visualized by ethidium bromide
staining. The intensity signals of genomic DNA fragmentation were analyzed by the UVP Bioimaging
Systems (Upland, CA, USA).

2.5. Western Blotting Analysis

After butyrate treatment for 1.5 or 15 h, adherent cells were scraped, pooled with the detached
cells in 5 mL media, and then these cells were collected by centrifugation at 350× g for 10 min
at 4 ◦C. At least four independent experimental cell sample sets were collected. The cell pellet
(about 1,000,000 cells) was washed once in ice-cold PBS and lysed in a cell lysis buffer (20 mmol/L
Tris-HCT, pH 7.5, 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 1 mmol/L EGTA, 1% Triton, 2.5 mmol/L
sodium pyrophosphate, 1 mmol/L Na3VO4, 1 μg/mL leupeptin, 1 mmol/L phenylmethylsulfonyl
fluoride) (Cell Signaling Technology, Inc., Danvers, MA, USA). After 15 s sonication, the cell lysate
was centrifuged at 14,000× g for 30 min at 4 ◦C. The supernatant was designated as whole cell protein
extract and kept at −80 ◦C. The protein concentration was quantified by the Bradford dye-binding
assay (Bio-Rad laboratories, Richmond, CA, USA). Protein extracts with equal amount (~40 μg) were
resolved over 4%–20% Tris-glycine gradient gels under denaturing and reducing conditions and
electroblotted onto polyvinylidene difluoride (PVDF) membranes (Invitrogen, Carlsbad, CA, USA).
Membrane blots were blocked in phosphate-buffered saline (PBS)—0.05% Tween (v/v) supplemented
with 1% (wt/v) nonfat dry milk (BioRad, Hercules, CA, USA) overnight at 4 ◦C. Membranes were
probed with antibodies against c-Myc (Epitomics, Inc., Burlingame, CA, USA), phosphorylated ERK1/2
(p-ERK1/2), ERK1/2, acetyl-Histone H3 (Lys9), and p21 antibodies (Cell Signaling Technology, Inc.,
Danvers, MA, USA), and then incubated with an anti-mouse/rabbit (1:3000 dilution) horseradish
peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology, Inc., Danvers, MA, USA)
in blocking solution for 1 h at room temperature. Blots were washed as above and proteins were
incubated with an ECL plus kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and imaged by
the Molecular Dynamics Image-Quant system (Sunnyvale, CA, USA).
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2.6. Immunfluorescent Staining

HCT116 and NCM460 colon cells were seeded on microscope slides (about 200,000 cells per cell
culture chamber slide) in DMEM media supplemented with 10% FBS under an atmosphere of 5% CO2

at 37 ◦C overnight. For the observation of p21 and its nuclear localization, the cells were pretreated with
butyrate for 15 h. After the treatment, cells were fixed using 4% paraformaldehyde for 15 min, they were
permeabilized with ice-cold 100% methanol for 10 min at −20 ◦C with PBS rinse for 5 min. Cells were
then blocked with 10% goat serum (Sigma Chemical Corporation, St. Louis, MO, USA) for 1 h, and then
incubated with an anti-p21 antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at
4 ◦C. Cells, after washing with PBS, were incubated with anti-rabbit Immunoglobulin G (IgG, H and
L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate) (green fluorescence) (Cell Signaling Technology,
Inc., Danvers, MA, USA) for 1 h at room temperature with propidium iodide (PI) (25 μg/mL).
Finally, fluoroshield with PI (Sigma Chemical Corporation, St. Louis, MO, USA), an aqueous mounting
medium, was used for preserving fluorescence and producing a red fluorescence as counter stain
for overall cell morphology. The fluorescence images and intensity quantification of at least more
2000 cells (per sample) were analyzed by Nikon E400 microscope and Image Pro Plus version 9.1
(North Central Instruments, Plymouth, MN, USA).

2.7. Statistical Analysis

Results are given as means ± SDs. The concentration of butyrate needed to inhibit cell growth
by 50% (IC50) was estimated by fitting a three-parameter logistic model to percent inhibition using
concentration as the independent variable. The resulting model was used to predict the concentration at
which 50% inhibition was expected to occur. Proc NLIN in SAS was used to fit the model. The HCT116
and NCM460 data for 24 h and 48 h were analyzed by two-way analysis of variance with cell type
(HCT116 or NCM460), treatment concentration, and their interaction as fixed effects and experiment
as a blocking factor. Data were log-transformed prior to analysis in order to test whether changes
were proportional across treatment concentrations. Dunnett’s multiple comparison procedure was
used to compare individual HCT116 or NCM460 group means with their respective control group
(untreated cells). The Proc Mixed procedure in SAS v. 9.4 (SAS Institute, Inc., Cary, NC, USA) was
used for all analyses. Differences with a p value < 0.05 were considered statistically significant.

3. Results

3.1. Differential Effects of Butyrate (NaB) on Cell Growth

The cell growth rate was inhibited in a dose-dependent manner with a maximum of 58% at 24 h,
and 84% at 48 h, respectively, in HCT116 cells treated with 0.5, 1, 1.5, or 2 mmol/L NaB when compared
with that of untreated cells (Figure 1). In contrast, the cell growth rate was inhibited to a lesser extent in
a dose-dependent manner with a maximum of 38% at 24 h, and 47% at 48 h, respectively, in NCM460
cells treated with 0.5, 1, 1.5, or 2 mmol/L NaB when compared with that of untreated cells (Figure 1).
At 48 h, the IC50 of butyrate to inhibit HCT116 cell growth was 0.91 mmol/L, and the 95% confidence
interval around this estimate was (0.81, 1.02). In contrast, the IC50 of butyrate to inhibit NCM460 cell
growth was greater than 2 mmol/L; we could not precisely determine the value because 2 mmol/L
was the highest concentration of NaB used in this study (Figure 1B).
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Figure 1. Effect of sodium butyrate (NaB) treatment for (A) 24 h and (B) 48 h on the growth of cancerous
HCT116 (solid lines) and non-cancerous NCM460 (dashed lines) colon cells. Values are means ± SD,
n = 5 to 6. There was a significant interaction between cell type and concentration at 24 h (p = 0.01) and
at 48 h (p < 0.0001) by two-way ANOVA. * Different from HCT116 control (0 mmol/L NaB); * p < 0.05,
** p < 0.0001. + Different from NCM460 control (0 mmol/L NaB); + p < 0.05, ++ p < 0.0001.

3.2. Differential Effects of Butyrate (NaB) on Apoptosis

Apoptotic cells (including both early and late apoptosis) were increased in a dose-dependent
manner with a maximum 1.7 fold increase at 24 h, and 5.4 fold increase at 48 h, respectively, in HCT116
cells treated with 1, 1.5, or 2 mmol/L NaB when compared with that of untreated cells (Figure 2).
In contrast, apoptotic cells were increased in a dose-dependent manner with a maximum 0.2
fold increase at 24 h, and 0.4 fold increase at 48 h, respectively, in NCM460 cells treated with
1, 1.5, or 2 mmol/L NaB when compared with that of untreated cells (Figure 2). Furthermore, the early
and late apoptotic cells were also increased in a dose-dependent manner, respectively. The percentage
of early apoptotic cells was greater (p < 0.05) in HCT116 cells treated with 1, 1.5, or 2 mmol/L NaB
when compared with that of untreated cells (9.05 ± 5.07, 16.05 ± 5.76, 21.63 ± 6.84 vs. 2.36 ± 0.75,
respectively) at 48 h. The percentage of early apoptotic cells was greater (p < 0.05) in NCM460 cells
treated with 0.5, 1, 1.5, or 2 mmol/L NaB when compared to untreated cells (5.23 ± 1.45, 6.21 ± 1.86,
6.37 ± 2.04, 6.59 ± 1.83 vs. 3.91 ± 1.27) at 48 h. Similarly, the percentage of late apoptotic cells was
greater (p < 0.05) in HCT116 cells treated with 1, 1.5, or 2 mmol/L NaB when compared with that of
untreated cells (8.89 ± 2.76, 13.48 ± 2.78, 17.09 ± 3.09 vs. 3.70 ± 1.36, respectively) at 48 h. In contrast,
in NCM460 cells, the percentage of late apoptotic cells was greater (p < 0.05) only in cells treated
with the highest concentration of NaB (2 mmol/L) when compared to untreated cells (7.93 ± 1.02 vs.
6.49 ± 1.20) at 48 h.
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Figure 2. Effect of sodium butyrate (NaB) treatment for (A) 24 h and (B) 48 h on the apoptosis
(including both early and late apoptosis) of cancerous HCT116 (solid lines) and non-cancerous NCM460
(dashed lines) colon cells. Values are means ± SD, n = 5 to 6. There was a significant interaction
between cell type and concentration at 24 h (p < 0.0001) and at 48 h (p < 0.0001) by two-way ANOVA.
* Different from HCT116 control (0 mmol/L NaB); * p < 0.05, ** p < 0.0001. + Different from NCM460
control (0 mmol/L NaB); + p < 0.05, ++ p < 0.0001.

3.3. Differential Effects of Butyrate (NaB) on DNA Fragmentation

The intensity of genomic DNA fragmentation was increased by 1.3 and 2.1 fold in HCT116 cells
treated with 1.5 or 2 mmol/L NaB, respectively, for 15 h (Figure 3B) but not 1.5 h (Figure 3A)
when compared with that of untreated cells (Figure 3). There was no NaB-induced genomic DNA
fragmentation at 1.5 or 15 h in NCM460 cells.

Figure 3. Effect of sodium butyrate (NaB) on the genomic DNA fragmentation of cancerous HCT116
and non-cancerous NCM460 colon cells. A representative DNA image showing DNA fragmentation
at (A) 1.5 h; (B) 15 h; (C) the intensity signals of genomic DNA fragmentation (at 15 h) of cancerous
HCT116 (solid lines) and non-cancerous NCM460 (dashed lines) colon cells were analyzed by the
UVP Bioimaging Systems (there was no DNA fragmentation at 1.5 h). Values are means ± SD, n = 4.
There was a significant interaction between cell type and concentration (p < 0.0001) by two-way
ANOVA. * Different from HCT116 control (0 mmol/L NaB); * p < 0.05, ** p < 0.0001.

3.4. Differential Effects of Butyrate (NaB) on Signaling Molecules

While the p-ERK1/2 level was decreased dose-dependently at 15 h after treatment with NaB in
HCT116 cells, the opposite trend was observed in NCM460 cells (Figure 4). Except for the p21 level
at 1.5 h in HCT116 cells, there were NaB dose-dependent increases in levels of p21 and acetyl-H3 at
Lys 9 at 1.5 and 15 h in both HCT116 and NCM460 cells (Figure 4). Except for the level of acetyl-H3 at
Lys 9 in HCT116 cells, the extent of p21 and acetyl-H3 at Lys 9 induction was greater at 15 h than 1.5 h
in both types of cells. In contrast, there were NaB dose-dependent decreases in c-Myc protein level
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at 1.5 and 15 h in HCT116 cells and 15 h in NCM460 cells (Figure 4). The β-actin and total ERK1/2
protein levels did not differ at 1.5 and 15 h in HCT116 and NCM460 cells because of NaB treatment
(Figure 4).

(A) HCT116 cells (B) NCM460 cells

Figure 4. Cont.
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Figure 4. Effect of butyrate on the cell-proliferation proteins. Western blot analyses of the effects of
sodium butyrate (NaB) treatment for 1.5 h or 15h on intracellular signaling proteins (densitometric
units) in (A) HCT116 colon cells and (B) NCM460 colon cells. Values are means ± SD, n = 4, *
Different from control (0 mmol/L NaB); * p < 0.05, ** p < 0.0001. A representative Western blotting
image was from four independent experiments for a given antibody assay.

3.5. Differential Effects of Butyrate (NaB) on p21 Protein Level and Cellular Localization

The ratio percentage (composite image) of p21 protein level (green signals) vs. overall
cell background (red signals) at 15 h was 69%, 81%, and 93%, respectively, in HCT116 cells
treated with 1, 1.5, or 2 mmol/L NaB when compared with that of untreated cells. To a lesser
extent, the ratio percentage (composite image) of p21 protein level (green signals) vs. overall cell
background (red signals ) at 15 h was 42%, 56%, and 62%, respectively, in NCM460 cells treated
with 1, 1.5, or 2 mmol/L NaB when compared with that of untreated cells (Figure 5A,B). In addition,
the overall p21 protein level (green signals) was greater with intense expression around the nuclei in
HCT116 cells when compared with that in NCM460 cells (Figure 5C,D).

(A)

Figure 5. Cont.
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(B)

(C)

(D)

Figure 5. Effect of sodium butyrate (NaB) treatment for 15 h on p21 protein level and distribution
at cellular level in HCT116 and NCM460 colon cells. Each sample consists three images: image 1,
cells were labeled with anti-p21 antibody, and followed by anti-Rabbit IgG (H and L), F(ab’)2 Fragment
(Alexa Fluor® 488 Conjugate) (green signals); image 2, cells were mounted by fluoroshield with PI
as counter staining for overall cell morphology-background (red signals); image 3, the p21 protein
image was superimposed on the respective overall cell morphology-background image to generate
the composite image (orange signals). (A) HCT cells at 200× magnification; (B) NCM460 cells at 200×
magnification; (C) HCT116 cells with intense p21 expression around the nucleus (arrow) at 1000×
magnification; (D) NCM460 cells at 1000× magnification. For panel (A,B) composite images, the
area of p21 protein level (green signals) in percentage when compared with that of overall cell
morphology-background (red signals). Values are means ± SD, n = 4. There was a significant interaction
between cell type and concentration (p < 0.001) by two-way ANOVA. * Different from control (0 mmol/L
NaB); * p < 0.05, ** p < 0.0001.

4. Discussion

Butyrate has been shown to abrogate the S-phase cell cycle checkpoint, and exhibits colon cancer
preventive effects through cell proliferation regulation [5,6,28–30]. As there are few reports concerning
the apoptotic potential, we propose that butyrate plays differential roles in the cell proliferation of
noncancerous NCM460 cell and cancerous HCT116 colon cells through cellular signaling modulation.
Thus, examining molecular effects of butyrate on cell proliferation/apoptosis in cancerous and
noncancerous colon cells is expected to shed light on butyrate’s anticancer mechanism.

It has been reported that butyrate at mmol/L levels in the colon is well within physiological
concentrations [7,8]. Our data showed that butyrate (0.25 to 2 mmol/L) was much more effective
on inhibiting cell proliferation in cancerous (HCT116) colon cells than in noncancerous (NCM460)
colon cells (Figure 1). Similarly, we found, for the first time, that butyrate was effective in
inducing apoptosis/DNA fragmentation in HCT116 cells but not NCM460 cells (Figures 2 and 3).
This observation suggests that the stronger DNA fragmentation and apoptotic potential may confer the
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increased sensitivity of cancerous colon cells to butyrate in terms of cell proliferation when compared
with that of noncancerous colon cells. In our present apoptosis assay, 7-AAD was excluded from
live, healthy cells and early apoptotic cells, but permeated late apoptotic or necrotic cells [27]. It has
been demonstrated that secondary necrosis is a natural outcome of the complete apoptotic program
(e.g., late apoptotic cells) [31]. Although lactate dehydrogenase (LDH), a cytoplasmic enzyme, is widely
used to detect necrosis and secondary necrosis based on plasma membrane leakage, the measurement
of 7-AAD positive cells is a powerful approach to directly detect leaky membrane cells [31,32]. As our
results showed that the late apoptotic cell population (including necrosis and possible secondary
necrosis) was greatly increased in HCT116 cells but to a lesser extent in NCM460 cells due to butyrate
treatment, it is conceivable that necrotic cell death may evoke inflammatory responses [32,33]. In the
future, clinical samples from patients are needed to examine the impact of inflammatory responses on
host pathogenesis in the context of high or low exposure to butyrate.

The other important aspect is that the cellular signaling molecules underlying the differential effect
of butyrate remain to be determined. The ERK1/2 pathway plays a pivotal role in cell proliferation
as it is an important cellular signaling component that translates various extracellular signals into
intracellular responses through phosphorylation cascades [18,34–36]. Moreover, cell-cycle arrest
by PD184352 or U0126 requires inhibition of ERK1/2 activation [37]. Thus, the ERK1/2 pathway
is recognized as a pro-survival signal and often activated by growth factors [18,34,35]. In this
study, butyrate up-regulated ERK1/2 phosphorylation in NCM460 cells (Figure 4). In contrast,
butyrate inhibited ERK1/2 phosphorylation in HCT116 cells, which is consistent with the previous
report [38] (Figure 4). The opposing effect of butyrate on cell survival signals provides an important
mechanistic insight into the observed differential efficacy of cell proliferation and apoptosis in
cancerous and noncancerous colon cells.

Appropriate control over cell cycle and proliferation depends on many factors. Cyclin-dependent
kinase (CDK) inhibitor p21 (also known as p21 (WAF1/Cip1)) is one of these factors that promotes
both cell cycle arrest and proliferation in response to a variety of stimuli [39–41]. To provide further
mechanistic insights, we examined p21 protein expression, which is known to be the most critical
effector of butyrate-induced growth arrest in colon cancer cells [39,42] (Figure 4). Butyrate is known to
induce general histone acetylation, specifically, hyperacetylation of the H3 and other species through
inhibition of the histone deacetylase enzyme [42,43]. Previous studies have shown that histone
hyperacetylation is at least partly responsible for the induction of p21 [42,44]. In addition, the nuclear
protein c-Myc, a central regulator of cellular proliferation, activates a multitude of pathways to
repress p21 at the transcriptional and post-transcriptional levels [19,20]. We found that butyrate
increased histone H3 acetylation at 1.5 and 15 h while it decreased c-Myc expression only at 15 h in
NCM460 cells (Figure 4). However, p21 expression was increased at 1.5 and 15 h in NCM460 cells.
Therefore, our results suggest that butyrate-related histone acetylation (compared with c-Myc) plays a
major role in p21 expression because we could only detect the increase of histone H3 acetylation and
p21 but not c-Myc expression in NCM460 cells in early molecular events at 1.5 h.

The other important aspect of p21 function is that, depending on intracellular localization, p21 is
involved in different signaling cascades [39–41]. It is generally believed that nuclear p21 is a negative
regulator of cell proliferation and a tumor suppressor while cytoplasmic p21 facilitates cell proliferation
and inhibits apoptosis [39–41]. In addition to high p21 levels in HCT116 cells (Figure 5A,B), our cellular
immunofluorescent staining data demonstrated that butyrate-induced p21 protein was located in or
surrounding the nuclei of HCT116 cells to a greater extent when compared with that of NCM460 cells
(Figure 5C,D). This observation indicates that butyrate induces p21 expression, and may exacerbate
the negative role of p21 in HCT116 cell proliferation when compared with that of NCM460 cells.
Therefore, butyrate treatment leads to the significant induction of apoptosis and inhibition of cell
proliferation in cancerous HCT116 colon cells, but to a lesser extent in the noncancerous NCM460
colon cells. To extrapolate these mechanistic data to all colon cancer cell types and disease stages,
we are planning to test other pairs of noncancerous and cancerous colon cell lines. However, there are
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very limited noncancerous colon cell lines available, which is a challenge. The other approach would
be to evaluate clinical samples from patients with possible high or low exposure to butyrate.

Colon carcinogenesis consists of initiation, promotion, and progression phases [45,46]. Suppression
of apoptosis and promotion of colonocyte proliferation are key cellular carcinogenic events as a
consequence of dysregulation of molecular signal cascades [46]. Taken together, our findings on the
differential roles of butyrate in cell proliferation and the activation of ERK1/2, histone hyperacetylation,
and c-Myc, p21 protein abundance and intracellular location in cancerous HCT116 and noncancerous
NCM460 colon cells may, at least in part, account for the selective potential of butyrate’s anticancer
colon cancer action.

Acknowledgments: We greatly appreciate Emily Fair, Mary Briske-Anderson, Brenda Skinner, Kay Keehr,
Bryan Safratowich, and Laura Idso for the technical support. This work was funded by the US Department of
Agriculture, Agricultural Research Service, Research Project 3062-51000-050-00D.

Author Contributions: H.Z., W.-H.C. and R.H. conceived and designed the experiments; H.Z. and D.P.T.
performed the experiments; H.Z. and L.K.J. analyzed the data; H.Z., W.-H.C. and R.H. wrote the paper.

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

References

1. American Cancer Society. Cancer Facts & Figures; American Cancer Society: Atlanta, GA, USA, 2016.
2. Simon, K. Colorectal cancer development and advances in screening. J. Clin. Interv. Aging 2016, 11, 967–976.
3. Perrin, P.; Pierre, F.; Patry, Y.; Champ, M.; Berreur, M.; Pradal, G.; Bornet, F.; Meflah, K.; Menanteau, J.

Only fibres promoting a stable butyrate producing colonic ecosystem decrease the rate of aberrant crypt foci
in rats. Gut 2001, 48, 53–61. [CrossRef] [PubMed]

4. Zeng, H.; Lazarova, D.L.; Bordonaro, M. Mechanisms linking dietary fiber, gut microbiota and colon cancer
prevention. World J. Gastrointest. Oncol. 2014, 6, 41–51. [CrossRef] [PubMed]

5. Lazarova, D.L.; Bordonaro, M. Vimentin, colon cancer progression and resistance to butyrate and other
HDACis. J. Cell. Mol. Med. 2016, 20, 989–993. [CrossRef] [PubMed]

6. Bultman, S.J. The microbiome and its potential as a cancer preventive intervention. Semin. Oncol. 2016, 43,
97–106. [CrossRef] [PubMed]

7. Fleming, S.E.; O’Donnell, A.U.; Perman, J.A. Influence of frequent and long-term bean consumption on
colonic function and fermentation. Am. J. Clin. Nutr. 1985, 41, 909–918. [PubMed]

8. Fleming, S.E.; Marthinsen, D.; Kuhnlein, H. Colonic function and fermentation in men consuming high
fiber diets. J. Nutr. 1983, 113, 2535–2544. [PubMed]

9. Leonel, A.J.; Alvarez-Leite, J.I. Butyrate: Implications for intestinal function. Curr. Opin. Clin. Nutr.
Metab. Care 2012, 15, 474–479. [CrossRef] [PubMed]

10. Brown, D.G.; Rao, S.; Weir, T.L.; O’Malia, J.; Bazan, M.; Brown, R.J.; Ryan, E.P. Metabolomics and metabolic
pathway networks from human colorectal cancers, adjacent mucosa, and stool. Cancer Metab. 2016, 4, 11.
[CrossRef] [PubMed]

11. Zeng, H.; Davis, C.D. Down-regulation of proliferating cell nuclear antigen gene expression occurs during
cell cycle arrest induced by human fecal water in colonic HT-29 cells. J. Nutr. 2003, 133, 2682–2687. [PubMed]

12. Hu, G.X.; Chen, G.R.; Xu, H.; Ge, R.S.; Lin, J. Activation of the AMP activated protein kinase by short-chain
fatty acids is the main mechanism underlying the beneficial effect of a high fiber diet on the metabolic
syndrome. Med. Hypotheses 2010, 74, 123–126. [CrossRef] [PubMed]

13. Ocker, M.; Schneider-Stock, R. Histone deacetylase inhibitors: Signalling towards p21cip1/waf1. Int. J. Biochem.
Cell Biol. 2007, 39, 1367–1374. [CrossRef] [PubMed]

14. Bi, G.; Jiang, G. The molecular mechanism of HDAC inhibitors in anticancer effects. Cell. Mol. Immunol. 2006,
3, 285–290. [PubMed]

15. Chen, H.P.; Zhao, Y.T.; Zhao, T.C. Histone deacetylases and mechanisms of regulation of gene expression.
Crit. Rev. Oncog. 2015, 20, 35–47. [CrossRef] [PubMed]

16. Jones, S.M.; Kazlauskas, A. Growth-factor-dependent mitogenesis requires two distinct phases of signalling.
Nat. Cell Biol. 2001, 3, 165–172. [CrossRef] [PubMed]

142



Nutrients 2017, 9, 25

17. Karslioglu, E.; Kleinberger, J.W.; Salim, F.G.; Cox, A.E.; Takane, K.K.; Scott, D.K.; Stewart, A.F. cMyc is a
principal upstream driver of beta-cell proliferation in rat insulinoma cell lines and is an effective mediator of
human beta-cell replication. Mol. Endocrinol. 2011, 25, 1760–1772. [CrossRef] [PubMed]

18. Sun, Y.; Liu, W.Z.; Liu, T.; Feng, X.; Yang, N.; Zhou, H.F. Signaling pathway of MAPK/ERK in cell
proliferation, differentiation, migration, senescence and apoptosis. J. Recept. Signal Transduct. Res. 2015, 35,
600–604. [CrossRef] [PubMed]

19. Gartel, A.L.; Ye, X.; Goufman, E.; Shianov, P.; Hay, N.; Najmabadi, F.; Tyner, A.L. Myc represses the
p21(WAF1/CIP1) promoter and interacts with Sp1/Sp3. Proc. Natl. Acad. Sci. USA 2001, 98, 4510–4515.
[CrossRef] [PubMed]

20. Wang, Z.; Liu, M.; Zhu, H.; Zhang, W.; He, S.; Hu, C.; Quan, L.; Bai, J.; Xu, N. Suppression of p21 by c-Myc
through members of miR-17 family at the post-transcriptional level. Int. J. Oncol. 2010, 37, 1315–1321.
[PubMed]

21. Moyer, M.P.; Manzano, L.A.; Merriman, R.L.; Stauffer, J.S.; Tanzer, L.R. NCM460, a normal human colon
mucosal epithelial cell line. In Vitro Cell. Dev. Biol. Anim. 1996, 32, 315–317. [CrossRef] [PubMed]

22. Brattain, M.G.; Fine, W.D.; Khaled, F.M.; Thompson, J.; Brattain, D.E. Heterogeneity of malignant cells from
a human colonic carcinoma. Cancer Res. 1981, 41, 1751–1756. [PubMed]

23. Megna, B.W.; Carney, P.R.; Nukaya, M.; Geiger, P.; Kennedy, G.D. Indole-3-carbinol induces tumor cell death:
Function follows form. J. Surg. Res. 2016, 204, 47–54. [CrossRef] [PubMed]

24. De Meij, T.G.; Larbi, I.B.; van der Schee, M.P.; Lentferink, Y.E.; Paff, T.; Terhaar Sive Droste, J.S.; Mulder, C.J.;
van Bodegraven, A.A.; de Boer, N.K. Electronic nose can discriminate colorectal carcinoma and advanced
adenomas by fecal volatile biomarker analysis: Proof of principle study. Int. J. Cancer 2014, 134, 1132–1138.
[CrossRef] [PubMed]

25. Zhao, D.; Keates, A.C.; Kuhnt-Moore, S.; Moyer, M.P.; Kelly, C.P.; Pothoulakis, C. Signal transduction
pathways mediating neurotensin-stimulated interleukin-8 expression in human colonocytes. J. Biol. Chem.
2001, 276, 44464–44471. [CrossRef] [PubMed]

26. Chen, T.R. In situ detection of mycoplasma contamination in cell cultures by fluorescent Hoechst 33258 stain.
Exp. Cell Res. 1977, 104, 255–262. [CrossRef]

27. Schmid, I.; Krall, W.J.; Uittenbogaart, C.H.; Braun, J.; Giorgi, J.V. Dead cell discrimination with
7-amino-actinomycin D in combination with dual color immunofluorescence in single laser flow cytometry.
Cytometry 1992, 13, 204–208. [CrossRef] [PubMed]

28. Zeng, H.; Briske-Anderson, M. Prolonged butyrate treatment inhibits the migration and invasion potential
of HT1080 tumor cells. J. Nutr. 2005, 135, 291–295. [PubMed]

29. Saldanha, S.N.; Kala, R.; Tollefsbol, T.O. Molecular mechanisms for inhibition of colon cancer cells by
combined epigenetic-modulating epigallocatechin gallate and sodium butyrate. Exp. Cell Res. 2014, 324,
40–53. [CrossRef] [PubMed]

30. Gospodinov, A.; Popova, S.; Vassileva, I.; Anachkova, B. The inhibitor of histone deacetylases sodium
butyrate enhances the cytotoxicity of mitomycin C. Mol. Cancer Ther. 2012, 11, 2116–2126. [CrossRef]
[PubMed]

31. Silva, M.T. Secondary necrosis: The natural outcome of the complete apoptotic program. FEBS Lett. 2010,
584, 4491–4499. [CrossRef] [PubMed]

32. Chan, F.K.; Moriwaki, K.; De Rosa, M.J. Detection of necrosis by release of lactate dehydrogenase activity.
Methods Mol. Biol. 2013, 979, 65–70. [PubMed]

33. Kono, H.; Rock, K.L. How dying cells alert the immune system to danger. Nat. Rev. Immunol. 2008, 8,
279–289. [CrossRef] [PubMed]

34. Meloche, S.; Pouysségur, J. The ERK1/2 mitogen-activated protein kinase pathway as a master regulator of
the G1- to S-phase transition. Oncogene 2007, 26, 3227–3239. [CrossRef] [PubMed]

35. Xia, Z.; Dickens, M.; Raingeaud, J.; Davis, R.J.; Greenberg, M.E. Opposing effects of ERK and JNK-p38 MAP
kinases on apoptosis. Science 1995, 270, 1326–1331. [CrossRef] [PubMed]

36. Park, J.I. Growth arrest signaling of the Raf/MEK/ERK pathway in cancer. Front. Biol. (Beijing) 2014, 9,
95–103. [CrossRef] [PubMed]

37. Squires, M.S.; Nixon, P.M.; Cook, S.J. Cell-cycle arrest by PD184352 requires inhibition of extracellular
signal-regulated kinases (ERK) 1/2 but not ERK5/BMK1. Biochem. J. 2002, 366, 673–680. [CrossRef]
[PubMed]

143



Nutrients 2017, 9, 25

38. Davido, D.J.; Richter, F.; Boxberger, F.; Stahl, A.; Menzel, T.; Lührs, H.; Löffler, S.; Dusel, G.; Rapp, U.R.;
Scheppach, W. Butyrate and propionate downregulate ERK phosphorylation in HT-29 colon carcinoma cells
prior to differentiation. Eur. J. Cancer Prev. 2001, 10, 313–321. [CrossRef] [PubMed]

39. Karimian, A.; Ahmadi, Y.; Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional
regulation after DNA damage. DNA Repair 2016, 42, 63–71. [CrossRef] [PubMed]

40. Romanov, V.S.; Pospelov, V.A.; Pospelova, T.V. Cyclin-dependent kinase inhibitor p21(Waf1):
Contemporary view on its role in senescence and oncogenesis. Biochemistry (Mosc.) 2012, 77, 575–584.
[CrossRef] [PubMed]

41. Parveen, A.; Akash, M.S.; Rehman, K.; Kyunn, W.W. Dual Role of p21 in the Progression of Cancer and Its
Treatment. Crit. Rev. Eukaryot. Gene Expr. 2016, 26, 49–62. [CrossRef] [PubMed]

42. Archer, S.Y.; Meng, S.; Shei, A.; Hodin, R.A. p21(WAF1) is required for butyrate-mediated growth inhibition
of human colon cancer cells. Proc. Natl. Acad. Sci. USA 1998, 95, 6791–6796. [CrossRef] [PubMed]

43. Pham, T.X.; Lee, J. Dietary regulation of histone acetylases and deacetylases for the prevention of metabolic
diseases. Nutrients 2012, 4, 1868–1886. [CrossRef] [PubMed]

44. Nian, H.; Delage, B.; Pinto, J.T.; Dashwood, R.H. Allyl mercaptan, a garlic-derived organosulfur compound,
inhibits histone deacetylase and enhances Sp3 binding on the P21WAF1 promoter. Carcinogenesis 2008, 29,
1816–1824. [CrossRef] [PubMed]

45. Gatenby, R.A.; Vincent, T.L. An evolutionary model of carcinogenesis. Cancer Res. 2003, 63, 6212–6220.
[PubMed]

46. Rajamanickam, S.; Agarwal, R. Natural products and colon cancer: Current status and future prospects.
Drug Dev. Res. 2008, 69, 460–471. [CrossRef] [PubMed]

© 2017 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/).

144



nutrients

Article

Analysis of the Anti-Cancer Effects of Cincau
Extract (Premna oblongifolia Merr) and Other Types
of Non-Digestible Fibre Using Faecal Fermentation
Supernatants and Caco-2 Cells as a Model of the
Human Colon

Samsu U. Nurdin 1,2,3, Richard K. Le Leu 3,4, Graeme P. Young 3, James C. R. Stangoulis 1,

Claus T. Christophersen 4,5 and Catherine A. Abbott 1,3,*
1 School of Biological Sciences, Flinders University, Adelaide, SA 5042, Australia;

samsu.udayana@fp.unila.ac.id (S.U.N.); james.stangoulis@flinders.edu.au (J.C.R.S.)
2 Department of Agricultural Product Technology, Lampung University, Bandar Lampung 35145, Indonesia
3 Flinders Centre for Innovation in Cancer, Adelaide, SA 5042, Australia; Richard.LeLeu@sa.gov.au (R.K.L.L.);

graeme.young@flinders.edu.au (G.P.Y.)
4 CSIRO Food and Nutrition, Adelaide, SA 5000, Australia; c.christophersen@ecu.edu.au
5 School of Medical and Health Sciences, Edith Cowan University, Joondalup, WA 6027, Australia
* Correspondence: cathy.abbott@flinders.edu.au; Tel.: +61-8-8201-2078

Received: 15 December 2016; Accepted: 29 March 2017; Published: 3 April 2017

Abstract: Green cincau (Premna oblongifolia Merr) is an Indonesian food plant with a high dietary
fibre content. Research has shown that dietary fibre mixtures may be more beneficial for colorectal
cancer prevention than a single dietary fibre type. The aim of this study was to investigate the
effects of green cincau extract on short chain fatty acid (SCFA) production in anaerobic batch cultures
inoculated with human faecal slurries and to compare these to results obtained using different dietary
fibre types (pectin, inulin, and cellulose), singly and in combination. Furthermore, fermentation
supernatants (FSs) were evaluated in Caco-2 cells for their effect on cell viability, differentiation,
and apoptosis. Cincau increased total SCFA concentration by increasing acetate and propionate,
but not butyrate concentration. FSs from all dietary fibre sources, including cincau, reduced Caco-2
cell viability. However, the effects of all FSs on cell viability, cell differentiation, and apoptosis were
not simply explainable by their butyrate content. In conclusion, products of fermentation of cincau
extracts induced cell death, but further work is required to understand the mechanism of action.
This study demonstrates for the first time that this Indonesian traditional source of dietary fibre may
be protective against colorectal cancer.

Keywords: dietary fibre; colorectal cancer; fermentation; cincau; short chain fatty acids

1. Introduction

Colorectal cancer (CRC) incidence is rising significantly in most countries due to increasing
prosperity [1]. Compounds such as short chain fatty acids (SCFAs), which are produced by bacterial
fermentation of undigested dietary fibre, are capable of inhibiting cancer in vitro and in vivo [2–6].
The type of dietary fibre consumed influences the proportion and distribution of SCFAs in the
gastrointestinal tract [7–10]. Rapidly fermentable dietary fibre is fermented in the proximal colon and
results in increased SCFA levels in this region of the gut; conversely, slow fermentable dietary fibre
will reach the distal colon and modulate SCFA production at this site [7,11].

Many researchers have shown mixtures of multiple dietary fibre types are more beneficial than
a single dietary fibre [7,12–14]. Rats administered diets containing guar gum or pectin produced low

Nutrients 2017, 9, 355 145 www.mdpi.com/journal/nutrients



Nutrients 2017, 9, 355

proportions of butyrate in comparison to rats fed mixtures of both [12,13]. Compared with control or
wheat bran diets alone, diets containing a combination of wheat bran and resistant starch produced
higher wet and dry output, a lower pH and ammonia, as well as lower levels of phenol [13]. An in vitro
fermentation study showed that a combination of Raftilose (oligofructose) and guar gum results in
higher total SCFAs than individual guar gum [14]. Following 24 h culture, the SCFA production
rate from individual Raftilose or guar gum fermentation decreased, but when these fibres were
combined, the production rate kept increasing, indicating that a combination of fibre sources may
be more beneficial.

The inulin-type compound fructan has also been well studied for its ability to protect against
colorectal cancer when included in the diet [15–18]. In combination with lycopene and probiotics,
inulin induced apoptosis, and inhibited cell proliferation and aberrant crypt formation (ACF)
in rat colon when the chemical 1,2-dimethylhydrazine (DMH) was used to induce cancer [19].
Inulin intake reduced CRC levels in rats fed a high lipid diet or chemical-induced CRC through
decreasing enzyme activity and bile acid concentration [20,21]. The dietary fibre pectin is fermentable
by human faecal bacteria and produces high proportions of acetic acid in vitro and in vivo [22].
Fermentation supernatant from incubation of human faecal slurry with apple pectin was found to be
rich in butyrate and inhibited histone deacetylase in nucleus extracted from tumour cell lines [23].

Green cincau (Premna oblongifolia Merr) is a tropical plant belonging to the Verbenaceae family
which is a traditional food source in Indonesia. Extracts from green leaf of the cincau plant contain
about 20% pectin and have free radical scavenging activity [24]. Research on cincau extracts indicates
they have the ability to induce cell-mediated immune responses in vitro [25]. As a dietary fibre,
cincau extracts have laxative properties and can effectively induce the growth of lactic acid producing
bacteria in the colon [26]. This study aimed to compare the efficacy of cincau extracts as a traditional
source of dietary fibre with other dietary fibre combinations known to be protective against CRC.
Our study found that, when fermented, cincau extracts were able to reduce Caco-2 cell viability, but the
mechanism was unclear. In addition, this study found that when two different dietary fibres were
combined, the benefits were not always additive.

2. Materials and Methods

2.1. Green Cincau Extracts

Green cincau leaves (Premna oblongifolia Merr.) were collected from traditional farmers in Indonesia.
The fresh leaves were dried in an oven at 50 ◦C (water content around 12%), ground into fine powder,
and imported into Australia using an AQIS permit (IP07024278). To prepare extracts for this study, 5 g
of dried cincau leaf powder was placed in a glass beaker, then boiled water was added until the final
volume was 100 mL, and the mixture was stirred for 5 min at maximum speed. The mixture was then
filtered and allowed to set at room temperature [24]. The resulting jelly like extract was then freeze
dried (Dynavac) and ground with mortar and pestle before use. Table 1 shows the freeze dried cincau
extract composition as determined by CSIRO analytical tests (Adelaide, South Australia), as described
in Belobrajdic [27]. A modification of the AOACI Method 994.13 [28] was used to determine dietary
fibre composition as soluble and insoluble non-starch polysaccharides (NSPs) [27].
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Table 1. Composition of dried green cincau extract (g/100 g dry weight).

Dietary Component Concentration

Moisture 4.4
Fat 4.4

Protein 13.3
Ash 12.2

Starch 1.8
Resistant starch 0.5

Soluble NSP 5.8
Insoluble NSP 46.3

Total non-starch polysaccharides (NSPs) 52.1

2.2. In Vitro Fermentation of Dietary Fibre

Seven substrates as a single or a mixture of two dietary fibres (50:50) were tested following a CSIRO
protocol (Adelaide, Australia): pectin, inulin, cellulose, pectin-cellulose mixture, inulin-cellulose,
pectin-inulin, and green cincau extract (Table 2). The anaerobic batch fermentation was carried out
as described in Charoendsiddhi et al. [29] and was adapted from Zhou et al. [30]. Briefly, 150 mg
of each dietary fibre source or a 50:50 mixture was placed in a 15 mL capped tube, then 9 mL
of sterile fermentation media was added. The media contained 0.25% (w/v) Tryptone, 125 ppm
(v/v) micro-mineral solution (containing CaCl2·H2O 13.2%, MnCl2·4H2O 10%, CoCl2·6H2O 1%,
and FeCl3·6H2O 8%), 25% (v/v) carbonate buffer solution (0.4% NH4HCO3 and 3.5% NaHCO3),
25% (v/v) macro-mineral solution (containing Na2HPO4 0.57%, KH2PO4 0.62%, and MgSO4·7H2O
0.06%), and 3.35% (v/v) reducing solution (containing cysteine hydrochloride 0.625%, Na2S·9H2O
0.625%, and NaOH 0.04 M). After addition of the dietary fibre/s to the fermentation media, the pH was
adjusted to pH 7.0. For inoculums, fresh faecal slurry from three healthy volunteers was pooled and
diluted in phosphate buffer to produce 10% (w/v) inoculums. Signed consent was obtained from staff
volunteers for the collection of fresh faecal samples. The faecal collection process was approved by
the CSIRO Human Ethics Committee. Final concentration of inoculums was 1% (w/v) after mixing of
1 mL of 10% inoculums with 9 mL of media containing dietary fibre/s. A negative control containing
only fermentation media and inoculum was prepared as a faecal blank (FB). All processes were
carried out in anaerobic chamber with rocking (SL Bactron IV, Cornelius, OR, USA) to maintain
anaerobic conditions set at 37 ◦C for 24 h. To help monitor that the chamber was maintained under
anaerobic conditions, 1.25 ppm (w/v) of resazurine solution (Sigma-Aldrich, St Louis, MO, USA) was
added to the initial fermentation media. Supernatants were sterilized by filtration (pore size 0.22 μm)
(Minisart®, Sartorius AG, Dandenong South, Victoria, Australia) and stored at −80 ◦C until use.

Table 2. Type of dietary fibre and combinations used for batch in vitro fermentation.

Dietary Fibre Ratio (%)

Pectin 100
Inulin 100

Cellulose 100
Pectin + cellulose 50:50

Pectin + inulin 50:50
Inulin + cellulose 50:50

Cincau extract 100
Faecal blank (FB) -

2.3. Cell Culture

Human colorectal carcinoma cells Caco-2 were obtained from the American Type Culture
Collection (ATCC Number CCL-247). Experiments were conducted on Caco-2 cells passage number
76 to 85 and were performed three to four passages post thawing. Cultures were maintained
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in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal
bovine serum (Bovogen, Victoria, Australia), 100 U/mL penicillin-streptomycin (Sigma-Aldrich),
1% nonessential amino acids (Sigma-Aldrich), and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, Sigma-Aldrich) in a CO2 incubator (37 ◦C and 5% CO2). For each assay, cells were seeded
so that following the 24 h attachment and 48 h experimental time, cells reached 80%–90% confluence.

2.4. SCFA Analysis

Fermentation supernatant (FS) samples were homogenized in three volumes of internal standard
solution (heptanoic acid, 1.68 mmol/L) (Sigma-Aldrich) and centrifuged at 3000× g for 10 min.
The supernatant was then distilled and 0.3 μL was injected into a gas chromatograph (Hewlett-Packard
5890 Series II A, Wilmington, DE, USA) equipped with a flame ionization detector and a capillary
column (Zebron ZB-FFAP, 30 m × 0.53 mm i.d., 1-μm film, SGE, Phenomenex, Torrance, CA, USA).
Helium was used as the carrier gas; the initial oven temperature was 120 ◦C and was increased at
30 ◦C/min to 190 ◦C; the injector temperature was 210 ◦C and the detector temperature was 210 ◦C.
A standard SCFA mixture containing acetate, propionate, and butyrate (Sigma-Aldrich) was used for
calculations, and the results are expressed as μmol/g of sample [31].

2.5. MTT Proliferation Assay

Caco-2 cells were seeded into a 96-well plate (Costar®, Corning incorporated, Corning, NY, USA)
at a density of 1.5 × 104 cells per well 24 h before treatment with FS (day 0) to allow adherence,
then incubated for 48 h in media containing 20% FS. For standard curves, 1:2 serial dilutions were
prepared to generate a standard curve of 5000–80,000 cells per well, in final volume of 100 μL [32].

After 48 h treatment, media was removed and 100 μL of medium containing 0.5 mg/mL
3-4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich) solution was
added to each well and incubated (37 ◦C, 5% CO2) for 1 h (to allow MTT to be metabolized).
The formazan (MTT metabolic product) was resuspended in 80 μL of 20% sodium dodecyl sulfate
(SDS, Amresco, Solon, OH, USA) in 0.02 M HCl (Sigma-Aldrich), and the plate was incubated in the
dark for 1 h at room temperature. The optical density was read at 570 nm with background absorbance
at 630 nm (FLUOstar omega, BMG Labtech GmbH, Ortenberg, Germany). Optical densities were
converted to a total number of live cells using a linear regression plot. Results were expressed as the
number of live cells in wells containing treatment compared with the number of cells in control wells
(medium alone).

2.6. Alkaline Phosphatase (AP) Activity Assay

For the AP assay, 3.0 × 105 cells were seeded into each well of a six-well plate with supplemented
media (as described above) and allowed to adhere for 24 h. The medium was removed and replaced
with media containing 20% FS. After 48 h incubation, the medium was removed and cells were detached
by incubation with 1× Trypsin-EDTA solution (Sigma-Aldrich) for 5 min at 37 ◦C. Detached cells were
resuspended in 50 mM Tris-HCl buffer, pH 10.0, and homogenized by sonification. The homogenized
cells were centrifuged at 100,000 rpm for 30 min to remove cell debris.

AP activity was measured by hydrolysis of p-nitro phenol phosphate (5 mM) (Sigma-Aldrich) and
expressed in units (the number of μmol p-nitrophenol liberated in 1 min measured at 400 nm per mg
protein). p-nitrophenol (0–200 μM) was used to generate a standard curve [33].

2.7. Caspase 3–7 and Lactate Dehydrogenase (LDH) Assay

Caco-2 cells were seeded into 96-well white plates (Costar®) at a density of 1.5 × 104 cells per well
in supplemented media. The cells were incubated 24 h to allow the cells to adhere prior to treatment
with 20% FS or control. After FS treatment, the cells were incubated for 48 h. Staurosporine 5 μM
(Sigma) was used as a positive control to induce apoptosis (data not shown). The CytoTox-ONE™
Homogeneous Membrane Integrity assay kit (Promega, Madison, WI, USA) was employed to
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quantify the LDH enzyme activity, where 70 μL of cell culture supernatant was mixed with 70 μL
CytoTox-ONE™ Reagent and shaken for 30 s, then incubated for 10 min. The stop solution (35 μL)
was added to each well, and fluorescence was measured at excitation wavelength of 560 nm and an
emission wavelength of 590 nm. In parallel, quantification of caspase-3/7 activities was carried out
using the Caspase-GloR 3/7 assay kit (Promega). The FS treatments were also applied to separate
Caco-2 cells cultured in 96-well plates for determination of cell proliferation using the MTT assay.

To confirm the role of caspase 3/7 in the cell death mechanism, FS from the inulin, cincau extract,
and faecal blank fermentation were applied to the Caco-2 cells in combination with 10 μM caspase
inhibitor (Ac-DEVD-CHO, Promega). Cells were seeded in 96-well plates as outlined above and the
inhibitor was added 1 h preceding FS treatment.

2.8. Statistical Analysis

All cell culture experiments were performed on three different occasions, and the results are
expressed as the mean ± standard error of mean (SEM). Statistical analysis was carried out with the
statistical program SPSS version 19. One way-ANOVA with Least Significant Difference test was used.
Results were considered significant if p < 0.05.

3. Results

3.1. SCFA Content of Dietary Fibre Fermentation Supernatant

Fermentation with cellulose alone had no significant effect on SCFA production. In contrast,
fermentation of all other dietary fibres, individually or in combination, increased the yields of total
SCFA, acetate, and propionate levels in the FS in comparison to the FB (p < 0.05) (Figure 1A–C).
Cincau as the dietary fibre source significantly increased total SCFA, acetate, and propionate, but not
butyrate levels. Butyrate levels were only significantly increased in the FS after fermentation with
inulin, inulin-cellulose, and inulin-pectin (Figure 1D).
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Figure 1. Effect of dietary fibre on the concentration of short chain fatty acid (SCFA) total (A), acetate (B),
propionate (C), and butyrate (D) in fermentation supernatants. Dietary fibre/s were fermented with
human faecal bacteria at 37 ◦C for 24 h in anaerobic conditions. The bars represent the mean, and the
lines are SEM of four replicates. Data points denoted by different superscripts (letters above the bar)
differ significantly when p < 0.05.

3.2. Effect of Dietary Fibre FS on Caco-2 Cell Viability

Due to the increased production of SCFA in the FS from the different fibre fermentations,
we examined the effects of the FS on Caco-2 cell viability. As cellulose alone had no effect on SCFA
production and inhibited SCFA production when mixed with inulin, no further studies were performed
on FS from these two dietary fibre groups. In addition, as SCFA production was no different between
the faecal blank (FB) and the cellulose group, for the remaining studies the blank served as the negative
control. Treatment of Caco-2 cells with the remaining five FSs affected cell viability. Caco-2 cell number
was significantly reduced after incubation of cells with 20% FS after incubation with cincau and with
other dietary fibre/s compared to control FB (Figure 2, p < 0.05). Incubation with inulin FS inhibited
cell growth the most when compared to FB. Combining pectin with inulin in the FS had no significant
effect on the ability of inulin or pectin to inhibit cell growth.
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Figure 2. All dietary fibre sources reduced Caco-2 cell viability. Cells were seeded 1 day before the
treatment with (fermentation supernatant) FS (day 0), then incubated for 48 h in media containing
20% FS. The bars represent the mean, and the lines are SEM of three independent experiments each
performed in triplicate. Data points denoted by different superscripts (letters above the bar) differ
significantly with p < 0.05.

3.3. Effect of Dietary Fibre FS on Cell Differentiation

Cell differentiation was assessed by measuring cellular levels of the enzyme alkaline phosphatase
(AP) [34]. FSs from all dietary fibre sources, including cincau, failed to increase alkaline phosphatase
enzyme levels but unexpectedly some caused significant decreases in alkaline phosphatase levels
(Figure 3, p < 0.05). Cells that were incubated in FS after fermentation with inulin and mixtures of
pectin and inulin had significantly lower alkaline phosphatase activity compared to FB, whereas cells
incubated with FS from pectin, mixture of pectin-cellulose, and cincau displayed similar alkaline
phosphatase activities to FB (p < 0.05).
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Figure 3. Effect of dietary fibre FS on alkaline phosphatase (AP) enzyme levels. AP enzyme activity
was measured by hydrolysis of p-nitro phenol phosphate (5 mM) and expressed in units (the number
of μmol p-nitrophenol liberated in 1 min measured at 400 nm per mg protein). The bars represent
the mean, and the lines are SEM of three independent experiments each performed in triplicates.
Data points denoted by different superscripts (letters above the bar) differ significantly with p < 0.05.
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3.4. Effect of Dietary Fibre FS on Caspase 3/7 Activity

SCFAs have been shown to reduce proliferation and induce apoptosis in colorectal cell lines [2].
Caspase 3 and 7 are key effectors of apoptosis, therefore their activity was measured in Caco-2 cells
after incubation with FS. Caspase 3/7 activity was affected by the type of dietary fibre fermented
by colon microbiota (Figure 4, p < 0.05). Pectin, individually or in combination with inulin, induced
higher caspase 3/7 activity compared to no treatment (control). In contrast, cincau extracts and the
faecal blank suppressed caspase 3/7 activity (p < 0.05).
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Figure 4. Effects of dietary fibre/s FS on caspase 3/7 activity. Cells were seeded 1 day before the
treatment with FS (day 0), then incubated for 48 h in media containing 20% FS. Caspase-3 and -7
activities were measured using the Caspase-GloR 3/7 assay kit (Promega, USA). Control is cells
incubated in media without FS. The bars represent the mean, and the lines are SEM of three independent
experiments each performed in triplicate. Data points denoted by different superscripts (letters above
the bar) differ significantly with p < 0.05. LU, Luminescence units.

3.5. Mechanism of Cell Death Induced by FSs Containing SCFAs

To further examine the increase in caspase 3/7 activity triggered by FSs from different dietary
fibres above, a caspase inhibitor was utilised. Extracellular release of lactate dehydrogenase (LDH)
was utilised as an additional measure of Caco-2 cell death. The caspase inhibitor significantly inhibited
the ability of FSs from both inulin and the faecal blank to induce caspase 3/7 activity. In contrast,
when cells were incubated with FS from cincau fermentation, very little caspase activity was detected
and the inhibitor had no significant effect on this activity (Figure 5A; p < 0.05). LDH release in cells
treated with FS when cincau was the fibre source was lower compared to that from inulin FS and FB
(Figure 5B; p < 0.05). LDH release was not affected by the addition of the caspase inhibitor. Both inulin
and cincau FS inhibited cell growth compared to the FB, and the caspase inhibitor was able to partially
prevent this inhibition when inulin was the dietary fibre (Figure 5C; p < 0.05).
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Figure 5. Effect of inulin and cincau on caspase 3/7 activity (A), LDH release (B), and Caco-2
cell viability (C) with or without caspase inhibitor. Cells were seeded 1 day before the treatment
with FS (day 0), then incubated for 48 h in media containing 20% FS. Caspase inhibitor
(10 μM) was added 1 h preceding FS treatment. Caspase 3–7 activity was measured using the
Caspase-GloR 3/7 assay kit (Promega), the LDH activity was quantified using the CytoTox-ONE™
Homogeneous Membrane Integrity assay kit (Promega), and cell viability was measured using the MTT
(dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide) assay and expressed as % growth against
control. Control is cells incubated in media without FS. The bars represent the mean, and the lines
are SEM of three independent experiments performed in triplicates. Data points denoted by different
superscripts (letters above the bar) differ significantly with p < 0.05. LU, Luminescence units; FU,
fluorescence units.
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4. Discussion

This work demonstrates for the first time that green cincau, a traditional food that is indigenous
to Indonesia, can be fermented to produce SCFAs which, when tested on colon cancer cells, can inhibit
cell growth in vitro. In particular, cincau fermentation resulted in increased acetate and propionate
production as assessed by their concentrations, but not butyrate. Furthermore, this study demonstrates
that pectin and inulin alone, or in combination, had the greatest influence on individual and total SCFA
production after fermentation by gut microbiota. Inulin produced the highest concentration of butyrate
among the dietary fibres tested. Butyrate levels in FS from cellulose and pectin increased significantly
if these dietary fibres were mixed with inulin. Inulin is known to stimulate butyrate-producing
bacteria (Roseburia intestinalis, Eubacterium rectale, Anaerostipes caccae), which in turn leads to higher
concentrations and proportions of butyrate [35].

The concentration of total SCFA, acetate, and butyrate produced in culture from the cincau extract
was very similar to that produced when pectin or pectin-cellulose was added as the dietary fibre.
Cellulose is a non-fermentable fibre and as a result has little effect on SCFA concentrations. Given that
cincau extracts are known to contain 20% pectin [24], the increases in SCFA concentrations observed
may be produced by the fermentation of the pectin component of this extract. However, when analysed
these hot water extracts contained 5.8% soluble NSPs and 46.3% insoluble NSPs, thus it appears that
the heating, cooling, and freeze drying process may have modified chemical and physical properties
of the non-starch polysaccharides including pectin to form insoluble NSPs [36]. These now insoluble
NSPs may also contribute to SCFA production during the in vitro fermentation.

SCFAs, and particularly butyrate, are well known for their ability to inhibit proliferation
and induce apoptosis of colorectal cancer cells [2,3], but in this study high levels of butyrate
in FS did not always affect cell viability. The butyrate content in pectin-inulin FS was nearly
two-fold higher than pectin alone FS, while the propionate and acetate content from pectin-inulin
FS was nearly double of pectin FS, however, the effect on Caco-2 cell growth when cultured in
media containing these fermentation supernatants was no different. This indicates that butyrate
or combinations of butyrate with propionate or acetate are not the main factors in fermentation
supernatant that affect cell growth, and that non-SCFA compounds also contained in the FS may be
involved [33]. Interestingly, cincau extract and pectin-cellulose FSs which had lower concentrations of
total or individual SCFAs than pectin-inulin FS, inhibited Caco- 2 cell growth to the same extent as
pectin-inulin FS.

Cell differentiation is one of the mechanisms by which SCFAs act in order to slow cancer
cell growth [37]. This process requires cells to enter G1/G0 phase arrest, and cell proliferation
is then inhibited [38]. Our results indicate that FS from pectin, inulin, pectin-cellulose mixture,
pectin-inulin mixture, or cincau extract do not induce alkaline phosphatase, a marker of cell
differentiation. Surprisingly, FS from blank (FB) induced higher alkaline phosphatase levels than
pectin, inulin, or pectin-inulin, even though all of these dietary fibre FSs had high SCFA concentrations.
There are some possibilities to explain these observations. First, the effect of butyrate on cell
differentiation is dose dependent. It was previously observed that butyrate induced cell differentiation
of Caco-2 cells at a concentration of 0.1 mM, but when the butyrate level was increased to 5 mM,
activity of this enzyme decreased [39]. In the present study, the inulin and pectin-inulin FSs contained
37.7 and 24.2 mM of butyrate, respectively. When 20% of these FSs were added to the media, the final
concentration of butyrate in the media would be 7.5 and 4.8 mM, respectively, whereas the final
concentration of butyrate in media containing pectin, pectin-cellulose, and cincau was only 1.6, 1.4,
and 1.1 mM, respectively. It is suggested that high levels of butyrate in inulin and pectin-inulin FSs
may have led to the downregulation of AP activity. However, this explanation is not likely, as the
blank (FB) which contains very little SCFA, elicited higher AP levels. Therefore, a second possibility
needs to be considered to rationally explain the effects of FB. Previous researchers have also found that
FB had an effect that was unexplainable by SCFA content in FS [16,33,40]. For example, Sauer et al.
found that metabolic activity of HT-29 cells was increased by 15% by FB supplementation, with levels
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increasing similarly to those from inulin FS [16]. Moreover, these authors also found that FB enhanced
gene expression of GSTA4, but inulin FS or SCFA mixture had no effects on this gene. GSTA4 is
a gene encoding a glutathione S-transferase belonging to the alpha class 4 that has high catalytic
efficiency with 4-hydroxyalkenals and other cytotoxic and mutagenic products of radical reactions
and lipid peroxidation [41]. Taking this into account, data from this study indicate that the effect of
FSs from dietary fibre on cell differentiation may depend on several factors including SCFA pattern
and unidentified products formed during the fermentation process or that originally exist in the fresh
faecal sample as a source of inoculums.

The ability of pectin, inulin, pectin-inulin, and pectin-cellulose FSs to induce apoptosis was
confirmed by their ability to increase caspase 3/7 activity compared to control (Figure 4; p < 0.05).
In contrast, cincau and FB, when compared to control, decreased levels of caspase 3/7. Previous research
has shown that inulin induced apoptosis in HT-29 cells [42] or in a colon cancer rat model [43].
Our results support that inulin or pectin-inulin FSs are able to induce apoptosis through caspases,
as caspase 3/7 activity increased in Caco-2 cells incubated with these FSs (Figure 4, p < 0.05).

Pectin or pectin-cellulose mixtures also increased caspase 3/7 activity (Figure 4, p < 0.05), and this
may support a role for pectin via its increase in SCFAs as a dietary fibre that can affect the apoptosis
process. Butyrate or other SCFAs produced by the fermentation of pectin may be able to inhibit histone
deacetylase activity in order to induce gene transcription of caspase 3 and induce apoptosis [6,44–46].

Butyrate is the most potent SCFA for modulating colorectal cancer growth, including the induction
of apoptosis [6,47]. However, our data indicate that modulation of apoptosis is not always dependant
on butyrate content. The effect of FSs on caspase 3/7 activity was also unexplainable by total SCFA
content of FS. Therefore, some factors other than SCFAs might be involved in modulating caspase 3/7
activity [23,42].

FSs from inulin, cincau, and FB were chosen to further elucidate the role of caspase 3/7 on
cell death using the caspase inhibitor (Ac-DEVD-CHO) before the application of FS. LDH is an
accurate method to assay cell death with membrane damage such as necrosis, while the MTT
assay can measure differences in cell viability, but it cannot tell whether cells are being killed via
apoptosis or necrosis [45]. The FS from inulin induced cell death through a caspase 3/7-dependent
pathway, as the release of caspase 3/7 could be inhibited by the addition of the caspase inhibitor,
and this led to an observed increase in Caco-2 cell viability. Cincau extract FS suppressed Caco-2
cell growth compared to FB (Figure 5C, p < 0.05), but the mechanism appeared to be different to
that observed with inulin. Compared to FB, cincau did not induce caspase 3/7 activity (Figure 5A,
p < 0.05), and indeed less LDH was released from cells treated with either cincau or cincau and
caspase inhibitor (Figure 5B, p < 0.05), suggesting that cincau could protect cells from necrotic cell
death. However, these cells were less viable than the control cells. Previously, Huang et al. [48] found
that Solanum nigrum Linn leaf extract, rich in polyphenols and anthocyanidin, caused cell death due
to the induction of autophagy and apoptosis. Acetone and ethyl acetate extracts from Eupatorium
odoratum induced autophagic cell death in MCF-7 and Vero cell lines [49]. Cincau was extracted
from green cincau leaves (Premna oblongifolia Merr.). The extract contains alkaloids, saponins, phenol
hydroquinones, molisch, benedict, and tannins [50]. Supernatants collected after the non-digestible
fraction of cooked common bean (Phaseolus vulgaris L.), when fermented with gut microbes, were able
to induce apoptosis of HT-29 colon cells, and this was thought to be due to the participation of other
phenolic fatty acid derivatives and biopeptides and not the SCFA contained in the supernates [51]
Therefore, it may be possible that the phytochemical compounds from cincau or cincau fermentation
induce autophagic cell death which cannot be measured by either the caspase or LDH assay, but would
be worth investigating in future studies.

Our research implies that the beneficial effects of mixed dietary fibre as experienced in most
human diets will depend on how each dietary fibre consumed interacts with the colon microbiota,
and suggests the important role of unidentified compounds produced during fermentation by gut
microbes in modulation of the effect of dietary fibre on CRC carcinogenesis. Furthermore, for the first
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time we show that Green cincau, a traditional Indonesian food, is not only able to inhibit colon cancer
cell growth, but by an apoptosis-independent pathway. Further work should be conducted to assess
the ability of this novel traditional dietary fibre as a chemopreventative.
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Abstract: Glycemic control and weight reduction are primary goals for the management of overweight
and obese type 2 diabetes mellitus (T2DM). Effective management cannot be achieved without an
appropriate diet. Our study aimed to evaluate the short- and long-term effects of oat intake and
develop a reasonable dietary plan for overweight T2DM patients. A randomized control trial, registered
under ClinicalTrials.gov (Identification code: NCT01495052), was carried out among adult T2DM
patients. A subgroup of 298 overweight subjects was selected and received a 30-day centralized
intervention and 1-year free-living follow-up. Participants were randomly allocated to one of the
following four groups. The usual care group (n = 60) received no intervention; the healthy diet group
(n = 79) received a low-fat and high-fiber diet (“healthy diet”); the 50 g-oats group (n = 80) and 100 g-oats
group (n = 79) received the “healthy diet” with the same amount of cereals replaced by 50 g and 100 g
oats respectively. Anthropometric, blood glycemic and lipid variables were measured. For the 30-day
intervention, significant differences in the changes of FPG (fasting plasma glucose), PPG (postprandial
plasma glucose), HbA1c (glycosylated hemoglobin), HOMA-IR (homeostasis model assessment of
insulin resistance), TC (total cholesterol), TG (total triglycerides), and LDL-c (low-density lipoprotein
cholesterol) were observed among the four groups. Compared to the healthy diet group, the 50 g-oats
group had a bigger reduction in PPG (mean difference (MD): −1.04 mmol/L; 95% CI: −2.03, −0.05)
and TC (MD: −0.24 mmol/L; 95% CI: −0.47, −0.01); the 100 g-oats group had a bigger reduction in
PPG (MD: −1.48 mmol/L; 95% CI: −2.57, −0.39), HOMA-IR (MD: −1.77 mU·mol/L2; 95% CI: −3.49,
−0.05), TC (MD: −0.33 mmol/L; 95% CI: −0.56, −0.10) and LDL-c (MD: −0.22 mmol/L; 95% CI: −0.41,
−0.03). In the 1-year follow-up, greater effects in reducing weight (MD: −0.89 kg; 95% CI: −1.56, −0.22),
HbA1c (MD: −0.64%; 95% CI: −1.19, −0.09) and TG (MD: −0.70 mmol/L; 95% CI: −1.11, −0.29) were
observed in the 100 g-oats group. In conclusion, short- and long-term oat intake had significant effects
on controlling hyperglycemia, lowering blood lipid and reducing weight. Our study provided some
supportive evidence for recommending oat as a good whole grain selection for overweight diabetics.

Keywords: type 2 diabetes; obesity; whole grain; oats; fiber
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1. Introduction

Type 2 diabetes (T2DM) and obesity are both major global health problems, which have been
linked with an increased risk of life-threatening comorbidities and enormous economic burdens [1,2].
Epidemiological studies report that most of the patients with T2DM are overweight or obese and,
similarly, a significant number of obese individuals have diabetes [3]. This parallel prevalence
indicates a strong association between T2DM and obesity. It has been further estimated that every
1 kilogram increase in body weight is associated with a 9% relative increase in diabetes prevalence [4].
Identification of this association has changed the primary goal of diabetes management in obese and
overweight T2DM patients, and now controlling the blood glucose and reducing weight are both
promoted [5].

Effective management of diabetes cannot be achieved without an appropriate diet, especially for
type 2 diabetics who are overweight or obese. The recommended diet for controlling diabetes should
be rich in dietary fiber, preferably provided by nature and less processed whole grains [6]. A Harvard
study of health professionals found that high intake of whole grains was associated with lower
incidence of T2DM [7] and therefore its benefit could be an important part of a diet which can help to
improve diabetic control.

Wholegrain foods can be found in a variety of cereals, but the content and solubility of
fiber can vary significantly [8]. People with diabetes are often advised to select a good source
of whole grains. Oat, with the advantage of having a high concentration of β-glucan, can be
used for the management of diabetes [9]. The effects of oat intake have been investigated in
several aspects [10–12]. Soluble fiber from oats has been found to be effective in lowering total
cholesterol and low-density lipoprotein (5%–10% reduction with 3 g β-glucan intake per day), and
thus oat and oat-products have already been recommended to patients with hyperlipidemia [13].
Besides, it has been suggested that oat intake can improve insulin response and decrease postprandial
hyperglycemia [11,14]. Although these effects have been supported in many studies, others failed
to replicate these. In particular, the effects of oat intake on fasting glucose concentration and weight
control remain conflicting [11,14]. Therefore, further work is needed to determine whether oat intake
has the reported benefits and whether these benefits could be observed similarly in specific populations,
particularly in overweight T2DM patients.

To develop a reasonable dietary plan, which includes wholegrain oats, a randomized control
trail was conducted among adults with T2DM in Baotou, Inner Mongolia, China. This study aimed
to compare the short- and long-term integrative effects of oat intake with a low-fat and high-fiber
diet (“healthy diet”) on weight management, blood glucose control and lipid-profile improvement in
overweight T2DM patients.

2. Methods

2.1. Participants

A subgroup of 298 subjects, meeting the Chinese criteria of overweight (body mass
index ≥ 24 kg/m2), was selected from 445 adult patients with T2DM, who had participated in the
30-day centralized management of a dietary program and the 1-year free-living follow-up in Baotou,
China. The sample size of the original study was calculated based on an estimated standard deviation
(SD) of 2.7 mmol/L in HbA1c. A total of 420 participants were required to detect a difference of
0.80 SD of HbA1c with 90% power and allowing for 10% missing data. Individuals who were heavy
smokers (smoking more than or equal to 25 cigarettes per day) or heavy drinkers (drinking more than
25 mL alcohol per day), or had recent changes (less than 3 months) in diet and physical activities,
or had severe cardiovascular, renal or hepatic complications, mental illness or other serious diseases,
or recently accepted glucocorticoid treatment, or had already been eating oats or oat products as
part of their diet, were excluded. At the end of recruitment, a total of 445 individuals were included
and randomized, of which 298 overweight participants were selected for this subgroup analysis.
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Eleven patients dropped out during the 1-year follow-up due to personal reasons with no difference in
drop-out rates among the four groups (p = 0.774) (Figure 1).

Figure 1. Flow chart for subject enrollment, allocation, intervention and follow-up.

2.2. Ethics

This study was approved by the ethic review board of China-Japan Friendship Hospital of
Health Ministry China in December 2011 and registered under ClinicalTrials.gov (Identification code:
NCT01495052 available at https://clinicaltrials.gov/). Written and oral information of the study
protocol was given prior to the study initiation. Informed consent was signed by every participant.

2.3. Study Design

During the 30-day centralized intervention, all participants were arranged to live in a hotel
and have meals together under the supervision of 12 qualified dietitians and 18 well trained
investigators. Food intake and compliance of participants were recorded every day by the investigators.
Physical activities were assessed and categorized using the recommendations of the international
physical activity questionnaire (IPAQ). Participants were required to record uncomfortable symptoms
and maintain their normal physical activities and medications. After a one-week run-in period,
participants were randomly allocated to one of the following four groups by computer-generated
random numbers. The usual care group (n = 60) served as the control group and received no dietry
intervention. They took meals depending on their own eating habits. The healthy diet group (n = 79)
received a low-fat and high-fiber diet (“healthy diet”). A 7-day cyclical menu (Supplementary Materials
Table S1) was designed according to the China Food Composition [15], the Dietary Guidelines for
Chinese Resident [16] and the China Medical Nutrition Therapy Guideline for Diabetes [17] to provide
a low-fat and high-fiber diet. Each participant was provided with three meals a day, which contained
2275 kcal for men and 1890 kcal for women (60% from carbohydrate, 22% from fat, 18% from protein)
and 30 g of dietary fiber. In addition, a maximum of an extra 10% of daily kcal intake was allowed
according to the individual need of participants. For the 50 g and 100 g-oats groups, participants
received the “healthy diet” with the same amount of cereals replaced by 50 g and 100 g of wholegrain
oats respectively. The daily intake of energy and macronutrients for each group is shown in Table 1.
Apart from the dietary intervention, the study dieticians gave nutritional education and training to the
three intervention groups six times per week to encourage the participants to have a general healthy
diet in daily life.

After the centralized management, all participants returned home and were asked to
continue with their intervention and record their daily diet, uncomfortable symptoms and
medication changes. Wholegrain oats were continuously provided for the 50 g and 100 g-oats
groups. Investigators continued to give diet recommendations and supervise the daily life of
participants by monthly group interviews through network-chat, telephone or face-to-face interviews.
Scheduled clinical checks were performed every three months. The follow-up lasted for one year.
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Table 1. The daily intake of energy and macronutrients (one day’s intake).

Dietary Components Usual Care Group
Treatment Diet

Healthy Diet Group 50 g-oats Group 100 g-oats Group

Energy (kcal) * 2441 (478) 2279 (196) 2281 (185) 2233 (204)
Carbohydrate (% of total energy) 50 60 59 58

Fat (% of total energy) 31 22 23 23
Protein (% of total energy) 19 18 18 19

Total fiber (g) * 22.1 (4.0) 33.0 (5.8) 36.1 (4.2) 39.0 (4.8)
Oat β-glucan (g) 0 0 2.65 5.30

* Variables are presented as mean with (SD (standard deviation)).

2.4. Wholegrain Oats

The wholegrain oats used in this study were provided by Inner Mongolia Sanzhuliang Natural
Oats Industry Corporation (IMSNOIC) (Hohhot, Inner Mongolia, China). The oats were grown in
northwest China and were processed by a peeling technology which retained the necessary ingredients
and beneficial nutrients of the whole grain [18]. The nutrient composition of this product was analyzed
by the laboratory of the School of Life Sciences, Sun Yat-sen University, according to a standard
procedure (GB/T 5009). Each 100 g of wholegrain oats contained 63.5 g carbohydrate, 7.6 g fat, 13.7 g
protein, and 8.7 g fiber, of which approximately 5.3 g was β-glucan.

2.5. Outcome Measurement

Physical examinations were performed at baseline, at the end of the 30-day intervention and
at the end of the 1-year follow-up. Anthropometric measurements were carried out for weight,
height, waist and hip circumference, and blood pressure. Body fat percent and visceral fat index
(VFI) were measured using bioelectrical impedance scales (Tanita BF-622W, Tanita Corporation of
the United State). Venus blood samples were collected after an overnight fast for testing fasting
plasma glucose (FPG), 2-h postprandial plasma glucose (PPG), glycosylated hemoglobin (HbA1c),
fasting plasma insulin, 2-h postprandial plasma insulin, total triglycerides (TG), total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-c), and high-density lipoprotein cholesterol (HDL-c).
Insulin resistance was calculated by the formula: HOMA-IR = fasting serum insulin (μU/mL) × FPG
(mmol/L)/22.5. All measurements were conducted with standard procedures by the same clinical
staff in the third hospital of Inner Mongolia medical college, who were blinded to the group allocation.

2.6. Statistical Analyses

Categorical and continuous variables were analyzed by either Chi-squared test or sample
t-test. Responses to interventions were assessed by the changes in anthropometric and metabolic
variables, determined at baseline and at the end of the intervention. A generalized linear model (GLM)
was applied to estimate the changes after adjusting for potential confounding factors including
sex, age, drinking, smoking, physical activity level, education level, family history of diabetes,
diabetic medications and the duration of diabetes. The mean differences (MD) of changes among
groups were calculated to compare the effects of different interventions. We performed multiple
imputations to account for missing data (SAS Institute, Inc., Cary, NC, USA). Results are presented as
means with standard deviation (SD) or 95% confidence intervals (95% CI). All tests were two-sided
and p < 0.05 was considered to be statistically significant. Analyses were conducted with the IBM SPSS
Statistics 22 (IBM Corp., Armonk, NY, USA, 2013), unless otherwise stated.

3. Results

The main characteristics of the participants in each group are shown in Table 2. Among the four
groups, there were no significant differences in the baseline characteristics of sex, age, drinking,
smoking, physical activity, education level, the duration of diabetes, family history of diabetes,
diabetic medications and blood pressure.
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Table 2. The baseline characteristics of the study participants *.

Variables
Usual Care

Group (n = 60)
Healthy Diet

Group (n = 79)
50 g-oats

Group (n = 80)
100 g-oats

Group (n = 79)
p-Value

Male/female 39/21 42/37 41/39 33/46 0.059
Age (years) 59.00 (3.94) 59.73 (6.53) 59.72 (6.10) 59.44 (6.78) 0.886

Mild drinking 15 (25.0%) 20 (25.3%) 17 (21.3%) 16 (20.3%) 0.838
Mild smoking 14 (23.3%) 16 (20.3%) 14 (17.5%) 11 (13.9%) 0.523

Physical activity level - - - - 0.541
Low 13 (21.7%) 18 (22.8%) 17 (21.2%) 22 (27.8%) -

Moderate 30 (50.0%) 42 (53.1%) 45 (56.3%) 46 (58.2%) -
High 17 (28.3%) 19 (24.1%) 18 (22.5%) 11 (13.9%) -

Education level - - - - 0.473
Less than primary school 9 (15.0%) 9 (11.4%) 15 (18.8%) 8 (10.1%) -
Middle and high school 39 (65.0%) 56 (70.9%) 47 (58.8%) 49 (62.0%) -

College or more 12 (20.0%) 14 (17.7%) 18 (22.5%) 22 (27.8%) -
Duration of diabetes (month) 79.00 (36.52) 74.87 (61.92) 100.08 (75.73) 94.71 (76.63) 0.060

Family history of diabetes 19 (31.7%) 24 (30.4%) 36 (45.0%) 38 (48.1%) 0.051
Diabetic medications - - - - 0.999

No diabetic medication 5 (8.3%) 7 (8.9%) 6 (7.5%) 6 (7.6%) -
Oral diabetic medication 32 (53.3%) 45 (57.0%) 43 (53.8%) 47 (59.5%) -

Insulin injection 12 (20.0%) 14 (17.7%) 16 (20.0%) 12 (15.2%) -
Combined treatment 11 (18.3%) 13 (16.4%) 15 (18.7%) 14(17.7%) -

Systolic blood pressure (mmHg) 143.71 (15.83) 147.23 (21.31) 144.90 (19.18) 147.19 (17.68) 0.613
Diastolic blood pressure (mmHg) 84.43 (16.05) 84.63 (11.78) 82.93 (9.39) 83.10 (10.20) 0.737

* Continuous variables are presented as mean with (SD) and categorical variables are presented as a number
(with percentage).

Changes in variables, and the mean differences of changes among the four groups after the 30-day
intervention, are presented in Table 3. When compared to the baseline values of the anthropometric
variables, the three intervention groups had a significant reduction in weight, BMI and waist
circumference, while significant reduction in visceral fat index (VFI) was only observed in the 50 g
oats group (adjusted change: −0.48; 95% CI: −0.69, −0.27) and the 100 g oats group (adjusted change:
−0.44; 95% CI: −0.78, −0.10). When comparing the mean differences between groups, there were no
statistically significant differences in the changes of anthropometric variables between the healthy diet
group and the oats groups.

For the glycemic variables, a significant reduction in FPG, PPG and HbA1c from baseline was observed
in the three intervention groups, while a significant decrease in HOMA-IR was observed in 50 g oats
group (adjusted change: −1.80 mU·mol/L2; 95% CI: −3.48, −0.12) and 100 g oats group (adjusted change:
−2.65 mU·mol/L2; 95% CI: −4.72, −0.58). When comparing the changes between groups (the healthy diet
group was the reference), the 50 g oats group showed a bigger reduction in PPG (MD: −1.04 mmol/L;
95% CI: −2.03, −0.05), and the 100 g oats group showed a bigger reduction in PPG (MD: −1.48 mmol/L;
95% CI: −2.57, −0.39) and HOMA-IR (MD: −1.77 mU·mol/L2; 95% CI: −3.49, −0.05).

Compared to the baseline values of the lipid variables, the three intervention groups had a
significant reduction in TC and LDL-c. When comparing between groups, the 50 g oats group had a
bigger reduction in TC (MD: −0.24 mmol/L; 95% CI: −0.47, −0.01) and the 100 g oats group had a
bigger reduction in TC (MD: −0.33 mmol/L; 95% CI: −0.56, −0.10) and LDL-c (MD: −0.22 mmol/L;
95% CI: −0.41, −0.03) than the healthy diet group. For TG, no statistically significant difference in the
reduction was observed in the two oats groups when compared to the healthy diet group.

The changes and mean differences of changes in variables between the baseline and the end of the
1-year intervention are shown in Table 4. Compared with the baseline values, the three intervention
groups had significant reduction in FPG, PPG, HbA1c, TC, and LDL-c, while the significant decrease in
weight, BMI and TG was only observed in the 50 g and 100 g oats groups. Comparing the oats groups
to the healthy diet group, the 50 g oats group had a bigger reduction in TG (MD: −0.42 mmol/L;
95% CI: −0.83, −0.01) and LDL-c (MD: −0.27 mmol/L; 95% CI: −0.49, −0.05), and the 100 g oats group
had a bigger reduction in weight (MD: −0.89 kg; 95% CI: −1.56, −0.22), PPG (MD: −1.17 mmol/L;
95% CI: −2.27, −0.07), HbA1c (MD: −0.64%; 95% CI: −1.19, −0.09), TC (MD: −0.30 mmol/L; 95% CI:
−0.57, −0.03), TG (MD: −0.70 mmol/L; 95% CI: −1.11, −0.29), and LDL-c (MD: −0.37 mmol/L;
95% CI: −0.59, −0.15).
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4. Discussion

The present study showed that a low-fat and high-fiber diet (“healthy diet”) had beneficial
effects on glucolipid metabolism in overweight T2DM patients, and these effects were more evident
when combined with oat intake. In particular, the combination of short-term (30 days) oat intake
with the “healthy diet” had greater effects on lowering the PPG, HOMA-IR, TC and LDL-c than that
of merely having a low-fat and high-fiber diet. The 1-year follow-up showed that the reduction of
PPG, HOMA-IR, TC and LDL-c can be maintained for long time, and significantly greater effects in
decreasing weight, HbA1c and TG were observed.

The primary finding of this study was the significant effect of oat intake on hyperglycemia control.
A growing number of studies have suggested that oats and oat-enriched products can significantly
decrease the postprandial hyperglycemia [11,14]. Consistently, our study provided supportive evidence
for the PPG lowering effect of oat intake in overweight T2DM patients. Although the mechanism of
lowering PPG has not been fully understood, at least parts of the contribution could be attributed to the
property of oat β-glucan. Oat β-glucan can increase the viscosity in the intestine, slow the absorption
of carbohydrates, and thus reduce the PPG [19,20]. Research findings on the FPG lowering effects of oat
intake are less consistent. A few human trials and diabetic mice laboratory studies have found that oat
intake can significantly decrease the FPG concertation [14,21,22], but this finding was not supported
by the majority of randomized control trials (RCTs) [11]. Although a subgroup analysis of high quality
RCTs in a meta-analysis indicated that oat intake can slightly lower FPG concentration in the long-term
intervention [11], our study did not find any FPG lowering effect that could be attributed to either
short-term or long-term oat intake. The long-term oat intake had a significant effect in reducing HbA1c,
but short-term oat intake did not. This finding is not totally unexpected. Considering that HbA1c
levels usually reflect the blood glucose levels for the period of 8–12 weeks, the duration of a 30-day
intervention may not be long enough to have significant changes in HbA1c, whereas a significant
reduction in HbA1c could be shown in the longer 1-year follow-up. So far, a few studies have evaluated
the effect of oat intake on HOMA-IR. A meta-analysis of three RCTs reported that oat intake had no
effect on the improvement of HOMA-IR [11]. In contrast, our study suggested a significant effect on
decreasing HOMA-IR. Our finding was consistent with a recent published RCT, which suggested
oats consumption can significantly decrease the HOMA-IR index [23]. These varying results may be
partly due to the different characteristics of study populations, probably because overweight and
obese T2DM patients are likely to result in more severe insulin resistance, and insulin resistance is
more likely to be modifiable in this population [24].

Furthermore, this study confirmed the serum lipid lowering effect of oat intake in overweight
T2DM patients. The effect of oat intake on lowering TC and LDL-c has been supported in most
published studies [10,13]. The main controversy is the magnitude of the effect. In some studies,
the reduction of TC and LDL-c could be more than 10% [25,26], while in others, the reduction was less
than 5% [27,28]. In our study, the decrease of TC and LDL-c was around 10%. However, the effect
size in this study was not comparable with others, considering the study population, the dose of oats
and oat processing were different from other studies. Comparing the duration of the intervention,
the long-term oat intake had a significant effect on the reduction of TG. The mechanism of serum
lipid-lowering effect also seems to be related to the increased viscosity attributed to the oat β-glucan,
which can lead to the reduction in cholesterol absorption [20].

Another finding which is important for overweight T2DM patients is the weight loss effect
of long-term oat intake. During the 30-day intervention, the three intervention groups had a
significant decrease in body weight and the weight reduction was similar among the three diet groups.
However, during the 1-year follow-up, the 100 g oats group had a significantly greater decrease in
weight than the healthy diet group. Considering that oat intake was combined with the “healthy diet”,
it is possible that the moderate weight-reducing effect of a short-term (30 days) oat intake was covered
up by the weight reduction due to the low-fat and high-fiber diet; or the duration of a 30-day oat
intake was too short to have changes on weight. The bigger weight reduction observed in the 1-year
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oat intake was unlikely to be caused by the poorly controlled blood glucose level, since a significant
reduction in FPG, PPG and HbA1c was also observed. The weight reduction effect is probably related
to the oat β-glucan, which may enhance the viscosity of meals, decrease the starch digestion and
reduce the food intake by increasing satiety [29]. In addition to our studies, a few other studies also
indicated a weigh-reducing effect of oats in certain populations [23,29,30], but these findings were not
consistently in agreement, as some studies found no decrease in weight [12,25,31]. Further research is
needed to verify the weight-reducing effect of oat intake.

The predominant effect of oats on diabetic management is most likely to be attributed to the
bioactivity of β-glucan. Although, compared to other cereals, wholegrain oats have distinct bioactive
composition in lipids and phenolics, the most significant difference is in the high content of β-glucan,
especially when considering that the effective dose of the other two components is not likely to be
achieved through 50 g or 100 g wholegrain oats consumption [30,31]. As mentioned above, β-glucan
has been reported to increase the intestinal viscosity, decrease the absorption of carbohydrates and
lipids, and reduce food intake to control hyperglycemia, lower lipid and reduce weight. In addition,
another important role of β-glucan involves the impact on gut microbiota. Specifically, the bacterial
metabolism of β-glucan can increase the production of short-chain fatty acids and drive the release of
bioactive compounds, which may interact with host biology to affect the risk of obesity and associated
disorders [32,33]. Oat β-glucan has been shown to decrease the protein fermentation and thus reduce
the detrimental metabolites produced [34]. Furthermore, the fermentation of β-glucan has also been
reported to increase the diversity of gut microbiota, which is a potential benefit, considering that the
reduced microbiota diversity is associated with obesity [35,36]. Studies exploring the mechanisms
behind the health benefits of β-glucan and gut microbiota may provide more evidence to encourage
an increase in oat intake and to maximize the health benefits derived from oats.

Strengths and limitations of the study design should be noted. In the first phase, a 30-day
centralized management of intervention was designed to improve the compliance of participants.
Potential dietary confounding factors for assessing the effects of oat intake were homogenized among
groups by providing a general “healthy diet” to the intervention groups of oat intake and using
a healthy diet group as the reference group. To estimate the beneficial effects due to the “healthy
diet”, a usual care group, with no dietry intervention, was established as a control group. To provide
information for recommending a proper dose of daily oat intake (or oat β-glucan), we designed
two intervention groups with different doses (50 g and 100 g) of oat intake. Considering that the
duration of a 30-day intervention is probably too short for some variables, such as HbAc1 and weight,
to have significant changes, a 1-year follow-up was designed to investigate the long-term changes
of the variables and to determine if the significant changes observed in the 30-day intervention
could be maintained for a long time. However, in this subgroup analysis, we only reported that
the anthropometric and blood biochemical variables, cardiovascular events and other diabetic
complications were not presented, which led us to consider that the duration of a 1-year intervention
was relatively short for evaluating the diabetic complications. Another limitation was that the subjects
were not fully blinded because of the different taste of oats and other cereals. Furthermore, the benefits
of oat intake were assessed in comparison to an already healthy diet, and as discussed above, it is
possible that the moderate beneficial effects of oat intake were covered up or magnified by the healthy
reference diet. However, in either case, it should be emphasized that the whole grain oat intake should
be recommended with a healthy diet.

5. Conclusions

In conclusion, our study provided some supportive evidence that oats can be a good selection of
whole grains for overweight diabetics, but further larger scale studies are needed to evaluate these
findings further.
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Supplementary Materials: The following is available online at http://www.mdpi.com/2072-6643/8/9/549/s1,
Table S1: A sample menus of the general healthy diet provided for intervention groups (average consumption
per day).
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Abstract: To understand whether soluble fiber (SF) with high water-binding capacity (WBC),
swelling capacity (SC) and fermentability reduces food intake and whether it does so by promoting
satiety or satiation or both, we investigated the effects of different SFs with these properties on the
food intake in rats. Thirty-two male Sprague-Dawley rats were randomized to four equal groups
and fed the control diet or diet containing 2% konjac flour (KF), pregelatinized waxy maize starch
(PWMS) plus guar gum (PG), and PWMS starch plus xanthan gum (PX) for three weeks, with the
measured values of SF, WBC, and SC in the four diets following the order of PG > KF > PX > control.
Food intake, body weight, meal pattern, behavioral satiety sequence, and short-chain fatty acids
(SCFAs) in cecal content were evaluated. KF and PG groups reduced the food intake, mainly due to
the decreased feeding behavior and increased satiety, as indicated by decreased meal numbers and
increased inter-meal intervals. Additionally, KF and PG groups increased concentrations of acetate
acid, propionate acid, and SCFAs in the cecal contents. Our results indicate that SF with high WBC,
SC, and fermentability reduces food intake—probably by promoting a feeling of satiety in rats to
decrease their feeding behavior.

Keywords: guar gum; water binding capacity; meal pattern; food intake; satiety

1. Introduction

Satiation and satiety are part of the body’s appetite control system involved in limiting food
intake. Satiation is reflected in meal size and meal duration, while satiety is reflected in meal number
and inter-meal intervals [1]. Modulation of food intake by consuming foods with a high satiety or
satiation value may be one of the approaches to help reduce obesity. The efficacy by which different
types of dietary fibers promote satiety or satiation is varied [2,3]. This issue can be explored first by
using laboratory animals due to the advantages of a complete control over the diet, facile collection of
gut samples, and systematic observation of behaviors.

Growing evidence showed that the physicochemical properties of dietary fiber such as viscosity,
water-binding capacity, and fermentability may contribute to decrease the food intake in human
beings and rodents [3–5]. Viscous fibers increase chewing activity and saliva production in the
mouth [6], which could result in early satiation and reduced food intake [7,8]. However, dietary
fiber with high water-binding capacity may increase gastric distension by expanding their volume
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up to eight-fold in the stomach [9], which will increase feelings of satiety [10], probably via afferent
vagal signals of fullness [6]. Moreover, a delay in gastric emptying accompanied by an increase in
gastric distension is often associated with enhanced satiety between meals [11]. In addition, dietary
fiber is also fermented by intestinal microbiota, contributing to the increase of short-chain fatty acids
(SCFAs). Furthermore, SCFAs could stimulate the release of satiety-related peptides, such as peptide
tyrosine-tyrosine (PYY) and glucagon-like peptide-1 (GLP-1) from entero-endocrine cells, which may
promote feelings of satiety [12].

Konjac flour (KF) is a water soluble, viscous dietary fiber with a high water-binding capacity
(15.5 mL H2O/g) [13,14]. KF mainly contains konjac glucomannan (KGM), which is composed of
β-1,4-linked D-mannosyl and D-glucosyl residues at a molar ratio of 1.6:1.0 as the main chain with a
small number of branches through β-1,3 mannosyl units [15]. KGM is considered a functional fiber of
food ingredient and has been consumed in the form of rubbery jelly, noodles, and other food products
by humans in Asia for centuries [16]. KGM has been known to be helpful in lowering cholesterol
levels, reducing weight in human beings [17], and modifying intestinal microbial metabolism in
sows [18,19]. Our previous study indicated that dietary inclusion of KF with higher water-binding
capacity (1.97 vs. 1.78 g/g) and swelling capacity (2.14 vs. 1.62 mL/g) than inclusion of wheat bran
promoted the satiety of gestating sow [20]. However, the tuber is usually grown in Asian countries
and the resources for commercial production are limited, suggesting the necessity to develop novel
dietary fibers with functional properties similar to those of KF, as well as similar effects on food intake
reduction by promoting satiety or satiation.

Pregelatinized waxy maize starch, a fermentable resistant starch composed mainly of highly
branched amorphous amylopectin, has many specific food attributes [21]. Dietary supplementation
with modified waxy maize starch lowers glucose-dependent insulinotropic polypeptides and has
beneficial implications in weight management [22]. Guar and xanthan gums with high viscosity and
hydrating properties are used as stabilizer and thickener in various food products [23,24]. A previous
study reported that the digesta viscosity of subjects was increased after consuming cookies containing
2.5% guar gum alone for 42 days, without any effect on their food intake [3]. The consumption of
beverages enriched with dietary fibers and xanthan gum (0.22%) for one week also had no influence
on the appetite sensations in healthy men [25]. Our previous results showed that the combined fiber
materials (pregelatinized waxy maize starch plus guar gum (PG) and pregelatinized waxy maize starch
plus xanthan gum (PX)) had higher or similar water-binding capacity or swelling capacity than the
KF [26]. Therefore, we hypothesized that the combination of pregelatinized waxy maize starch with
guar gum or xanthan gum inclusion in diet may have a similar effect to that of KF on physicochemical
properties (water-binding capacity and swelling capacity) and fermentability, as well as food intake
reduction by promoting satiety or satiation. The objective of the present study was to investigate
whether dietary fibers with high water-binding capacity, swelling capacity, and fermentability reduce
food intake by promoting satiety or satiation as well as the mechanism underlying it by evaluating
their effects on plasma concentrations of GLP-1 and PYY, SCFAs in cecal contents, meal pattern, feeding
behavior, food intake, and body weight in rats.

2. Experimental Section

2.1. Animals and Diets

A total of 32 male Sprague-Dawley rats (average initial body weight of 377.10 ± 3.43 g; 10 weeks
of age) (Hunan SJA Laboratory Animal Co., Ltd., Changsha, China) were housed individually in
standard cages that allowed recording of food intake. The cages were placed in a temperature-and
humidity-controlled room (21 ± 2 ◦C, 55% ± 10% humidity) with a 12:12 light/dark cycle (lights off at
8:30 p.m.). The animals were acclimatized for one week with the control diet fed prior to the experiment.
Rats were given free access to water and food. All the experiment protocols were approved by the
animal care and use committee of Huazhong Agriculture University and were in accordance with the
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National Research Council’s Guide for the Care and Use of Laboratory Animals. Sprague-Dawley rats
were used because they are reported to have a good consistency in meal patterns [27].

Rats were divided randomly to four dietary treatment groups (8 rats/treatment): the control fed
control diet with wheat bran as a fiber source (Control); a positive control fed the control diet with
2% konjac flour (Qingjiang Konjac Products Co., Ltd., Wuhan, China) to replace 2% wheat bran (KF);
a treatment fed the control diet with 2% pregelatinized waxy maize starch (Hangzhou Puluoxiang
Starch Corp., Ltd., Hangzhou, China) plus guar gum (Shangdong Yunzhou Science and Technology
Corp., Ltd., Yunzhou, China) to replace 2% wheat bran (PG) (PG; 85.7% pregelatinized waxy maize
starch and 14.3% guar gum); and a treatment fed the control diet with 2% pregelatinized waxy maize
starch plus xanthan gum (Shangdong Yunzhou Science and Technology Corp., Ltd., Yunzhou, China)
to replace 2% wheat bran (PX) (PX; 95% pregelatinized waxy maize starch and 5% xanthan gum).
The ingredient and chemical composition of the diets are listed in Table 1. The experiment lasted
21 days, during which food intake was determined daily and body weights were measured.

Table 1. Ingredient and composition of experimental diets.

Ingredient (% w/w) Control 1 KF 1 PG 1 PX 1

Corn 52.2 52.2 52.2 52.2
Soybean meal 15.9 15.9 15.9 15.9

Fish meal 10.0 10.0 10.0 10.0
Wheat bran 12.0 10.0 10.0 10.0

Sucrose 5.0 5.0 5.0 5.0
Fiber source 2.0 2.0 2.0

AIN-93 Mineral mix 2 3.5 3.5 3.5 3.5
AIN-93 Vitamin mix 3 1.0 1.0 1.0 1.0

Composition

Crude protein (%) 20.04 19.94 19.78 19.90
Energy (kcal/g) 3.81 3.83 3.76 3.74
Soluble fiber (%) 1.91 2.89 3.09 2.57

Insoluble fiber (%) 10.46 10.58 10.61 11.10
Viscosity (mPa/s) 1.53 1.66 1.60 1.57
Swelling (mL/g) 1.81 2.63 3.03 2.18

Water-binding capacity (g/g) 2.05 2.58 2.87 2.26
1 Diets were control or supplemented with 2% fiber of konjac flour (KF), 2% pregelatinized waxy maize starch plus
guar gum (PG) or 2% pregelatinized waxy maize starch plus xanthan gum (PX); 2 AIN-93 Mineral mix according
to Reeves (1997), per kg mix: Calcium carbonate, 357.00; Potassium phosphate, 196.00; Potassium citrate,
70.78; Sodium chloride, 74.00; Potassium sulfate, 46.60; Magnesium oxide, 24.00; Ferric citrate, 6.06;
Zinc carbonate, 1.65; Sodium meta-silicate, 1.45; Manganous carbonate, 0.63; Cupric carbonate, 0.30; Chromium
potassium sulfate, 0.28; Boric acid, 0.08; Sodium fluoride, 0.06; Nickel carbonate, 0.03; Lithium chloride, 0.02;
Sodium selenate, 0.01; Potassium iodate, 0.01; Ammonium paramolybdate, 0.008; Ammonium vanadate, 0.007;
Powdered sucrose, 221.03; 3 AIN-93 Vitamin mix according to Reeves (1997). Vitamin (mg/kg) (except as
noted): Nicotinic acid, 3.00; Ca pantothenate, 1.60; Pyridoxine, 0.70; Thiamin, 0.60; Folic acid, 0.20; Biotin, 0.02;
Vitamin B12, 2.50; Vitamin E (500 IU/g), Vitamin A (500,000 IU/g), 0.80; Vitamin D3 (400,000 IU/g), 0.25;
Vitamin K, 0.08; Powdered sucrose, 974.65.

2.2. Behavioral Satiety Sequence

The analysis of the behavioral satiety sequence was performed on day 15 of dietary treatment
essentially as described by Halford et al. [28]. Rats were housed individually in transparent
observational cages and fasted overnight for 12 h. Water was available ad libitum. The following
morning (8:30–9:30), rats were given a pre-weighed amount of food and their behaviors were
monitored. For all rats, behavior was recorded every 30 s for 1 h as reported previously [29] and
food intake was calculated. Feeding and non-feeding behaviors were continuously scored using
a video system connected with a computer in a nearby room by a highly trained experimenter
blind to the dietary treatment of the animals. Behaviors were categorized as: feeding (animal at
hopper trying to obtain food, chewing, gnawing, or holding food in paws), drinking (animal licking
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spout of water bottle), grooming (animal scratching, licking, or biting any part of its anatomy),
activity (including locomotion, sniffing, or rearing), inactivity (immobility when aware, or signs of
sickness behavior), resting (animal curled up, resting head with eyes closed). Data were collated into
5-min period bins for display. With time spent in each of the behaviors as % of the total behavior.

2.3. Meal Pattern Analysis

On day 17 of dietary treatment, the rats were housed individually in transparent observational
cages that allowed continuous recording of food intake for three days. The first two days served
as the adaptation period, and the meal pattern and food intake were analyzed on the third day.
The measurements were performed similar to previous studies [30]. Rats were fasted overnight for
12 h before the meal pattern analysis. Meal patterns of the nocturnal (from 8:30 p.m. to 8:30 a.m.)
and diurnal (from 8:30 a.m. to 8:30 p.m.) periods were analyzed and recorded. Rats were fed
respective diets ad libitum during the meal pattern analysis. The results were collected as total
food intake (g), feeding rate (mg/s), meal size (g), meal duration (s), meal number, and inter-meal
interval (min). A meal was defined as an intake larger than 0.3 g lasting a period longer than 13 s,
and two distinct meals needed to be separated by >10 min [27]. The meal patterns for rats were
recorded using monitoring equipment in a computer-based data acquisition system (Shenzhen Quick
Zoom Technology Co., Ltd., N5063 960P, Shenzhen, China).

2.4. Samples Collection

On day 20 of dietary treatment, rats were fasted overnight and then given food ad libitum the
following morning. Two hours after the meal presentation, the rats were anesthetized (ethylene oxide)
and opened by laparotomy. Blood samples were collected by cardiac puncture and placed into tubes
containing ethylene diamine tetraacetic acid (EDTA) and a peptidase inhibitor cocktail containing
general protease inhibitor (Roche Diagnostics Ltd., Burgess Hill, West Sussex, UK), followed by
centrifugation at 3000× g for 10 min at 4 ◦C and storage at −80 ◦C until GLP-1 and PYY analysis.
The gut was removed to sample the contents from cecum and tissue from distal ileum. Cecal contents
were stored at −80 ◦C until analysis of short chain fatty acids (SCFAs). Tissues from distal ileum
were immersed in RNAlater (QIAGEN, Crawley, UK) for 5 days at 4 ◦C and then stored at −80 ◦C
until analysis.

2.5. Chemical Analysis

Diet samples were analyzed for crude protein according to the Association of Analytical
Communities (AOAC) [31]. Gross energy was determined by bomb calorimetry using a LECO Ac 300
automated calorimeter system 789-500 (Parr Instrument Co., Moline, IL, USA). Soluble dietary fiber
and insoluble fiber were determined by AOAC Method 991.43 [31]. Viscosity in extracts of diets was
measured as reported by Johansen et al. [32]. The water-binding capacity and swelling capacity of
diets were measured as described by Serena et al. [33].

The concentrations of GLP-1 and PYY in plasma were analyzed using an ultrasensitive rat GLP-1
and PYY enzyme-linked immunosorbent assay (ELISA) kit (Biosource Inc., Sunnyvale, CA, USA)
according to the instructions. The SCFAs concentration of cecal contents was analyzed by gas
chromatography (Varian CP-3800, Shimadzu Co., Kyoto, Japan), as described by Bosch et al. [34].
Total SCFAs was determined as the sum of analyzed acetate, propionate, and butyrate. All procedures
were performed in duplicate.

2.6. Quantitative PCR (QPCR)

QPCR technology was employed to verify changes in the mRNA levels of GLP-1 and PYY genes.
Total RNA was isolated from the distal ileum tissue using TRIZOL reagent (Invitrogen, Life Technologies
Co., Carlsbad, CA, USA) according to the manufacturer’s recommendations. Briefly, 2.5 μg of
RNA was reverse transcribed using a First-strand cDNA synethesis kit (TOYOBO, Kyoto, Japan)
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and cDNAs were stored at −20 ◦C. After 10-fold dilution, cDNA was used for the relative
quantification of gene amplification. Primer sets for all genes were designed using Primer 6.0
Software (Applied Biosystems, Foster City, CA, USA) and synthesized commercially by Sangon
(Shanghai, China). The primers sequences for rat PYY were sense 5′ CCGTTATGGTCGCAATGCT
3′, antisense 5′ TCTCGCTGTCGTCTGTGAA 3′. The primers sequences for rat GLP-1 were: sense 5′

CGGAAGAAGTCGCCATAGC 3′, antisense 5′ CAGCCAGTTGATGAAGTCTCT 3’. Rat β-actin was
selected as the internal control gene for all QPCR reactions by using the following primers sequences:
5′ CTTTCTACAATGAGCTGCGTGTG 3′, antisense 5′ GTCAGGATCTTCATGAGGTAGTCTGTC 3′.
cDNA was amplified by QPCR using a Bio-Rad CFX Connect™ Real-Time PCR Detection System
(Bio-Rad, Richmond, CA, USA) under the following conditions: 95 ◦C for 3 min for enzyme activation,
followed by denaturing at 95 ◦C for 20 s and annealing at 59 ◦C for 20 s and elongation at 72 ◦C
for 20 s, repeated for a total of 40 cycles. Gene expression levels were calculated after normalization
to the standard housekeeping gene β-actin using the ΔΔCt method. Briefly, the mean values of the
triplicate cycle thresholds (CT) of the target genes (PYY and GLP-1) were normalized to the mean
values of triplicate CT of the reference β-actin using the calculation formula “2CT

β-actin
−CT

target gene”,
which indicated a relative value as a fraction of PYY or GLP-1.

2.7. Statistical Analysis

Data were compared by repeated ANOVA measures plus Tukey’s post-hoc test, using the “PROC
MIXED” function of the SAS software program (SAS 9.1, SAS Institute Inc., Cary, NC, USA). Data were
examined to ensure patterns of constant variance and a normal distribution. The results that did
not meet these conditions were transformed to appropriate data using logarithms or square roots.
Data were presented as means ± SEM, and significant differences were accepted at a probability of p < 0.05.

3. Results

3.1. Food Intake and Body Weight

Average daily food intake throughout the experiment was affected by the dietary treatment in the
decreasing magnitude order of control > PX > PG > KF (p < 0.05). Accordingly, cumulative food intake
was significantly lower for rats fed the KF and PG diets than their control counterparts (p < 0.05),
but with no significant difference between control and PX groups (Figure 1B). Compared with the
control group, the final body weight and body weight gain showed a lower tendency in the KF and PG
groups, but was not statistically significant (p > 0.05) (Figure 1C,D).

Figure 1. Cont.
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Figure 1. Food intake and body weight. (A) Average daily food intake; (B) cumulative food intake;
(C) final body weight; and (D) body weight gain in rats given diets containing different dietary fibers for
three weeks. Diets were control (C) or supplemented with 2% fiber of konjac flour (KF), pregelatinized
waxy maize starch plus guar gum (PG) or pregelatinized waxy maize starch plus xanthan gum (PX);
Values are mean ± SEM of n = 8 per group. Bars with different letters indicate a significant difference
(p < 0.05).

3.2. Behavioral Satiety Sequence

The behavioral satiety sequence (feeding, drinking, activity, inactivity, grooming, and resting)
of rats is shown in Table 2 and Figure 2. The overall pattern of behaviors was similar among all the
dietary treatments. Quantification of individual behaviors indicated that the KF and PG groups spent
significantly less time on feeding than the control group (p < 0.05; Table 2). When compared with other
groups, the control group showed the feeding peak in the second time bin (control 91.88%, KF 84.38%,
PG 74.38%, and PX 78.75%, respectively, p = 0.07; Figure 2). Furthermore, compared with bin 7 in the
control group (Figure 2F–I), the KF, PG, and PX groups showed the transition from eating to resting in
time bins 6, 5, and 6, respectively, which was consistent with the result that KF and PG groups had
a lower food intake than the control group during the 1 h observation period (p < 0.05; Figure 2A).

Table 2. Behavioral satiety sequence of rats given diets containing different dietary fibers on day 15 1.

Item Control 2 KF 2 PG 2 PX 2 p-Value

Behavior (% time)

Feeding 44.69 ± 3.45 a 34.53 ± 3.06 b 30.83 ± 3.19 b 35.94 ± 2.94 a,b 0.03
Drinking 6.04 ± 0.69 6.88 ± 0.70 5.47 ± 0.48 5.36 ± 0.80 0.38
Activity 21.15 ± 2.75 24.11 ± 3.54 21.82 ± 3.99 20.78 ± 2.12 0.88

Inactivity 10.42 ± 0.87 8.85 ± 1.52 10.73 ± 1.30 11.51 ± 2.01 0.64
Grooming 3.49 ± 0.47 4.53 ± 0.91 4.32 ± 1.09 4.11 ± 0.31 0.79

Resting 14.22 ± 4.08 21.09 ± 4.06 26.82 ± 4.28 22.29 ± 5.28 0.21
1 After a 12-h fast, rats were given food, and their behaviors monitored for 1 h. The percentage of time spent
in each behavior was calculated and represented as mean ± SEM of n = 8 per group. Rows with different
superscript letters indicate a significant difference (p < 0.05); 2 Diets were control or supplemented with 2%
fiber of konjac flour (KF), pregelatinized waxy maize starch plus guar gum (PG), or pregelatinized waxy maize
starch plus xanthan gum (PX).
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Figure 2. Food intake (A) in rats was calculated at 1 h and is presented as mean ± SEM for
n = 8 per group. Bars with different letters indicate a significant difference (p < 0.05). Periods 1–12
correspond to the twelve 5-min time bins comprising the 60 min test session; (B–E) Frequency data
within each behavioral category are expressed as a proportion of the total number of observations per
time bin; (F–I) correspond to crossover graphs illustrating the point of transition from eating to resting.
The perpendicular line indicates satiety point. Diets were control (C) or supplemented with 2% fiber of
konjac flour (KF), pregelatinized waxy maize starch plus guar gum (PG), or pregelatinized waxy maize
starch plus xanthan gum (PX).
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3.3. Meal Pattern Parameters

Meal pattern parameters are presented in Table 3. Although the diurnal and nocturnal food
intakes were similar among the four groups, the PG, KF, and PX groups were significantly lower
than the control group in total food intake (p < 0.01). The feeding rate, meal size and meal duration
(total, diurnal, and nocturnal) were similar among all the groups. However, the total and nocturnal
meal numbers of the KF and PG groups were significantly lower than those of the control group
(p < 0.05). As expected, the PG group was obviously higher than the control group in total inter-meal
interval (p < 0.05), and the KF and PX groups were also higher, but not statistically significant.

Table 3. Meal pattern parameters of rats given diets containing different dietary fibers for three weeks 1.

Item Control 2 KF 2 PG 2 PX 2 p-Value

Food intake (g/day)
Total 51.68 ± 1.50 a 46.58 ± 0.86 b 46.01 ± 1.07 b 48.47 ± 0.79 b <0.01

Nocturnal 23.40 ± 1.20 20.55 ± 1.04 20.79 ± 0.96 20.18 ± 1.53 0.24
Diurnal 28.29 ± 0.67 26.03 ± 1.33 25.22 ± 0.64 28.29 ± 1.62 0.16

Feeding rate (mg/s)
Total 6.59 ± 0.93 6.54 ± 0.68 8.41 ± 1.29 5.89 ± 0.57 0.26

Nocturnal 5.67 ± 0.88 6.04 ± 0.44 7.09 ± 0.52 5.37 ± 0.62 0.26
Diurnal 6.59 ± 1.08 7.38 ± 1.25 8.47 ± 0.85 6.32 ± 0.60 0.45

Meal size (g/day)
Total 3.12 ± 0.20 3.21 ± 0.13 3.39 ± 0.19 2.92 ± 0.19 0.33

Nocturnal 2.36 ± 0.14 2.53 ± 0.16 2.52 ± 0.15 2.20 ± 0.10 0.30
Diurnal 4.36 ± 0.41 4.22 ± 0.33 4.89 ± 0.47 3.73 ± 0.30 0.22

Meal duration (s)
Total 507.45 ± 39.86 517.79 ± 41.60 437.35 ± 35.27 517.51 ± 41.47 0.43

Nocturnal 449.70 ± 38.00 440.70 ± 49.95 365.73 ± 28.00 437.96 ± 37.82 0.35
Diurnal 584.90 ± 49.69 620.19 ± 51.21 591.17 ± 40.64 612.64 ± 49.50 0.94

Meal number
(meals/day)

Total 16.88 ± 0.74 a 14.63 ± 0.50 b 13.88 ± 0.83 b 17.00 ± 0.89 a 0.01
Nocturnal 10.00 ± 0.38 a 8.25 ± 0.41 b 8.38 ± 0.50 b 9.25 ± 0.70 a,b 0.07

Diurnal 6.88 ± 0.61a b 6.38 ± 0.50 a,b 5.50 ± 0.53 b 7.75 ± 0.41 a 0.03

Inter-meal interval (min)
Total 73.49 ± 4.57 b 87.72 ± 4.16 a,b 98.23 ± 9.48 a 76.53 ± 4.03 b 0.03

Nocturnal 58.34 ± 4.70 73.24 ± 6.40 70.90 ± 6.68 65.10 ± 4.74 0.27
Diurnal 106.65 ± 13.23 113.15 ± 9.48 133.19 ± 13.33 93.65 ± 5.61 0.09

1 Values are mean ± SEM of n = 8, rows with different superscript letters indicate a significant difference
(p < 0.05); 2 Diets were control or supplemented with 2% fiber of konjac flour (KF), pregelatinized waxy maize
starch plus guar gum (PG), or pregelatinized waxy maize starch plus xanthan gum (PX).

3.4. Plasma Concentrations of GLP-1/PYY, mRNA Abundance in Distal Ileum of GLP-1/PYY, and
Concentrations of SCFAs in Cecal Contents

There was no significant difference in the plasma concentrations of GLP-1 and PYY, and the
mRNA abundance of GLP-1 and PYY in ileum tissue among the four dietary treatments (Figure 3).
Compared with the control group, the concentrations of acetic acid and SCFAs in cecal contents were
increased in the KF and PG groups (p < 0.05; Figure 4). Additionally, the KF, PG, and PX groups had
higher concentrations of the propionic acid in cecal contents than the control group (p < 0.05).
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Figure 3. Plasma concentrations (A) and mRNA abundance in distal ileum (B) of GLP-1 and PYY
in rats given diets containing different dietary fibers for three weeks; Diets were control (C) or
supplemented with 2% fiber of konjac flour (KF), pregelatinized waxy maize starch plus guar gum (PG),
or pregelatinized waxy maize starch plus xanthan gum (PX); Values are mean ± SEM, n = 6–8 per
group. GLP-1, glucagon-like peptide-1; PYY, peptide tyrosine-tyrosine.

Figure 4. Concentration of SCFAs in cecal contents of rats given diets containing different dietary
fibers for three weeks. Diets were control (C) or supplemented with 2% fiber of konjac flour (KF),
pregelatinized waxy maize starch plus guar gum (PG) or pregelatinized waxy maize starch plus
xanthan gum (PX); Values are mean ± SEM of n = 6–8 per group. Bars with different letters indicate
a significant difference (p < 0.05). SCFAs, short-chain fatty acids; AC, acetate acid; PC, propionate acid;
BC, butyrate acid.

4. Discussion

The present study aimed to explore whether dietary fibers regulate appetite by promoting
satiety or satiation, and to this end, behavioral satiety sequence and meal pattern were monitored.
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Detailed analysis of the behavioral satiety sequence revealed that the overall pattern of the behavioral
response to fast-induced food intake in rats was normal. However, we observed a decrease in
short-term (1 h) food intake, accompanied by reduced feeding behavior in rats fed the KF and PG
diets. Furthermore, the transition from eating to resting occurred in early time bins in the PG, PX,
and KF groups, indicating that satiety was induced in the three groups [35]. To our knowledge, this is
probably the first report so far about a detailed analysis of the behavioral satiety sequence following
dietary fiber treatments in rats.

The present results are consistent with our previous study in that supplementation of KF reduced
the non-feeding oral behavior and promoted the satiety of sows [20]. In the current study, there was
no significant difference in the feeding rates of rats among all the dietary treatments. Based on the
association of taste and flavor aversions with a decrease in feeding rate [36], the consistent feeding rates
indicated that dietary fiber supplementation did not produce a significant effect on food palatability,
implying that the changes in the meal pattern observed here might be attributed to physiological
factors rather than changes in diet palatability or flavor.

In the present study, dietary supplementation of KF and PG reduced the total food intake, mainly
due to the increased satiety, as indicated by decreased meal numbers and increased inter-meal intervals.
This is in agreement with a previous study that reported the suppression of food intake 2 h after
the administration of the mixture of guar gum and fructo-oligosaccharide, due to decreased meal
numbers and increased inter-meal intervals [37]. It is worth noting that the current result contrasted
with a most recent study about diets supplemented with guar gum or fructo-oligosaccharide alone [30].
Although both of them reduced the food intake immediately after dietary fiber ingestion, the result was
mainly attributed to a decrease of meal size and meal duration but not meal number and inter-meal
intervals, indicating that the decrease in food intake is associated with increased satiation rather than
satiety. In the current study, the rats consumed such a high proportion of their daily intake during the
light phase, probably due to their 12-h fast overnight before the meal pattern analysis.

Pregelatinized waxy maize starch and fructo-oligosaccharide are highly fermentable fibers [38,39],
and guar gum is a viscous fiber with high water-binding capacity [3]. This suggests that the combination
of fibers with different physicochemical properties may affect the physiological processes (satiation or
satiety) of appetite regulation. In the present study, dietary treatments were similar in insoluble fiber
and viscosity, but their soluble fiber, water-binding capacity, and swelling capacity followed the
sequence of PG > KF > PX > control.

The addition of a small amount of hydrocolloids resulted in a large enhancement in water-binding
capacity and swelling capacity of starch pastes, but a reduction of syneresis in starch gels, indicating
that the magnitude of such changes in paste rheology and texture depends on the type of starch and
gum used [40,41]. The current results (PG group with highest water-binding capacity and swelling
capacity) could be explained by a previous study which showed that the most pronounced effect has
been the retardation of gelation kinetics of waxy maize starch plus the guar gum, rather than the
combination with other gums [42].

Gelatinized waxy maize starch was subjected to different time and temperature conditions of
storage to obtain samples with different extents of amylopectin retrogradation. Increased retrogradation
extents reduced the enzyme susceptibilities to pancreatic alpha amylase and amyloglucosidase at
37 ◦C [43]. The pregelatinized starch produced more satiety than the raw potato starch, probably
because this starch was digested too slowly to increase the postprandial blood glucose concentrations
to any appreciable extent [44,45].

Soluble fiber with high water-binding capacity and viscosity may slow gastric emptying and small
bowel transit [46,47], and several of the aforementioned signals generated in the gastrointestinal tract
cooperate to promote satiety by activating vagal afferents and/or by acting directly on the brain [48,49].
Thus, the increased satiety by dietary supplementation of KF and PG is associated with decreased food
intake in rats, which may be attributed to the high water-binding capacity and swelling capacity in
those diets.
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In the current study, supplementation of KF and PG significantly increased the concentrations of
acetic acid, propionate acid, and SCFAs in the cecal content of rats. A number of factors—including
chemical structure, particle size, surface area, and solubility of the fiber—affect the fermentation in
the gut and the nature of the SCFAs produced [50,51]. Carbohydrates containing glucomannan or
alpha-galacturonic acid residues are generally more susceptible to fermentation [51]. A comparison of
konjac gum, guar gum, xanthan gum, and pectin in human fecal inoculum in a 48-h static fermentation
culture system showed that all the gums increased the SCFAs level, and konjac and guar gum had
the strongest acid-reducing ability among gum dietary fibers [52]. Resistant starch is completely
degraded in the large bowel, and thus long-term consumption of fermentable fiber could produce
satiety benefits [53].

It has been suggested that SCFAs stimulate the production and secretion of satiety-related
hormones, such as GLP-1 and PYY, possibly via G-protein coupled receptors [54]. However, in the
current study, dietary treatments did not alter the GLP-1 and PYY either in plasma concentration or
mRNA abundance in distal ileum two hours after feeding, which is not consistent with a previous
report that dietary supplementation of fructooligosaccharide increased the plasma concentration of
PYY in the fasted state of rats [37]. It can be inferred that dietary fiber effect on satiety hormones
(GLP-1/PYY) is associated with fed or fasted state. PYY and GLP-1 are both synthesized and released
from L-cells located in the small intestine and large intestine [55]. They showed no increased expression
here in distal ileum, probably due to an overall increase in L-cell number along the enlarged intestines,
which was not detectable here since the real time PCR method measures expression per mg tissue.
Slowly digestible starch inclusion in pig diet decreased distal ileum SCFAs transporter mRNA
abundance [56]. This is why we selected the distal ileum for anatomical analysis.

The SCFAs produced via bacterial fermentation directly suppresses appetite via central hypothalamic
mechanisms in rodents [57]. Recent findings from human study suggest that propionate production may
play an important role in attenuating reward-based eating behavior via striatal pathways, independent
of changes in plasma PYY and GLP-1 [58]. It is well known that SCFAs serve as an additional energy
source, especially at the moment when glucose absorption is decreasing (or completed) in the small
intestine, which helps to stabilize glucose levels in blood [59,60]. Delayed postprandial glucose
transient declines could delay the onset of the ensuing meal and induce inter-meal satiety [61].

In the current study, dietary treatments had no effect on final body weight and body weight gain
in the rats. At 10 weeks of age, the tested rats were young adults. The adult rats might continue to gain
body mass at a slower rate, but the juvenile rapid growth phase ceased [62]. Therefore, the similarity
in the body weight gain of rats among all the dietary treatments can be explained from the analysis of
short-term effects.

The slight but not significant variation in feeding behavior, meal number, and SCFAs yield in PX
group may result in an overall reduction trend but not in notable changes in food intake, probably
due to the reason that the PX diet did not reach the level of KF and PG diets in the physicochemical
properties (water-binding capacity and swelling capacity) and fermentability (SCFAs), thus it could
not produce a significant effect on the satiety and food intake in rats.

In the current study, the daily dosage of soluble fiber per kilogram of body weight
in rats was 1.4 g/kg (35 g (daily food intake) × 2% (dosage)/0.5 kg (body weight) =
1.4 g/kg body weight). Based on the dose translation formula (Human equivalent doses
(mg/kg) = Animal dose (mg/kg) × (Animal Km/Human Km)) from animal to human studies
revisited [63,64], the corresponding soluble fiber dose for humans was estimated to be 0.23 g/kg
(1.4 g/kg (Animal dose) × 6 (Animal Km)/37 (Human Km) = 0.23 g/kg), which means the soluble
fiber dose for a 60 kg person is 13.8 g (0.23 g/kg × 60 kg = 13.8 g). Further work is required to translate
the findings to humans.
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5. Conclusions

KF and PG reduce the food intake, probably by promoting the satiety, which was supported by
decreased meal numbers and increased inter-meal intervals, but without a reduction in body weight
gain. Additionally, dietary soluble fibers with high levels of physicochemical properties (water-binding
capacity and swelling capacity) and fermentability (SCFAs) have a more significant effect on food
intake, meal pattern, and feeding behavior in rats.
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Abstract: Fibre supplementation can potentially reduce energy intake and contribute to weight
loss. The mechanism may be reduced frequency of eating, resulting in reduced food consumption.
The objective of this research was to determine the effectiveness of fibre supplementation with
PolyGlycopleX® (PGX®), on body weight and composition, frequency of eating and dietary intake in
118 overweight adults. In a three-arm, parallel, blind, randomised controlled trial participants were
randomised to one of three groups; 4.5 g PGX as softgels (PGXS), 5 g PGX granules (PGXG) or 5 g rice
flour (RF) control. Prior to supplementation and at 12 weeks, participants captured before and after
images of all food and beverages consumed within 4 days using a mobile food record app (mFR).
The mFR images were analysed for food group serving sizes and number of eating occasions. In the
PGXG group, per-protocol analysis showed there was a significant reduction in waist circumference
(2.5 cm; p = 0.003). Subgroup analysis showed that PGXG supplementation at the recommended dose
resulted in a reduction in body weight (−1.4 ± 0.10 kg, p < 0.01), body mass index (BMI) reduction
(−0.5 ± 0.10, p < 0.01), reduced number of eating occasions (−1.4 ± 1.2, p < 0.01) and a reduced
intake of grain food (−1.52 ± 1.84 serves, p = 0.019). PGXG at the recommended dose resulted in a
reduction in weight and BMI which was significantly greater than that for RF (p = 0.001). These results
demonstrate the potential benefits of PGX fibre in controlling frequency of eating and in weight loss.

Keywords: fibre; weight; waist circumference; frequency; eating; PolyGlycopleX® (PGX)
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1. Introduction

The burden of chronic disease in many countries is increasing concomitant with the percentage
of the population with a high body mass index (BMI) [1]. Providing tools to improve the healthiness
of the food environment and assisting people to make healthy food choices are important in the
prevention of excessive weight gain [1].

Dietary pattern evidence has shown that higher dietary quality i.e. consumption of mainly whole
grains, vegetables, fruit, nuts, legumes, seafood, plant protein and low-fat dairy leads to marked
reductions in all-cause, cardiovascular disease and cancer mortality [2,3]. Similarly, a healthy dietary
pattern which includes consumption of fruits, vegetables, grains, combined with a lower intake of
sweets, red meat and processed meat, lowers the risk of developing colorectal cancer [4].

Evidence supports the role of dietary fibre in improving metabolic health. A higher intake of fibre
is associated with increased satiety and reduced energy intake and therefore may be important in
obesity management [5–11].

Total fibre is the sum of both dietary fibre (complete, intrinsic non-digestible plant carbohydrates,
lignin) and functional fibres (non-digestible carbohydrates that have been isolated but still have
beneficial physiological effects) [12]. What constitutes a ‘beneficial physiological effect’ and the level of
evidence required for this to be substantiated remains unspecified [13]. Solubility or the ability of a fibre
to dissolve in water will affect water holding capacity, viscosity and fermentability [11]. The properties
of fibre that are associated with appetite, energy intake and body weight include solubility [11].
Solubility remains a common classification technique, although it has been suggested that fibres should
be categorised according to functional properties such as viscosity and fermentability [14], since not all
fibre is equal in delivering a beneficial physiological effect.

PolyGlycopleX (PGX) is a commercial functional fibre complex, manufactured by a proprietary
process (EnviroSimplex®) from three dietary fibres: konjac glucomannan, sodium alginate, and xanthan
gum [9]. PGX is a soluble viscous non-starch polysaccharide complex that has been identified as
contributing to improved satiety, lipidaemia and glycaemia [8–10,15,16].

In the modern food environment both portion size and frequency of eating have increased in
the population [17]. Mattes [17] has suggested that increased frequency of eating is a major factor
in weight gain and is linked to the increased energy intake and rising BMI trends. In addition to
frequency of eating, the types and amount of food and beverages consumed at an eating occasion
may influence energy intake. Aljuraiban et al. [18] suggest that modifying eating behaviour through
more frequent meals of low energy density and high nutrient quality may be an important approach
to controlling obesity.

A challenge for understanding the contribution of dietary factors is our ability to measure diet.
This is even more difficult in overweight and obese participants who are more prone to misreporting
or underreporting their energy intake [19,20]. In addition, details such as time of eating is important
in examining eating frequency and are difficult to accurately capture with paper-based methods.
Advancement in technology has made available new image-based food recording systems such as
those using a mobile food record app (mFR) [21–25]. Among the advantages of mFRs is the provision
of real-time data capture which allows for the extraction of information from the images on the timing
and location of the eating occasion, without relying on individuals to report these details [22,23].
Thus the mFR app allows for more accurate capture of time of eating while reducing the burden to the
participant of reporting food consumption [23,24]. A unique aspect of this study was the use of the
mFR to capture frequency of eating and dietary intake.

The objective of this research was to determine the effectiveness of diet supplementation with
the viscous and gel-forming fibre, PolyGlycopleX (PGX), on body weight and composition and to
determine if frequency of eating and diet can explain subsequent changes in 118 overweight adults.
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2. Materials and Methods

2.1. Study Design

A three-arm, parallel, blind, randomised control trial was conducted to determine whether PGX
supplementation would promote weight loss and reduce waist circumference and BMI, change dietary
patterns and reduce the frequency of eating or number of eating occasions. Participants (118 in total)
were divided between three groups, 4.5 g PGX as softgels (PGXS), 5 g PGX granules (PGXG) and 5 g
rice flour (RF) control, (Figure 1) and were assessed at baseline and 12 weeks. This trial was registered
with the Australian New Zealand Clinical Trials Registry (reference ACTRN12614000701628).

The food images sent via the mFR were stored by a participant identification number (ID) only.
No personal information was stored with the images. The research was conducted in accordance
with the principles proposed by the Australian Association for Research in Education (AARE),
the Australian Vice-Chancellor’s Committee (AVCC) and the National Health and Medical Research
Council (NHMRC). The study was conducted in accordance with the Declaration of Helsinki
and ethics approval was granted by the Human Research Ethics Committee, Curtin University
(reference HR170/2014).

2.2. Study Participants

Participants, aged 25–70 years and with BMI 25–35 kg/m2 were recruited through advertisements
on Curtin University radio, as well as email communication systems. Individuals that expressed interest
were screened for eligibility by completing a screening questionnaire. Participants were excluded if
they were: (a) pregnant; (b) unable to complete the 12-week study; (c) undertaking extreme forms of
exercise or dieting; (d) unable to attend the study centre; or (e) had an allergy to any food ingredient
used in the study; (f) had previous or current renal, liver or respiratory failure; (g) had previous gastric
or weight-loss surgery; (h) had any malabsorption conditions or (i) had current or recent dietary fibre
supplementation. The participant flow diagram (Figure 1) lists the reasons for exclusion. Once assessed
as eligible, further details of the study were provided and informed consent obtained.

2.3. Baseline Assessments

Participants who met the selection criteria had height, weight and waist circumference
anthropometric measurements taken at baseline. A portable stadiometer was used to measure height;
weight was measured using a pre-calibrated digital scale and waist was measured as described by
Norton and Olds [26]. To electronically record food consumption, iPods with mFR application installed
were given to the participants, who were asked to keep a 4-day mFR at baseline and during the twelfth
week of the study.

Before beginning their baseline image-based 4-day food record, all participants received a
30-minute interactive training session by a single researcher who conducted individual or small
group training sessions using PowerPoint slides on how to connect the iPod to the Wi-Fi and how
to use the mFR app. Training sessions were held at Curtin University in a room with Wi-Fi access.
The inclusion of a fiducial marker (a checkerboard pattern of known shape, size and colour) in all food
record images gave a known reference of dimension and markings to assist with food identification
and portion size estimation [25]. During training, participants were able to practice taking before and
after images using food models. Collected food record images were automatically uploaded from
the iPod touch, when in Wi-Fi range. The iPods were coded with the participant ID ensuring each
image was tagged with the participant ID, date and time of eating occasion. Participant ID was used
to identify the images on the server. The server was accessible by researchers only via password.

Prior to the commencement of supplementation and during the twelfth week of the study,
participants took before and after images of all foods and drinks (excluding water) consumed over
four consecutive days. Food consumption during the entire study was ad libitum.
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Figure 1. Participant flow diagram. RF: rice flour.

2.4. PGX Supplementation

The PGXS, PGXG and RF control supplements were provided to participants in a carry bag
containing a 12-week supply labelled with a three-digit code. PGXG and the control were provided
as 5 g individual doses in identical foil sachets and PGXS was provided in plain white jars each
containing one month’s supply. Research staff were blinded to the treatment allocation until all
analyses were completed.

In Arm 1 (PGXS) instructions were provided in writing and verbally to the participants:
“Take 1–2 softgels three times a day in week 1, 2–4 softgels three times a day in week 2 and 4–6 softgels,
three times a day in week 3 to week 12”. The recommended dose was four (4) to six (6) softgels
containing 0.64 g fibre each, three times a day. This represented a supplement of dietary of between
7.6–11.4 g/day. Participants were also asked to consume 500 mL water with every softgel dose.
Participants in Arm 2 were instructed to consume 5 g of PGXG containing 4.4 g fibre provided in a
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single dose foil sachet taken three times a day just before or with meals over the 12-week intervention
period. This represented a supplement of dietary fibre of 12.2 g/day. Those in Arm 3 were provided
with 5 g of RF containing 4 g fibre in the same dose format as the PGXG, representing 12 g fibre/day.
RF was selected due to its neutral taste and hypoallergenicity, and it has a similar dietary fibre content,
energy, colour and texture to PGX [7]. The recommended dose was 1 sachet, three times per day.
Directions were “Stir 1 sachet into your meal or in a drink and consume immediately. You must
consume 500mL of water each time you take a sachet.” Participants were also advised that “If you have
any discomfort, reduce the dose to 1 sachet a day for week 1, 2 sachets for week 2 and 3 sachets week 3
to week 12. Contact the researcher to discuss any issues.” Participants were informed of the importance
of consuming water with the supplement as well as the possible gastrointestinal effects of fibre such as
diarrhoea, bloating and flatulence as described in research by Kacinik et al. [7]. All participants were
instructed to record their daily sachet or softgel intake and report in person to the researcher at the end
of week 12 of the intervention.

2.5. Post-Intervention Assessments

At the end of the 12-week intervention period, measurement of participants’ height, weight and
waist circumference were repeated, along with the 4-day mFR being repeated during week 12. At the
end of the 12-week intervention, during the final meeting participants reported the number of doses to
the interviewer and data were recorded in participant files.

2.6. Dietary Analysis

A researcher reviewed the 4-day food record images and as needed, confirmed the content of
images with participants. Eating occasions were defined as all food and beverages (except water)
and were taken from the image metadata and any additional notes supplied by the participant.
Eating occasions were categorised as beverage only, food only, single item, food and beverage or fibre
only. The images of fibre also allowed dose of fibre taken to be determined. Analysis was conducted to
measure any change in eating occasions from baseline to study week 12.

Images were analysed and eating occasions, types of foods and serving sizes were entered into a
database specifically designed to capture the number of eating occasions and food groups according to
the Australian Guide to Healthy Eating food group serves (vegetables, fruit, grain (cereal) foods, mostly
wholegrain and/or high cereal fibre varieties, lean meats and poultry, fish, eggs, tofu, nuts and seeds
and legumes/beans, milk, yoghurt cheese and/or alternatives, mostly reduced fat) (NHMRC 2013)
plus junk food (Table 1).

The primary outcome variables measured at baseline and at the end of the intervention were:
changes in weight, waist circumference and BMI; eating occasions and foods consumed each day
classified as serves of junk food (energy-dense nutrient poor), grain (cereal), meat, dairy, fruits and
vegetables for the three intervention groups. Within each intervention group, participants were further
categorised into fibre dose compliance level and number of eating occasions and the primary outcomes
for this subgroup were also evaluated.

2.7. Statistical Analysis

Per-protocol analyses were performed and reported. The distribution of all outcome variables,
weight, waist and BMI were checked by construction of histograms to check normality. A mixed effect
model with clustering of participants’ ID and robust variance-covariance estimation were used to
assess outcome variables. For per-protocol analysis, only those who completed the study at week
12 were included and missing values were not imputed. Further analysis of subgroups by actual
dose consumed was performed and reported. All tests were two tailed and a p value < 0.05 was
regarded as statistically significant. All analyses were performed using Stata MP 14.1 (Stata Corp.,
College Station, TX, USA).
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3. Results

3.1. Baseline Characteristics

3.1.1. Per-Protocol Analysis

Baseline measurements showing of all recruited participant characteristics according to treatment
group are shown in Table 2. There were 92 females and 28 males, evenly distributed across the
three treatment groups. In total 83 of the 118 participants (63% retention) completed the 12-week
study. Greater attrition was observed in the first two weeks of the supplementation for participants
who reported stomach upsets and diarrhoea after PGXG consumption (attrition = 6); who reported
diarrhoea, headaches, difficulty swallowing recommended PGXS dose (attrition = 6) and during the
first six weeks of supplementation in the RF group (attrition = 15) due to constipation and feeling ill.

Baseline data (Table 2) shows the characteristics of study participants randomised (n = 118) and
shows that at baseline there were no significant differences (p > 0.05) in age, height, weight, waist
circumference, BMI and food group servings across three groups. At baseline PGXS participants had
similar baseline frequency of eating (number of eating occasions) to the PGXG and RF participants but
those allocated to the PGXG intervention had a significantly greater number of eating occasions per
day than those allocated to the RF intervention (p = 0.04) (Table 2).

Table 2. Characteristics of all recruited study participants randomised at baseline (n = 120)
comparing groups.

All Participants PGXS (n = 40) PGXG (n = 40) RF (n = 40)

Men 9 10 9
Women 31 30 31

Mean ± SD
Age (years) 42.2 ± 16.0 46.5 ± 14.0 43.3 ± 16.8
Height (cm) 167.4 ± 9.1 167.3 ± 9.0 166.4 ± 7.9
Weight (kg) 82.7 ± 16.8 80.9 ± 16.6 81.3 ± 17.7
Waist (cm) 89.8 ± 12.8 90.7 ± 12.1 88.4 ± 14.3

Body Mass Index (BMI, kg/m2) 29.4 ± 4.8 28.7 ± 4.4 29.2 ± 4.8
Eating occasions per day 5.4 ± 2.8 6.3 ± 2.0 4.8 ± 2.1

Food group servings (mean daily serves ± SD)
Fruit (150 g) 0.8 ± 0.8 1.0 ± 1.0 1.1 ± 1.2

Vegetable (75 g) 2.4 ± 1.5 2.6 ± 1.4 2.5 ± 1.1
Grain (cereal) (40 g bread, 75–120 g cooked rice, pasta etc. or 500 kJ) 3.8 ± 1.8 4.3 ± 2.2 4 .0 ± 1.5

Dairy (250 mL milk, 40 g cheese or 500–600 kJ) 1.3 ± 0.9 1.6 ± 0.8 1.3 ± 0.8
Junk food (60 g meat pie or hot chips, 40 g donut or cake) 3.5 ± 1.9 3.1 ± 1.6 3.0 ± 1.7

Meat (65 g meat, 100 g fish or 500–699 kJ) 1.0 ± 0.7 1.6 ± 0.8 1.4 ± 0.7
Alcohol (150 mL) 0.5 ± 0.8 0.4 ± 0.5 0.1 ± 0.2

PGXS = PGX softgel, PGXG = PGX granules, RF = Rice Flour. SD = Standard Deviation.

3.1.2. Subgroup Analysis

Baseline measurements according to treatment group showing participant characteristics of all
who consumed the recommended dose of fibre supplements are shown in Table 3. Baseline data
(Table 3) shows the characteristics of study participants (n = 54) and shows that at baseline there
were no significant differences (p > 0.05) in weight, waist circumference and BMI across three groups.
PGXG and RF intervention sub-group numbers of eating occasions per day were not significantly
different to each other or to the baseline group but the PGXS subgroup number of eating occasions
was 7.4 times per day (Table 3).
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Table 3. Characteristics of study participants randomised at baseline (n = 54) comparing subgroups
who consumed the recommended dose of fibre supplements.

All Participants PGXS (n = 17) PGXG (n = 18) RF (n = 17) p Value

Body weight (kg) 76.5 ± 15.9 87.7 ± 20.2 78.3 ± 15.0 0.62
BMI (kg/m2) 27.2 ± 4.5 28.7 ± 5.2 28.3 ± 5.2 0.64

Waist (cm) 84.8 ± 12.2 89.2 ± 20.4 87.1 ± 13.8 0.59
Eating occasions

per day 7.4 ± 2.5 6.0 ± 2.0 5.5 ± 2.6 p > 0.05

PGXS = PGX softgel, PGXG = PGX granules, RF = Rice Flour.

3.2. Effect of Intervention on Body Weight and Body Composition

3.2.1. Per-Protocol Analysis

Per-protocol analysis revealed a significant reduction in waist circumference at week 12 of minus
2.5cm (Confidence Interval = −3.9, −0.8, p = 0.003) for those in the PGXG group (Table 4). No effect
was seen on waist circumference for the PGXS and RF groups (p > 0.05). There was no effect of the
PGXS or PGXG interventions on weight and BMI.

3.2.2. Subgroup Analysis

Analyses of the subgroup who consumed the recommended dose of fibre supplements showed a
significant weight loss and reduction in BMI in the PGXG intervention compared to baseline (Table 5).
However, the PGXS subgroup did not show a significant weight change during the intervention period.
Compared to effect of the intervention on weight seen in the RF subgroup, that of the PGXG subgroup
was significantly greater (p = 0.001).

Table 4. Change in participant characteristics from baseline to week 12 of the interventions of all
participants who completed the interventions (per-protocol analysis).

All Participants PGXS (n = 32) PGXG (n = 32) RF (n = 19)

Body weight (kg) 0.47 ± 1.85 −0.49 ± 0.34 −0.03 ± 0.58
BMI (kg/m2) 0.15 ± 0.65 −0.17 ± 0.13 0.01 ± 0.20

Waist (cm) −0.17 ± 2.92 −2.50 ± 0.60 p = 0.03 −1.3 ± 1.0
Eating occasions per day −0.60 ± 1.5 −0.82 ± 1.28 p = 0.01 −0.22 ± 1.72

Food group servings
(mean daily serves ± SD)

Fruit (150 g) 1 −0.2 ± 0.76 0.08 ± 0.7 −0.18 ± 0.75
Vegetable (75 g) 1 −0.07 ± 1.11 −0.34 ± 1.22 −0.23 ± 0.64

Grain (cereal) 0.21 ± 1.73 −0.79 ± 1.66 −0.51 ± 1.23
Dairy 0.11 ± 0.63 −0.22 ± 0.64 0.07 ± 0.35

Junk food −0.14 ± 2.00 −0.57 ± 1.29 0.28 ± 2.12
Meat 0.08 ± 0.59 0.01 ± 0.79 −0.09 ± 0.78

Alcohol −0.22 ± 0.73 0.17 ± 0.99 −0.02 ± 0.26
Fibre (3.8–4.4 g) 1 1.89 ± 0.91 2.17 ± 0.71 2.35 ± 0.58

Bold values denote significant within treatment effect. PGXS = PGX softgel, PGXG = PGX granules, RF = Rice Flour.
1 1 serve of fruit = 150 g, 1 serve vegetable = 75 g, 1 serve fibre = 3.8 to 4.4 g.
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Table 5. Change in participant characteristics from baseline to week 12 of the PGXS, PGXG and
RF interventions in the subgroup analysis of those who consumed the recommended dose of
fibre supplements.

All Participants PGXS (n = 17) PGXG (n = 18) RF (n = 17)

Body weight (kg) 0.22 ± 1.61 −1.4 ± 0.10 p < 0.01 −0.03 ± 0.58
BMI (kg/m2) 0.07 ± 0.59 −0.5 ± 0.10 p < 0.01 0.01 ± 0.20

Waist (cm) −1.04 ± 2.28 −1.2 ± 1.00 −1.3 ± 1.0
Eating occasions per day −1.3 ± 1.9 −1.4 ± 1.20 p < 0.01 −0.22 ± 1.72

Food group servings
(mean daily serves ± SD)

Fruit (150 g) −0.43 ± 0.59 −0.63 ± 0.57 p = 0.022 −0.18 ± 0.75
Vegetable (75 g) −0.35 ± 0.96 −0.82 ± 1.31 −0.23 ± 0.64
Grain (cereal) −0.93 ± 1.47 −1.52 ± 1.84 p = 0.019 −0.51 ± 1.23

Dairy −0.05 ± 0.56 −0.59 ± 0.50 p = 0.012 0.07 ± 0.35
Junk food −0.17 ± 1.48 −0.76 ± 0.85 0.28 ± 2.12

Meat −0.06 ± 0.62 0.18 ± 0.90 −0.09 ± 0.78
Alcohol −0.50 ± 0.98 0.11 ± 0.32 −0.02 ± 0.26

Fibre supplement serves
(serving size 4.5–5 g) 2.6 ± 0.47 2.82 ± 0.24 2.35 ± 0.58

Bold values denote significant within treatment effect. PGXS = PGX softgel, PGXG= PGX granules, RF = Rice Flour.
SD = standard deviation.

3.3. Number of Eating Occasions and Food Group Servings

Collection of mFR images required participants to use the iPod provided by the study to record
images before and after each eating occasion during the 4-day food record (Figure 2).

Figure 2. Before and after images of an eating occasion with foil sachet containing PGXG and fiducial
marker captured with the mobile food record App on an iPod.

3.3.1. Per-Protocol Analysis

Analysis was conducted to measure change in number of eating occasions from baseline to week
12 of the interventions. The number of eating occasions was significantly reduced in the PGXG group
(p = 0.01) during the intervention (Table 4). No significant differences in number of eating occasions
between baseline and week 12 were observed in the groups PGXS and RF or in food group servings in
any of the intervention groups (Table 4) in per-protocol analyses.

3.3.2. Subgroup Analysis

For the subgroup analysis, the participants who consumed PGXG at the recommended dose of
2.5 to 3 times per day, significantly reduced their eating occasions by 1.4 ± 1.2 (CI −2.1, −0.6, p < 0.01)
during the intervention period (Table 5).

Likewise, the participants who consumed PGXG at the recommended dose significantly reduced
their daily intake of fruit (−0.63 ± 0.57 serves, p = 0.02), dairy (−0.59 ± 0.50 serves, p = 0.01) and grain
food (−1.52 ± 1.84 serves, p = 0.02) during the intervention (Table 5). Analysis of types of foods in
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the mFR showed that 1.6 to 2 serves of the grain food consumed at baseline were white bread for
these participants. This consumption of white bread for the PGXG group also dropped significantly to
0.74 serves per day at 12 weeks of intervention.

3.4. Adverse Events

Adverse effects reported by the participants were mild and agreed with common reported
reactions to increased fibre, for example those reported by Kacinik et al. (2011) [7] where for PGX
supplementation, 30.9 % of participants reported diarrhoea, bloating and flatulence whereas for rice
flour consumption 7.8% reported constipation.

4. Discussion

This 12 week randomised controlled study showed that when consumed at the recommended
dose (subgroup), the PGXG intervention gave a reduction in BMI and body weight, the number of
eating occasions per day and consumption of servings of grain food.

The weight loss and BMI reduction observed for the PGXG intervention is most likely a result of
compliance to the recommended dose, resulting in 64% of participants who consumed PGXG at the
recommended dose losing weight and reducing BMI. The average 1.4-kg weight loss found in our study
of overweight adults for the PGX per-protocol intervention is in agreement with previous research
by Lyon et al. [28] who found a weight loss in women of 1.6 kg with 12 weeks PGX supplementation.
Pal et al. [29] reported obese adults on 12-week supplementation of both artificially sweetened and
flavoured PGX and psyllium lost weight (1.6 kg and 1.1 kg respectively).

On an individual basis, the highest weight loss in the PGXS group (per-protocol) was 4.4 kg, with
a waist circumference decrease of 5.5 cm. However, in this group a weight gain of 6.3 kg and waist
circumference increase was 9.6 cm was also recorded in one participant. This high variance in change in
weight and waist circumference resulted in a non-significant weight loss for this group. Data collected
by personal communication at the 6-week visit showed five participants in the PGXS group reporting
that they expected PGXS to be a “magic bullet” for weight loss, which was an unexpected issue
that requires consideration in future research. Protocol in future research may involve education of
participants on using PGX to control appetite.

The significant reduction in waist circumference observed in the present study for PGXG
per-protocol group of 2.5 cm was similar in magnitude to that reported in a study by Reimer et al. [8]
where PGX consumption over 14 weeks resulted in a significant reduction of 1.96 cm in waist
circumference. The significant reduction in BMI of 0.5 observed in the present study for PGXG
sub-group was in contrast to Reimer [8] who found no significant differences in BMI compared
to baseline.

The findings from our study that PGXS and PGXG consumption (per-protocol groups) did not
affect weight is similar to research on PGX consumption by Kacinik et al. [7] who reported no significant
differences in weight loss between PGX and the placebo groups in a study involving a low-calorie diet
of 1000 kcal/day for both treatments. There was also no weight loss recorded in a three-week study by
Reimer et al. [30] where PGX was pre-mixed with breakfast cereal and consumed with yogurt. In our
study participants were not on an energy restricted diet nor were the PGX and RF doses mixed with
other products.

The use of the mFR allowed our research to determine level of compliance to the recommended
dose of the PGXG subgroup by reviewing the images collected. The mFR image analysis of the foods
eaten, serving sizes and number of eating occasions per day enabled important information about the
dietary pattern of the overweight participants to be collected. The reduced number of eating occasions
found with the PGXG subgroup, translated into reduced consumption of grain food of 1.52 serves
(p = 0.019), mainly being a reduction in consumption of white bread.

Research by Kerr et al. [23] reported a reduction in consumption of energy-dense nutrient-poor
(EDNP) foods as a result of tailored dietary feedback using the mFR. In the present study there was
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a non-significant reduction in junk food consumption of 0.57 in the PGXG per-protocol group and
0.76 serves in the PGXG subgroup. Pollard et al. [31] also found overweight people were more likely
than those who were a healthy weight to decrease their intake grain food when trying to lose weight,
supporting the reduced grain food trend found in this research. Small reductions in conscious or
mindful energy intake can improve weight gain [32] and the choice to reduce grain food intake found
in this research may have been the contributor to weight loss. Although we observed a reduction in
daily intake of fruit and dairy, which is not desirable based on dietary guidelines [27], the magnitude
of this change was minor.

Data from the mFR showed participants in all groups, other than the PGXG subgroup, appeared
to make no changes to their eating pattern, as after 12 weeks of intervention, food group servings
were not significantly different to baseline. This finding is supported by previous studies [32–34]
where it was reported that humans tend to consume a consistent weight or volume of food from day
to day. While participants reported feeling full in previous PGXS and PGXG research [9,10,35,36],
most participants in this study did not appear to use appetite to change their eating patterns, except in
the PGXG subgroup who consumed the recommended dose, most likely resulting reduced appetite
and reduced food intake.

Dietary feedback using the mFR indicated a reduction of 1 serve white bread, each day, which may
have been a contributor to the reduction of 40 g in weight daily in the PGXG per-protocol group [27].
In a previous study, a reduction of 31.5 g carbohydrate per day was recorded at 12 weeks after PGX
supplementation using a 3-day food and drink diary [29]. The 3-day food and drink diary does not
provided details on type carbohydrates foods, whereas the mFR reports provided detail of types of
foods and serving sizes. Dietary intake records collected using the mFR can reduce the bias found in
auto-assessment [24].

In the present study, PGXG was taken with 500 mL water immediately before or with a meal.
The PGXG was mixed in the water, in juice or mixed into the meal. The mechanism for weight loss in
the PGXG sub-group in the present study may have been as a result of reducing dietary energy density
of the meals with which it was consumed by increasing the fibre and water content of meals while
maintaining the volume of food eaten [37,38]. Decreasing dietary energy density has been shown to be
useful in long-term weight loss [39].

The detailed dietary feedback from the mFR enabled this research to determine weight loss was
possible when PGXG at the recommended dose was consumed and the reduction in the number
of eating occasions may be part of the mechanism for this effect. Previous research indicates that a
possible mechanism behind the appetite and body weight reduction effects of PGX may be related
to circulating gut hormones [30]. Reimer et al. [30] reported increased peptide YY, which can slow
gastric emptying and decreased ghrelin (an appetite stimulant) on consumption of PGX. More work is
required to confirm the physiological mechanisms controlling these effects of PGX.

The detailed dietary feedback from the mFR enabled this research to more accurately determine
food group changes after 12 weeks. The reason the PGXS, and PGXG per-protocol groups did not
reduce their weight may be because they did not reduce the number of eating occasions or change
their daily intake of the foods and continued to consume the amount and type of food usually eaten.
In addition, research by Polidori et al. [40] reports that weight loss leads to increased appetite, and
appetite increases by approximately 100 kcal/day per kg of lost weight. The reason fibre such as PGXG
helps some individuals in the control of appetite and not others requires more research.

Limitation

Meals and consumption of test products were self-administered; the possibility of non-compliance
could not be avoided. In the current study misreporting of intake may have occurred due to participants
not taking images of all food and beverages consumed. In addition, the assessment of food group
serves by a trained analyst may not be sensitive enough to detect changes in dietary intake.
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5. Conclusions

Supplementation with PGX at the recommended dose resulted in a reduction in body weight (kg),
BMI (kg/m2), reduced frequency of eating and reduced intake of white bread. The weight loss and
BMI reduction from baseline to 12 weeks was significantly greater for PGXG at the recommended
dose than for the RF treatment. Dietary assessment using the mFR provided detailed information
enabling accurate analysis of the number of eating occasions and changes to food group servings
per day. Further research on reducing the frequency eating of specific foods, such as junk food is
warranted. These results demonstrate the potential benefits of PGX fibre in controlling frequency of
eating and in weight loss.
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Abstract: The aim was to study the intake and food sources of fibre in a representative sample
of Spanish adults and to analyse its association with excess body weight and abdominal obesity.
A sample of 1655 adults (18–64 years) from the ANIBES (“Anthropometric data, macronutrients and
micronutrients intake, practice of physical activity, socioeconomic data and lifestyles”) cross-sectional
study was analysed. Fibre intake and dietary food sources were determined by using a three-day
dietary record. Misreporters were identified using the protocol of the European Food Safety Authority.
Mean (standard deviation) fibre intake was 12.59 (5.66) g/day in the whole sample and 15.88 (6.29) g/day
in the plausible reporters. Mean fibre intake, both in the whole sample and the plausible reporters, was
below the adequate intake established by European Food Safety Authority (EFSA) and the Institute
of Medicine of the United States (IOM). Main fibre dietary food sources were grains, followed by
vegetables, fruits, and pulses. In the whole sample, considering sex, and after adjusting for age and
physical activity, mean (standard error) fibre intake (adjusted by energy intake) was higher in subjects
who had normal weight (NW) 13.40 (0.184) g/day, without abdominal obesity 13.56 (0.192) g/day or
without excess body weight and/or abdominal obesity 13.56 (0.207) g/day compared to those who
were overweight (OW) 12.31 (0.195) g/day, p < 0.001 or obese (OB) 11.83 (0.266) g/day, p < 0.001,
with abdominal obesity 12.09 (0.157) g/day, p < 0.001 or with excess body weight and/or abdominal
obesity 12.22 (0.148) g/day, p < 0.001. There were no significant differences in relation with the fibre
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intake according to the body mass index (BMI), presence or absence of abdominal obesity or excess
body weight and/or abdominal obesity in the plausible reporters. Fibre from afternoon snacks was
higher in subjects with NW (6.92%) and without abdominal obesity (6.97%) or without excess body
weight and/or abdominal obesity (7.20%), than those with OW (5.30%), p < 0.05 or OB (4.79%),
p < 0.05, with abdominal obesity (5.18%), p < 0.01, or with excess body weight and/or abdominal
obesity (5.21%), p < 0.01, in the whole sample. Conversely, these differences were not observed in the
plausible reporters. The present study demonstrates an insufficient fibre intake both in the whole
sample and in the plausible reporters and confirms its association with excess body weight and
abdominal obesity only when the whole sample was considered.

Keywords: fibre; food sources; obesity; abdominal obesity; misreporting; adults; Spain; ANIBES

1. Introduction

In recent decades, there has been a significant increase in the prevalence of overweight (OW)
and obesity (OB) in children and adults, in both developed and developing countries [1]. Excess body
weight increases the risk of developing various diseases, such as cardiovascular disease, type 2 diabetes,
some types of cancers, musculoskeletal disorders, and neurodegenerative diseases, which have an
important health and social impact [1–3].

Diet and physical activity are the main factors that influence the development of OW and OB [1,4].
In this respect, several studies have shown that the intake of dietary fibre may have a positive effect on
body weight control; however, the available results are inconsistent [5–8]. There are several possible
mechanisms to explain the anti-obesogenic effect of dietary fibre. Among the most documented
mechanisms is the one that refers to the benefits of the fibre capacity (mainly soluble fibre) to form
viscous gels that delay the gastric emptying, which helps, on the one hand, to increase the satiety
sensation and consequently reduces energy intake [9] and, secondly, to control the postprandial
glycaemia by delaying the intestinal absorption [10]. Another possible mechanism is associated
with short-chain fatty acid produced during fermentation of fibre in the gastrointestinal tract [11]
since it has been shown that this can contribute to regulating the secretion of some gastrointestinal
hormones, such as glucagon-like peptide-1 (GLP-1), involved in satiety, and ghrelin, involved in
appetite control [12,13], and to increase the oxidation of fatty acids and energy expenditure and to
regulate glucose metabolism [11].

In addition, there are few recent studies regarding the intake of fibre in a representative Spanish
adults sample and none of these studies have analysed the relation between the fibre intake, fibre from
different meals of the day and food sources and the problematic of excess body weight and abdominal
obesity [14,15]. Additionally, it is the first Spanish study that takes into account the dietary misreporting
of the participants.

Therefore, the aim of the present work was to study the intake and dietary food sources of fibre in
a representative sample of the Spanish adults from the ANIBES (“Anthropometric data, macronutrients
and micronutrients intake, practice of physical activity, socioeconomic data and lifestyles”) study
and to analyse the differences in fibre intake between people with different body weight and with
or without abdominal obesity. The present work shows the analysed data for the total sample and
plausible reporters of the study.

2. Materials and Methods

2.1. Study Design and Sampling Procedure

The complete design, protocol, and methodology of the ANIBES study have been already
described in detail elsewhere [16,17]. In summary, the ANIBES study was carried out to analyse
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anthropometric data, physical activity, intake of food and beverages, and dietary habits in the Spanish
population (9–75 years old, n = 2009). The participants were randomly selected from the Northeast,
East, Southwest, North-Central, Barcelona, Madrid, Balearic, and Canary Islands areas of Spain,
including rural, semi-urban and urban populations [16,17]. The present study is focused on 1655 adults
(779 men and 858 women) with ages ranging 18–64.

The following exclusion criteria were applied:

• Those individuals living in an institutional setting (e.g., colleges, nursing homes, hospitals,
and others);

• Individuals following a therapeutic diet owing to recent surgery or taking any medical prescriptions;
• Potential participants with a transitory illness (i.e., flu, gastroenteritis) at the time of the

fieldwork; and
• Individuals employed in areas related to consumer science, marketing, or the media [16,17].

The fieldwork for the ANIBES study was carried out from mid-September 2013 to mid-November
2013. The final protocol was approved by the Ethical Committee for Clinical Research of the Region of
Madrid (Spain) (code FEN 2013/31, May 2013). All participants were informed of the protocol and
risks and benefits of their participation in the study and a written informed consent was obtained from
all the study’s participants.

2.2. Anthropometric Data

Weight, height, and waist circumference (WC) were measured by trained interviewers following
standardized procedures [18]. Weight was measured once with a Seca® model 804 weighing
scale (Medizinische Messsysteme und Waagen seit 1840, Hamburg, Germany; range: 70–205 cm,
precision: 1 mm). Height was assessed in triplicate using a Seca® model 206 stadiometer (Medizinische
Messsysteme und Waagen seit 1840, Hamburg, Germany; range: 0.1–150 kg, precision: 100 g). WC was
measured in triplicate using a Seca® 201 tape measure (Seca, Hamburg, Germany; range: 0–150 cm,
precision: 1 mm).

Excess body weight was assessed using the body mass index (BMI) and abdominal obesity
by the waist to height ratio (WHtR). BMI was calculated as weight (kg)/height (m)2 and
WHtR as WC (cm)/height (cm). Participants were classified into the following categories using
the BMI: underweight (UW) (BMI <18.5 kg/m2), normal weight (NW) (BMI 18.5–24.9 kg/m2),
OW (BMI 25–29.9 kg/m2), and OB (BMI ≥30 kg/m2), based on the World Health Organization
classification [19], and using the WHtR respondents were classified into two categories:
“non-abdominal obesity” (WHtR <0.5) and those with “abdominal obesity” (WHtR ≥0.5) [20–23].
BMI and WHtR were combined into one category called “excess body weight and/or abdominal
obesity” (BMI ≥25 kg/m2 and/or WHtR ≥0.5) for subsequent analysis [19,21–23].

2.3. Physical Activity

To obtain physical activity data of the studied participants, a detailed interview using the
International Physical Activity Questionnaire (IPAQ) for adults was performed [24]. In addition,
different physical activity measurements were obtained with an accelerometer ActiGraph (model GT3x
and GT3x+; ActiGraph, Pensacola, FL, USA) in a subsample of 167 adults. Individuals were asked
to wear the ActiGraph on a belt above the right hip, for three consecutive full days. This previous
information was used to validate the physical activity questionnaire administered to the whole sample.

There were calculated the following indicators of physical activity in the participants of the
present study:

• Total physical activity expressed as minutes of activity per week;
• Time spent in vigorous physical activity expressed as minutes of activity per week.
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Subjects were classified into two levels of physical activity based on two questions of the IPAQ [24]:
“Sedentary activity level” as those subjects who have performed less than 30 min per day of

physical activity of daily life and less than 2 h per week of structured physical exercise.
“Active activity level” as those subjects who have performed at least 30 min per day of physical

activity of daily life or have performed at least 2 h per week of structured physical exercise.

2.4. Food and Beverage Record

Study participants were provided with a tablet device (Samsung Galaxy Tab 2 7.0,
Samsung Electronics, Suwon, South Korea) and trained in how to record information by taking
photos of all food and beverages consumed during the three days of the study, both at home and
outside the home. Photos had to be taken before beginning to eat and drink, and again after finishing,
so as to record the actual intake. Additionally, a brief description of meals (including the type of food),
recipes, brands, and the use of dietary supplements were recorded using the device.

Energy and fibre intake were calculated from food consumption records using VD-FEN 2.1
software (Dietary Evaluation Programme, Spanish Nutrition Foundation, Madrid, Spain) which was
newly developed for the ANIBES study by the Spanish Nutrition Foundation and is based mainly
on Spanish food composition tables [25], with several expansions and updates. Data obtained from
food manufacturers and nutritional information provided on food labels were also included. A food
photographic atlas was also used to assist in assigning gram weights to serving sizes [26].

The present study was focused on the intake of fibre expressed in grams per day (g/day)
raw (before the energy intake adjustment) and after the energy intake adjustment by the residual
methods [27,28] and the intake of fibre expressed in grams per 1000 kcal per day. The mean intake of
fibre of the studied participants was compared with the adequate intake set out by European Food
Safety Authority (EFSA): 25 g/day in adults [29], and by the Institute of Medicine of the United States
(IOM): 38 g/day for men and 25 g/day for women of 19–50 years and 30 g/day for men and 21 g/day
for women of 51–70 years (14 g/1000 kcal/day) [30].

Once fibre intake has been established, the percentage of fibre from each one of the meal times
(breakfast, mid-morning snack, lunch, afternoon snack, and dinner) was calculated.

The contribution of each food to total fibre intake has been calculated by adding the amount of
fibre provided by each specific food and dividing by the total intake of fibre, all multiplied by 100 [31].

2.5. Evaluation of Misreporting

The assessment of dietary intake based on self-reported or self-recorded data by the study subjects
is often prone to bias. One of the main sources of error is misreporting, including both under- and
over-reporting, which are often influenced by age, sex, and other individual characteristics, including
BMI [32]. The magnitude of misreporting of the intake of food may lead to biased interpretation of
the results. In the present study the protocol of the EFSA was used to identify misreporters [33,34].
This method is based mainly on the Goldberg [35] and Black [36,37] work. This method evaluates the
reported energy intake (EIrep) against the presumed energy requirements. EIrep is expressed as a
multiple of the mean basal metabolic rate estimated (BMRest) (from formulas), and it is compared with
the presumed energy expenditure of the studied population. Then the ratio EIrep:BMRest is referred
to as the physical activity levels (PAL) [33,34]. The PAL is established for adults (≥18 years) in three
levels: low, 1.4; moderate, 1.6; and vigorous, 1.8. Additionally, the protocol indicates that analyses
should be performed at two levels, group and individual. The group level determines the overall bias
to the reported energy intake, and the individual level shows the rate of under and over reporters.
The BMRest was calculated using the Schöfield equations [38]. Misreporting cut-offs at group and
individual levels for the ANIBES study has been described in a previous paper [39]. Subjects were
classified into two categories:
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“Plausible reporters” as those subjects with estimated values of the ratio EIrep:BMRest ranging
between calculated lower cut-off and upper cut-off values for the studied population allocated to the
different category of physical activity [33,34].

“Misreporters” as those subjects with estimated values of EIrep:BMRest below the calculated
lower cut-off value (under-reporters) and those subjects with estimated values of EIrep:BMRest above
the upper calculated cut -off value (over-reporters) [33,34].

In the present study, the results are showed in the total sample (before the exclusion of the
non-plausible reporters) and in the plausible reporters.

2.6. Statistical Analysis

Descriptive data were presented as mean and standard deviation (SD), median and interquartile
range (IQR) (both without any adjustment), and frequencies (%) stratified by sex, BMI, presence of
abdominal obesity, and excess body weight and/or abdominal obesity. The normality of the data and
equality of the variances were tested using the Kolmogorov–Smirnov and Levene’s test, respectively.

The statistical differences of the studied quantitative variables by sex were assessed using
Student’s t-test when data were normally distributed, and using the Mann–Whitney test, otherwise.
A two-way ANOVA test was used to assess the differences within the studied variables using sex
and the variables of BMI, abdominal obesity or excess body weight and/or abdominal obesity.
Two-way ANOVA main effects for BMI, abdominal obesity, and excess body weight and/or abdominal
obesity were obtained. The Bonferroni post hoc test for comparison for more than two groups was used.
A two-way ANCOVA test was used to assess the differences within the studied variables using the
previous ANOVA model taking into account the age and the physical activity (PA) of the participants
as covariates to control their influence on the dependent variable. Two-way ANCOVA main effects
and interactions were analysed and they are only reported in the text as estimated marginal means
and the standard error (SE) when a significant inverse trend, significant changes, or an interaction with
sex were observed. The level of significance was set at p < 0.05. All calculations were performed using
IBM SPSS version 22.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Study Population

A sample of 1655 adults (48.2% men and 51.8% women) with ages ranging from 18 to 64 years was
studied. In total, 26.16% (n = 433) (36.4% men and 63.5% women) of the studied adults were classified
as plausible reporters. Table 1 shows the anthropometric and physical activity data of the whole
sample and of the plausible reporters. The combined prevalence of OW and OB in the whole sample
was 55.70% and 32.80% in the plausible reporters. The prevalence of abdominal obesity was 58.40%
and 39.3% and the presence of excess body weight and/or abdominal obesity was 63.93% and 42.7%
in the whole sample and in the plausible reporters, respectively. A 44.40% of the whole sample and
44.3% of the plausible reporters were sedentary.

3.2. Fibre Intake and Dietary Food Sources in the Whole Sample and in the Plausible Reporters and by Sex

Mean dietary fibre intake (raw) was 12.59 (SD 5.66) g/day, and adjusted by energy was
12.59 (SD 4.91) g/day, while the intake of fibre expressed as grams per 1000 kcal per day was
7.05 (SD 2.81) in the whole sample (Table 2). Fibre intake (raw) was significantly lower in women than
in men, but when it was adjusted by energy intake or when was expressed as grams per 1000 kcal per
day, it was significantly lower in men than in women in the whole sample (Table 2). Meanwhile, in the
group of plausible reporters, the mean dietary fibre (raw) was 15.88 (SD 6.29) g/day, and it was also
significantly lower in women than in men, however, there were no statistically significant differences in
relation with the fibre intake adjusted by the energy intake or expressed as g/1000 kcal/day (Table 2).
Lunch and dinner contributed the highest proportions of fibre to the total daily intake in the whole
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sample and in the plausible reporters (75.85% and 70.59%, respectively). It is noteworthy that the
fibre from breakfast was quite low in the whole sample (13.04%) as well as in the plausible reporters
(14.27%). The proportion of fibre from breakfast and afternoon snacks was higher in women and from
dinner in men in the whole sample. No significant differences were observed regarding the fibre from
the different meals in the plausible reporters (Table 2).

The main food sources of fibre in the whole studied population and in the plausible reporters
were grains (39.13% and 39.14%), vegetables (24.17% and 20.99%), fruits (16.60% and 18.51%),
pulses (9.28% and 9.14%), ready-to-eat-meals (4.50% and 4.99%), sauces and condiments (2.18% and
1.97%), appetizers (1.53% and 2.30%), sugars and sweets (0.67% and 1.15%), non-alcoholic beverages
(0.49% and 0.53%), dairy products (0.39% and 0.28%), and supplements and meal replacers (0.14% and
0.09%, respectively).

3.3. Fibre Intake and Dietary Food Sources in the Whole Sample and in the Plausible Reporters by Body Mass
Index Classification

Considering the whole sample, the fibre intake (raw) was higher in subjects who had NW
compared to those who had OW or OB, taking into account sex and after adjusting for the age and PA
(Table 3). When the interaction of sex by BMI was analysed, it was noted that the intake of fibre (raw)
was slightly different according to sex. Men who presented NW 14.83 (SE 0.327) g/day had a higher
intake compared to those who had OW 12.45 (SE 0.304) g/day (p < 0.001) or OB 11.67 (SE 0.413) g/day
(p < 0.001). While women who were UW 14.52 (SE 1.077) g/day had a higher intake than those with
OW 11.48 (SE 0.335) g/day (p < 0.05) or OB 11.33 (SE 0.455) g/day (p < 0.05).

Fibre intake adjusted by energy intake (considering sex) was similar for the different groups of
BMI in the whole sample (Table 3). However, after adjusting for the age and the PA, it was observed
that subjects with NW 13.29 (SE 0.183) g/day had a higher intake than subjects with OW 12.26
(SE 0.194) g/day (p < 0.001) or OB 11.79 (SE 0.265) g/day (p < 0.001). Analysing the interaction
of sex at different levels of BMI, these differences were observed only in men. Thus, men who
presented NW 13.46 (SE 0.279) g/day had a higher intake in comparison with those who had OW 11.81
(SE 0.260) g/day (p < 0.001) or OB 11.33 (SE 0.353) g/day (p < 0.001).

The intake of fibre per 1000 kcal per day (considering sex) was similar for the different groups
of BMI in the whole sample (Table 3). However, after adjusting for the age and the PA, it was
observed that subjects with NW 7.35 (SE 0.104) g/1000 kcal/day had a higher intake than subjects
with OW 6.92 (SE 0.110) g/1000 kcal/day (p < 0.05) or OB 6.68 (SE 0.151) g/1000 kcal/day (p < 0.01).

No significant differences were observed regarding the fibre intake (raw, adjusted by the energy
intake and expressed as grams per 1000 kcal/day) according with the BMI in the plausible reporters,
considering sex and after adjusting for the age and the PA (Table 3).

The proportion of fibre from the lunch was higher in individuals with OW than those with NW
taking into account sex, but this difference disappeared when an adjustment for age and PA was
performed. Fibre from the afternoon snack was higher in individuals with NW than those with OW
or OB (taking into account sex and even after adjusting for age and PA) (Table 3). While fibre from
dinner was lower (after adjusting for the age and PA) in individuals who had OW 27.50% (SE 0.581)
compared to those with OB 30.27% (SE 0.795) (p < 0.05). However, the proportion of fibre from the
different meals was similar according the BMI in the plausible reporters (Table 3).

Regarding the fibre food sources according to the BMI in the whole sample, we observed that fibre
from breakfast cereals and cereal bars was higher in individuals with NW than those with OW and fibre
from vegetables was higher in individuals with OB than those with NW, but these differences disappeared
when an adjustment for age and PA was performed (Table S1). Fibre from fruits (taking into account
sex and after adjusting for the age and PA) was significantly higher in individuals with NW 18.36%
(SE 0.574%) compared to subjects with OW 15.16% (SE 0.605%) (p < 0.01). In analysing the interaction
of sex, it was observed that only in men, the fibre from fruits was higher in those with NW 18.50%
(SE 0.881%) than those with OW 14.01% (SE 0.819%) (p < 0.001) or OB 12.92% (SE 1.094%) (p < 0.001).
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After excluding misreporters, we observed that fibre from grains and flours was higher in subjects
with NW than those subjects with OW, but this difference disappeared when an adjustment for age
and PA was performed (Table S2). Fibre from pasta (taking into account sex and after adjusting for
age and PA) was significantly higher individuals with UW 10.83 (SE 2.231%) compared to subjects
with NW 4.72% (0.383%) (p < 0.05) or OW 4.59% (0.580%) (p < 0.05). In analysing the interaction of sex,
it was observed that only in men, the fibre from pasta was higher in those with UW 17.98% (SE 4.207%)
than in those with NW 4.71% (SE 0.616%) (p < 0.05) or OW 4.62% (SE 0.835%) (p < 0.05).

3.4. Fibre Intake and Dietary Food Sources in the Whole Sample and in the Plausible Reporters by the Presence
of Abdominal Obesity Determined by the Waist to Height Ratio

Having into account the whole sample, fibre intake (raw) was higher in subjects without
abdominal obesity (taking into account sex and even after adjusting for the age and PA) than
those with abdominal obesity (Table 4). In analysing the interaction of sex was found that fibre
intake in both men and women without abdominal obesity was higher 15.14 (SE 0.337) g/day and
12.76 (SE 0.276) g/day than those subjects with abdominal obesity 12.04 (SE 0.244) g/day (p < 0.001)
and 11.47 (SE 0.264) g/day (p < 0.01), respectively.

Fibre intake (adjusted by energy intake) considering the sex of the participants was similar
independently of the presence or absence of abdominal obesity in the whole sample (Table 4).
However, after adjusting for the age and PA, subjects without abdominal obesity 13.43 (SE 0.191)
g/day had significantly higher intake than subjects with abdominal obesity 12.05 (SE 0.157) g/day
(p < 0.001). In analysing the interaction of sex was found that fibre intake in both men and women
without abdominal obesity was higher 13.63 (SE 0.288) g/day and 13.24 (SE 0.236) g/day that those with
abdominal obesity 11.57 (SE 0.208) g/day (p < 0.001) and 12.52 (SE 0.226) g/day (p < 0.05), respectively.

The intake of fibre per 1000 kcal per day (considering sex) was similar regardless the presence or
absence of abdominal obesity in the whole sample (Table 4). However, after adjusting for the age and
the PA, it was observed that the subjects without abdominal obesity 7.44 (SE 0.109) g/1000 kcal/day
had a higher intake than subjects with abdominal obesity 6.79 (SE 0.089) g/1000 kcal/day (p < 0.001).
An interaction of sex was found and it was observed that fibre intake only in men without abdominal
obesity was higher 7.36 (SE 0.164) g/1000 kcal/day than in those men with abdominal obesity
6.40 (SE 0.119) g/1000 kcal/day (p < 0.001).

Nevertheless, no significant differences were observed regarding the fibre intake (raw, adjusted by
the energy intake and expressed as grams per 1000 kcal/day) according with the presence or absence of
abdominal obesity, considering sex and after adjusting for the age and the PA in the plausible reporters
(Table 4).

Fibre from the mid-morning snack was higher in subjects without abdominal obesity than in
subjects with abdominal obesity in the whole sample, but this difference disappeared when an
adjustment for age and PA was performed (Table 4).

Considering sex and after adjusting for age and PA, the proportion of fibre from lunch was higher
in subjects with abdominal obesity than those without abdominal obesity. In contrast, fibre from the
afternoon snack was higher in individuals without abdominal obesity unlike those with abdominal
obesity (Table 4). The proportion of fibre from the different meals was similar according the presence
or absence of abdominal obesity in the plausible reporters (Table 4).

Concerning the fibre food sources according to the presence or absence of abdominal obesity in the
whole sample, we observed that fibre from grains, breakfast cereals, and cereal bars, ready-to-eat meals,
and sauces and condiments was higher in individuals without abdominal obesity than those with
abdominal obesity and fibre from vegetables was higher in individuals with abdominal obesity than
those subjects without abdominal obesity, but all of these differences disappeared when an adjustment
for age and PA was performed (Table S3). We only found that fibre from bread (taking into account sex
and after adjusting for the age and PA) was higher in subjects with abdominal obesity than those who
did not have this problem (Table S3). Similarly, after adjusting for the age and the PA, it was observed
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that the fibre from pasta was higher in individuals with abdominal obesity 6.73% (SE 0.272%) unlike
those participants without abdominal obesity 5.68% (SE 0.332%) (p < 0.05). In contrast, the fibre from
fruits (taking into account sex and after adjusting for the age and PA) was higher in subjects without
abdominal obesity 18.46% (SE 0.600%) than in subjects with abdominal obesity 15.46% (SE 0.491%)
(p < 0.001). However, when the interaction with sex was analysed (Table S3), the previous result
only was observed in men without abdominal obesity 19.15% (SE 0.902%) compared to those with
abdominal obesity 13.78% (SE 0.654%) (p < 0.001). In relation to the group of sugars and sweets and
specifically chocolates, individuals without abdominal obesity had a higher intake than subjects with
abdominal obesity (Table S3).

In the plausible reporters, we observed that fibre from pasta was higher in subjects without
abdominal obesity than those with abdominal obesity, but this difference disappeared when an
adjustment for age and PA was performed (Table S4). Fibre from ready-to-eat-meals (taking into
account sex and after adjusting for age and PA) was significantly higher in individuals with abdominal
obesity 6.39% (SE 0.585%) compared to subjects without abdominal obesity 4.02% (0.484%) (p < 0.01).

3.5. Fibre Intake and Dietary Food Sources in the Whole Sample and in the Plausible Reporters by the Presence
of Excess Body Weight and/or Abdominal Obesity Using the Body Mass Index and Waist to Height Ratio

Fibre intake (raw) was higher in individuals without excess body weight and/or abdominal
obesity in the whole sample (taking into account sex and after adjusting for the age and PA) (Table 5).
An interaction of sex was found and it was observed that fibre intake in both men and women without
excess body weight and/or abdominal obesity was higher 15.22 (SE 0.371) g/day and 12.81 (SE 0.291)
g/day than in those who had excess body weight and/or abdominal obesity 12.28 (SE 0.232) g/day
(p < 0.001) and 11.55 (SE 0.252) g/day (p < 0.01), respectively.

Fibre intake (adjusted by energy intake) considering sex was similar according to the presence
or absence of excess body weight and/or abdominal obesity in the whole sample (Table 5).
However, after adjusting for the age and PA, it was found that subjects without excess body weight
and/or abdominal obesity 13.43 (SE 0.206) g/day had significantly higher intake than subjects with
excess body weight and/or abdominal obesity 12.18 (SE 0.148) g/day (p < 0.001). An interaction of
sex was found and it was observed that fibre intake only in men without excess body weight and/or
abdominal obesity was higher 13.68 (SE 0.317) g/day than in those men with excess body weight
and/or abdominal obesity 11.74 (SE 0.198) g/day (p < 0.001).

The intake of fibre per 1000 kcal per day (considering sex) was similar regardless the presence or
absence of excess body weight and/or abdominal obesity in the whole sample (Table 5). However, after
adjusting for the age and the PA, it was observed that the subjects without excess body weight and/or
abdominal obesity 7.43 (SE 0.117) g/1000 kcal/day had a higher intake than subjects with excess body
weight and/or abdominal obesity 6.86 (SE 0.084) g/1000 kcal/day (p < 0.001). An interaction of sex
was found and it was observed that fibre intake only in men without excess body weight and/or
abdominal obesity was higher 7.36 (SE 0.180) g/1000 kcal/day than in those men with excess body
weight and/or abdominal obesity 6.48 (SE 0.113) g/1000 kcal/day (p < 0.001).

No significant differences were observed regarding the fibre intake (raw, adjusted by the energy
intake and expressed as grams per 1000 kcal/day) according with the presence or absence of excess
body weight and/or abdominal obesity in the plausible reporters, considering sex and after adjusting
for the age and the PA (Table 5).

Considering the sex and after adjusting for the age and the PA, the proportion of fibre from lunch
was higher in subjects with excess body weight and/or abdominal obesity than those who did not
have excess body weight and/or abdominal obesity. In contrast, the fibre from the afternoon snack was
higher in individuals who had no excess body weight and/or abdominal obesity, unlike those with
excess body weight and/or abdominal obesity (Table 5). The proportion of fibre from the different
meals was similar according the presence or absence of excessive body weight and/or abdominal
obesity in the plausible reporters (Table 5).
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Relating to the fibre food sources, according to the presence or absence of excess body weight
and/or abdominal obesity in the whole sample, we found that fibre from grains, breakfast cereals,
and cereal bars, chocolates, ready-to-eat meals, sauces, and condiments, was higher in individuals
without excess body weight and/or abdominal obesity than those with excess body weight and/or
abdominal obesity, and fibre from vegetables was higher in individuals with excess body weight
and/or abdominal obesity than those subjects without excess body weight and/or abdominal obesity,
but all these differences disappeared when an adjustment for age and PA was performed (Table S5).
Fibre from bread (taking into account sex and after adjusting for the age and PA) was higher in
subjects who had excess body weight and/or abdominal obesity than in those who did not have
this problematic (Table S5). Similarly, after adjusting for the age and the PA, it was observed that the
fibre from the pasta was higher in individuals with excess body weight and/or abdominal obesity
6.65% (SE 0.256%) as opposed to those without it 5.63% (SE 0.358%) (p < 0.05). In contrast, fibre from
fruits (taking into account sex and after adjusting for the age and PA) was higher in subjects without
excess body weight and/or abdominal obesity 19.06% (SE 0.644%) than in subjects with excess body
weight and/or abdominal obesity 15.45% (SE 0.462%) (p < 0.001). However, when analysing the
interaction with sex (Table S5), this result was only observed in men without excess body weight
and/or abdominal obesity 20.12% (SE 0.990%) compared to those with excess body weight and/or
abdominal obesity 13.87% (SE 0.619%) (p < 0.001).

In the plausible reporters, we observed that fibre from the groups of grains and flours, pasta and
juices and nectars was higher in subjects without excess body weight and/or abdominal obesity than
those with excess body weight and/or abdominal obesity, but these differences disappeared when
an adjustment for age and PA was performed (Table S6). Taking into account sex and after adjusting
for age and PA, fibre from fruits was significantly higher in individuals without excess body weight
and/or abdominal obesity 20.2% (SE 1.042%) compared to subjects with excess body weight and/or
abdominal obesity 16.9% (1.144%) (p < 0.05). Conversely, the fibre from ready-to-eat-meals was higher
in those subjects with excess body weight and/or abdominal obesity 6.41 (SE 0.558%) than those
without excess body weight and/or abdominal obesity 3.81% (SE 0.508%) (p < 0.01).

4. Discussion

The present study provides updated information on fibre intake and dietary sources and their
association with the condition of excess body weight and abdominal obesity in a representative sample
of the Spanish adult population. It is highlighted the ANIBES is the first national diet and nutrition
survey in Spain that has taken into account the plausible reporters in the analysis of the data, based on
well-harmonised procedures [33,34].

A great proportion of participants of the whole sample and of the plausible reporters had OW
or OB, which is in concordance with other studies performed in the Spanish population [40,41].
Nonetheless, it is highlighted the prevalence of OW or OB was lower in the plausible reporters in
comparison with the whole sample. When comparing our results with the FANPE study (carried out
in 2009 on a representative sample of the Spanish population), we found that the combined prevalence
of OW and OB of the study (47.80%) was lower than that observed in our study in the whole sample
(55.70%) and higher than that observed in the plausible reporters (32.80%) [41], while the combined
prevalence observed in the ENPE study, conducted in 2014–2015, also in Spain, was higher (60.9%)
than that observed in the present study both in the whole sample and in the plausible reporters [40].

Some studies have indicated that the WHtR is a better predictor of metabolic syndrome or
cardiovascular disease and mortality than the WC or BMI [21,23]. Possibly, the most important
advantage of using the WHtR resides in the fact that this ratio takes into account the height of
the subject, which avoids the overestimation or underestimation of individuals who have a high
or low height [21,23,42]. In our study, the mean WHtR in the whole sample was 0.52 (SD 0.08)
and 0.49 (SD 0.07) in the plausible reporters. These values are in line to those indicated by the
FANPE and ENPE studies [40,43]. Using this parameter, 58.4% of the whole sample and 39.30%
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of the plausible reporters had abdominal obesity, lower than those indicated in the DARIOS Study
(conducted in 2013 in Spanish population), in which 89% of men and 77% of women had abdominal
obesity [44]. Moreover, when the presence of excess body weight and/or the presence of abdominal
obesity were examined, it was found that 63.93% of the whole sample and 42.70% of the plausible
reporters had one or both of these problems.

Furthermore, we found that a high proportion of the studied population was sedentary, which has
been already discussed in detail in a previous paper [45].

The mean dietary fibre intakes (raw, adjusted by energy intake and expressed in grams per
1000 kcal per day) both in the whole sample and in the plausible reporters were very similar and were
lower in comparison with the observed in other studies performed in population with similar ages
and characteristics [14,15,46,47]. When comparing the results of our study with those observed by the
ENIDE study (carried out in a representative sample of the Spanish population aged 18 to 64 years
in 2011), the fibre intake of the participants of our study was lower than the results of such study
(men: 20.94 (SD 11.38) g/day and women: 18.85 (SD 10.06) g/day) [14]. Likewise, the mean fibre
intakes shown in other study also performed in Spain 20.2 (SD 7.8) g/day and in a study carried
out in Irish population 25.7 (SD 8.1) g/day were higher than that observed in our study [15,46].
However, our results were more similar to those observed in the National Health and Nutrition
Examination Survey (NHANES 2009–2010) performed in United States adults aged 19 years and older
where the fibre intake was 17.0 g/day [47].

The mean intake of fibre (raw) both in men and women was below the adequate intake established
by the EFSA and IOM [29,30] in the whole sample and in the plausible reporters. This situation was
close to the results shown in various studies performing in similar population [14,46,48,49].

We observed only in the whole sample that the fibre intake after adjusting for energy intake
and the fibre per 1000 kcal per day were significantly higher in women than in men. This may be
explained because women are usually more concerned about following healthy eating habits and tend
to include more healthy foods in their diet compared to men [50]. The analysis of the source of daily
fibre intake depending on the different meals throughout the day, revealed that nearly half came from
lunch (47.46% and 42.98%) and almost a third from dinner (28.39% and 27.61%) in the whole sample
and plausible reporters, respectively. It is noteworthy that the fibre from breakfast was too low in the
whole sample (13.04%) and in the plausible reporters (14.27%). The number of frequency of meals per
day, including snacks, has been positively related to the intake of various nutrients including the fibre
intake [51]. In our study, the mid-morning and afternoon snacks provided the 11.08% and the 15.13%
of the daily fibre in the whole sample and in the plausible reporters, respectively. In contrast to our
results, the 2001–2010 NHANES study observed that most of the daily fibre came from dinner (37% for
adults 19–50 years) [52]. Furthermore, the pattern of fibre intake from the different meals of the day
differs according to sex. The proportion of fibre from breakfast and afternoon snacks was higher in
women and from dinner in men only in the whole sample. These differences in the pattern of fibre
intake are probably due to the differences in the food choices made by the subjects at each meal of the
day [52]. A better contribution of fibre from breakfast or afternoon snack, with respect to other meals,
could help to reduce appetite and food intake at subsequent meals [6,9]. This could be related to the
better situation observed in women compared to men in connection with the presence of excess body
weight and abdominal obesity described in a previous paper in more detail for the ANIBES Spanish
adult population [53].

Regarding dietary sources of fibre, the main sources in the studied sample were grains, followed
by vegetables, fruits, and pulses and were very similar in both studied samples. Similar food groups
were identified as the major contributors in the Belgian population [49]. Unlike our study, the
main sources of fibre in the ENIDE study were fruits (30%), followed by legumes and nuts (26%),
cereals (22%), and vegetables (14%) [14]. Differences were also observed when compared to the results
of the 2001–2010 NHANES study, where it was observed that the main sources were the vegetables,
followed by cereals and fruits [52].
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Some studies performed on populations from the United States [5], the Netherlands [4],
and Spain [54] have observed an inverse association between fibre intake and BMI. In accordance with
this, in our study, taking into account sex, and after adjusting for the age and physical activity of the
participants, fibre intake (raw, adjusted by energy intake and expressed as grams per 1000 kcal per day)
was different according to the BMI only in the whole sample. Participants with NW had a significantly
higher intake of fibre (raw and expressed as grams per 1000 kcal per day) than those subjects with
OW or OB. However, the differences on fibre intake adjusted by the energy intake only were observed
in the male sex, where men with NW had a greater intake than those who had OW or OB, which is
consistent with what is stated in the study conducted in the Dutch population, where they have found
an inverse association between fibre intake and BMI only in men [4]. Moreover, the pattern of fibre
intake in the different meals during the day varied depending on the body weight situation only in the
whole sample. Specifically, we found that the percentage of fibre that comes from the afternoon snack
was higher in individuals with NW than those with OW or OB, while the fibre from dinner was higher
in individuals who had OB than those who had OW. The difference found regarding the contribution
of fibre from the afternoon snack according to BMI, as previously mentioned, could be related, on the
one hand, to the fact that a higher fibre content may favour a reduced appetite which, in turn, can help
to take in less food at subsequent meals, in this case during dinner, thus balancing the daily energy
intake [6,9]. On the other hand, this also could be explained due to an afternoon snack that contains a
higher amount of fibre, which could also include healthier foods with a lower content of energy or fat.

An inverse relation between dietary fibre from cereals and fruits and body weight gain has
been described in a study performed in male adults (40–75 years old) from the United States [55].
Although the fibre from grains was the most important fibre food source in the present study, there were
no significant differences according to BMI in the whole sample. Conversely, we found that the intake
of fibre coming from fruits was higher in men with NW compared to those who had OW or OB in
the whole sample. These differences may be explained due to fruits that are rich in soluble fibre,
which may help control appetite, or because people who consume fruits and vegetables regularly also
tend to have a healthier lifestyle [9,49].

We only observed in the men of the group of plausible reporters that fibre from pasta was higher
in those with UW than in those with NW or OW. This may be due to subjects who have an excessive
body weight try to control their weight by the reduction of carbohydrates of the diet reducing the
intake of this type of food.

When the data were analysed according to the presence or absence of abdominal obesity using
the WHtR, we found that the intake of fibre (raw, adjusted by energy intake and express per 1000 kcal
per day) only in the whole sample was higher in those subjects without abdominal obesity. In this
manner, it becomes clear that the fibre intake may help to avoid the appearance of abdominal obesity,
which has also been described in a study performed in Chinese adults that observed subjects with a
lower WHtR had a higher fibre intake [56].

On the other hand, the pattern of fibre intake in the different meals during the day varied
depending on the presence or absence of abdominal obesity only in the whole sample. The proportion
of fibre from lunch was higher in the participants with abdominal obesity compared to their normal
counterparts, which could be due to the style of eating in Spain, since in general, lunch is characterized
by the presence of an abundant amount of foods like cereals, pulses and vegetables that provide a
great amount of fibre, respect to other meals of the day. This type of lunch is largely respected by the
general population regardless of individual food habits. However, in relation to the snack and dinner,
in Spain is observed that there is a much more marked difference in the composition depending on
the food habits of each person. On the other hand, the proportion of fibre from afternoon snacks was
higher in individuals without abdominal obesity than in those who had this problem. This finding
suggests that a higher intake of fibre in the afternoon could have a beneficial effect in relation to the
abdominal accumulation of body fat and not only with respect to the body weight situation described
previously. Nevertheless, further studies are needed to clarify this aspect.
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Some studies have indicated that the consumption of whole grain foods seems to have benefits
regarding weight control and abdominal adiposity, emphasizing that the consumption of whole grain
products seems to have not promote weight gain, while refined-grain products are directly associated
with the excess of weight and abdominal fat [7,57]. In our study, the contribution to the intake of
fibre from bread and pasta was higher only in subjects with abdominal obesity of the whole sample.
However, the information about the type of bread or pasta consumed by the population was not
available in our study. Moreover, various studies have found an inverse association between dietary
fibre from fruits and the WC, insulin resistance, and metabolic syndrome [58–60]. In line with this,
in our study, the fibre from fruits was higher only in men of the whole sample without abdominal
obesity than in those with this problem. This difference, as previously noted, could be explained
because of the beneficial effect of soluble fibre on the reduction of the appetite or due to a healthier
lifestyle [9,49]. A similar trend was also observed in relation to the group of sugars and sweets and,
in particular, with the subgroup of chocolates. However, because the food groups disaggregated by
food items have not been analysed, it was not possible to give an explanation. However, it is assumed
that this difference may be due to participants without abdominal obesity selecting and consuming
some type of chocolate or similar healthier product with a higher content of fibre, unlike the group
who has abdominal obesity.

We only observed in the group of plausible reporters that fibre from ready-to-eat-meals was higher
in individuals with abdominal obesity compared to subjects without abdominal obesity, which is
according with following an unhealthy diet rich in ready-to-eat-meals, which is common in individuals
with obesity.

Likewise, when analysing the excess body weight and abdominal obesity individually, it was
confirmed that there was a greater fibre intake in subjects without excess body weight and abdominal
obesity compared with those who had one or two of these problems only in the whole sample.

It is noted that the fibre from the afternoon snack seems to play a major role in the body weight
situation and abdominal obesity. Even when considering the presence or absence of both problems in
the same individual, we also found that those subjects in the whole sample with excess body weight
or abdominal obesity had a lower proportion of fibre from the afternoon snack and higher from
lunch than their counterparts. This suggests that, probably, the meal of the day in which the fibre is
consumed is of relevance to obtaining the benefits of the fibre in relation to excess body weight or
abdominal obesity.

In relation to the dietary fibre sources according to the excess body weight and/or abdominal
obesity, we found a consistent tendency when the sources were analysed according to the excess
body weight and abdominal obesity separately. A higher proportion of fibre from bread and pasta
(in men and woman), and less from fruit (only in men), is associated with excess body weight and/or
abdominal obesity in comparison with subjects with NW and without abdominal obesity.

As in the whole sample, in the plausible reporters we also observed that fibre from fruits was
significantly higher in individuals without excess body weight and/or abdominal obesity compared
to subjects with excess body weight and/or abdominal obesity. However, only in the plausible
reporters, the fibre from ready-to-eat-meals was higher in those subjects with excess body weight
and/or abdominal obesity than those without excess body weight and/or abdominal obesity, which is
consistent with the results when the fibre dietary sources were analysed according to the presence or
absence of abdominal obesity individually.

A limitation of our study was the inability to analyse the types of fibre (soluble and insoluble) and
the food groups disaggregated by food items, since such information was not available. Nonetheless,
this did not represent an impediment to achieve the aim of our work that was to study the intake
and dietary food sources of fibre and analyse the differences in the fibre intake between people
with different body weight situations, and with or without abdominal obesity. In contrast, the main
strengths of our study include the methodological design used in the ANIBES study, such as the
fact that all anthropometric data were measured and they were not self-reported by the participants,
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which improves the validity of the study, and the possibility of extrapolating our results to the Spanish
population because it was conducted in a representative sample. It is important to highlight that this
is the first Spanish study at national level that analyses the data for the whole population and the
plausible reporters.

The findings regarding the association between diet and the health outcomes analysed in the
present study should be interpreted with caution given the discrepancy observed between both
samples. Further studies considering different methods to address misreporting are needed to confirm
the association between the fibre intake and the excess body weight and/or abdominal obesity. At the
same time, the information derived from our study can be useful in designing nutrition intervention
strategies to increase the intake of fibre in our country that it was low both in the whole sample and in
the plausible reporters, which in turn could prevent and control some health problems such as excess
body weight and abdominal obesity.

5. Conclusions

The present study demonstrates an insufficient fibre intake among the Spanish adult population,
both in the whole sample and in the plausible reporters. The main dietary sources were grains, followed
by vegetables, fruits, and pulses for both samples. This study observed an association between the fibre
intake and excess body weight and abdominal obesity in the whole sample but not in the plausible
reporters. Further studies are needed to confirm the association between the fibre intake and the excess
body weight and/or abdominal obesity. Nonetheless, it is advisable to increase the intake of foods rich
in fibre in order to prevent diseases related with a low intake.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/9/04/325/s1,
Table S1: Dietary food sources of total fibre (%) in the whole sample of the ANIBES study of the Spanish adult
population (18–64 years) by body mass index., Table S2: Dietary food sources of total fibre (%) in the plausible
reporters of the ANIBES study of the Spanish adult population (18–64 years) by body mass index, Table S3: Dietary
food sources of total fibre (%) in the whole sample of the ANIBES Study Spanish adult population (18–64 years)
by the presence or absence of abdominal obesity using the waist to height ratio, Table S4: Dietary food sources
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fibre (%) in the whole sample of the ANIBES study of the Spanish adult population (18–64 years) by the presence
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Abstract: Background: Viscous dietary fibers including oat β-glucan are one of the most effective
classes of functional food ingredients for reducing postprandial blood glucose. The mechanism
of action is thought to be via an increase in viscosity of the stomach contents that delays gastric
emptying and reduces mixing of food with digestive enzymes, which, in turn, retards glucose
absorption. Previous studies suggest that taking viscous fibers separate from a meal may not be
effective in reducing postprandial glycemia. Methods: We aimed to re-assess the effect of consuming
a preload of a commercially available oat-bran (4.5, 13.6 or 27.3 g) containing 22% of high molecular
weight oat β-glucan (O22 (OatWell®22)) mixed in water before a test-meal of white bread on glycemic
responses in 10 healthy humans. Results: We found a significant effect of dose on blood glucose area
under the curve (AUC) (p = 0.006) with AUC after 27.3 g of O22 being significantly lower than white
bread only. Linear regression analysis showed that each gram of oat β-glucan reduced glucose AUC
by 4.35% ± 1.20% (r = 0.507, p = 0.0008, n = 40) and peak rise by 6.57% ± 1.49% (r = 0.582, p < 0.0001).
Conclusion: These data suggest the use of oat bran as nutritional preload strategy in the management
of postprandial glycemia.

Keywords: postprandial glycemia; dietary fibre; blood glucose; type 2 diabetes mellitus; preload

1. Introduction

In current obesogenic societies with many people having mild or moderate hyperglycemia,
postprandial blood glucose patterns account for the majority of variability of overall glycemic
control [1,2]. This is not surprising considering that most individuals spend perhaps only about
three to four hours before breakfast in a truly fasted state [1,3]. Dietary means to lower postprandial
glycemic responses are, thus, urgently needed for the prevention of Type 2 Diabetes mellitus (T2DM).
Viscous dietary fibers including high molecular weight (HMW) oat β-glucan are one of the most
effective classes of functional food ingredients for reducing postprandial glucose [4]. The mechanism of
action is thought to be their ability to increase the viscosity of the contents of the upper gastrointestinal
(GI) tract and, hence, slow gastric emptying (GE) [5]. The rate of GE has a substantial impact on
postprandial glycemia by determining glucose absorption and incretin hormone secretion [6,7].
In addition, an increase in viscosity of GI contents reduces the rate of digestion of starch by pancreatic
amylase and the rate of absorption of glucose in the small intestine by increasing the thickness of the
unstirred water layer [5].

Previous studies suggest that taking viscous fibers separate from a main meal may not be
effective in reducing postprandial glycemia [8,9]. One potential solution to this problem may be
to consume, before eating, a fiber “preload”, which develops viscosity slowly, so that it can be
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consumed in a palatable form, and remains liquid in the stomach long enough to be able to mix
effectively with the main meal, but becomes viscous by the time the stomach starts to empty the meal.
OatWell®22 (O22) is a commercially available oat-bran including 44% dietary fiber and 22% HMW
oat β-glucan, which forms a palatable drink when mixed with water and which becomes viscous
after several minutes. Therefore, we evaluated the dose-response effect of O22 mixed in water and
consumed before a white bread meal on glycemic responses in healthy humans.

2. Subjects and Methods

2.1. Subjects

Ten healthy normal-weight, overweight and obese subjects (5 male/5 female, mean age (years):
48.0 ± 15.3 (range 22–65), BMI (kg/m2): 29.5 ± 4.4 (range 23.2–36.9)) were studied using an open-label,
randomized block design. The study was performed according to accepted standards and the
Declaration of Helsinki. Ethical approval was obtained from the Western Institutional Review
Board, and the study was registered as a clinical trial with clinical trials.gov (registration number
NCT02801916). Written informed consent was obtained from all participants.

2.2. Study Outline

Each subject underwent 4 treatments on separate days, with each subject performing up to 3 tests
per week separated by at least one day. On each test day, subjects came to the laboratory in the
morning after a 10–14 h overnight fast. Two fasting blood samples (t = −5 min and t = 0 min) were
obtained by finger-prick. After the first fasting blood sample, subjects consumed a preload consisting
of 200 mL water either alone or mixed with 4.5, 13.6 or 27.3 g of O22 containing 0.9, 2.6, and 5.3 g of
oat β-glucan, respectively (DSM Nutritional Products, Table 1). After the second fasting blood sample
(t = 0 min), subjects were asked to consume a test meal consisting of a portion (119 g) of white bread
containing 50 g available carbohydrate (Table 1). The time taken to consume the bread was between
7 and 12 min. Further blood samples were obtained at 15, 30, 45, 60, 90 and 120 min after meal onset.
Subjects remained seated quietly during the 2 h of the test. After the last blood sample was obtained,
subjects were offered a snack and then permitted to leave.

Table 1. Nutrient content of test meal ingredients.

Test Meal Energy (kcal) Weight (g) Protein (g) Fat (g) tCHO 1 (g)
Fibre (g)

avCHO 1 (g)
Total β-Glucan

White Bread 1 245 119 9.0 1.0 52.6 2.6 0 50.0

OatWell®22 2
13.1 4.5 1.0 0.2 3.0 2.2 0.9 0.8
39.7 13.6 3.1 0.6 8.8 6.5 2.6 2.3
79.7 27.3 6.2 1.1 17.7 13.1 5.3 4.6

1 Baked at Glycemic Index Laboratories using an automatic bread maker; values represent the mean of
5 proximate analyses performed by Gelda Scientific, Mississauga, ON, Canada; 2 Nutritional analysis,
including β-glucan content, was performed by SGS Institute Fresenius GmbH, Im Maisel, Taunusstein, Germany.

2.3. Measurements

After consuming the test meal, subjects rated the palatability of the test meal using a visual
analogue scale consisting of a 100-mm line anchored at the left end by “very unpalatable” and at the
right end by “very palatable”. Subjects made a vertical mark along the line to indicate their perceived
palatability. The distance from the left end of the line to the mark made by the subject is the palatability
rating; the higher the value, the higher the perceived palatability.

Blood samples (2–3 drops each) were collected into 5 mL tubes containing ~500 μg sodium
fluoride and 400 μg potassium oxalate. The samples were mixed and refrigerated immediately during
the testing session. After completion of the test session, samples were stored at −20 ◦C prior to glucose
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analysis. Blood glucose analysis, using a YSI (Yellow Spring Instruments, Yellow Springs, OH, USA)
analyzer, took place within five days of collection.

2.4. Data and Statistical Analysis

The primary endpoint was incremental area under the blood glucose curve (AUC) which was
calculated using the trapezoid rule, ignoring area beneath the baseline. Baseline blood glucose was
calculated as mean of values obtained at t = −5 min and t = 0 min. AUC and peak rise were
analyzed using repeated-measures analysis of variance (RMANOVA) examining for the main effects
of treatment dose. In case of significant heterogeneity, differences among different doses were tested
using Tukey’s test to adjust for multiple comparisons. AUC and peak rises for each dose of O22 were
expressed relative to the AUC or peak rise after the test of white bread alone taken by the same subject.
The glycemic response of 1 subject with a relative response after the 13.6 g dose of 2.55 × SD above
the mean was considered to be an outlier and the data removed; the values were replaced using
a procedure described by Snedecor and Cochran [10], and the error degrees of freedom in RMANOVA
reduced by one. Blood glucose concentrations at each time were subjected to RMANOVA examining
for the main effects of time and treatment and the time × treatment interaction; after demonstrating
a highly significant time × treatment interaction (p = 1.2 × 10−17), blood glucose concentrations
at each time were subjected to RMANOVA followed by Tukey’s test, as described above for AUC.
Differences were considered to be statistically significant if 2-tailed p < 0.05.

3. Results

There were significant differences in blood glucose concentration among doses at 15 (p = 0.0015),
30 (p < 0.0001), 45 (p = 0.0003) and 120 min (p = 0.0004). At 15 min, blood glucose concentration after
27.3 g was significantly lower than those after 0 g and 4.5 g. At 30 min, blood glucose after the 27.3 g
dose was significantly lower than after 13.6 g, which, in turn, was significantly lower than the 0 and
4.5 g doses. At 45 min blood glucose concentration after 27.3 g of O22 was significantly lower than
those after the 0, 4.5 and 13.6 g doses. At 120 min, blood glucose after 27.3 g of O22 was significantly
higher than that after the 0 and 4.5 g doses (Figure 1A). There was a significant effect of dose on blood
glucose AUC (p = 0.006) with AUC after 27.3 g of O22 (141 ± 21 mmol × min/L) being significantly
lower than both the 4.5 g and 0 g doses (174 ± 1 7 and 185 ± 18 mmol × min/L, respectively) and the
AUC after 13.6 g being intermediate (167 ± 19 mmol × min/L). When AUC was expressed relative
to that of bread alone, the relative responses for the 4.5, 13.6 and 27.3 g doses of O22, respectively,
were 95.0% ± 4.1%, 90.3% ± 4.7% and 76.3% ± 7.7% with the only significant reduction being seen
with the highest dose. However, linear regression analysis showed that each gram of oat β-glucan
reduced glucose AUC by 4.35% ± 1.20% (r = 0.507, p = 0.0008, n = 40; Figure 1B). There was also
a significant effect of dose for blood glucose peak rise (p < 0.0001) with the peak rise after 27.3 g
of O22, 1.96 ± 0.29 mmol/L, being significantly lower than that after all the other doses (3.07 ± 0.25,
2.83 ± 0.30 and 2.72 ± 0.30 g for the 0, 4.5 and 13.6 g doses of O22, respectively). When peak rise was
expressed relative to that for bread alone, the relative responses for the 4.5, 13.6 and 27.3 g doses of O22,
respectively, were 92.5% ± 6.8%, 88.5% ± 7.2% and 63.8% ± 7.1% with the only significant reduction
being seen with the highest dose. However, linear regression analysis showed that each gram of oat
β-glucan reduced glucose peak rise by 6.57% ± 1.49% (r = 0.582, p < 0.0001, n = 40; Figure 1C).

There was a significant main effect of dose on palatability, with all 3 doses of O22 rated as being
less palatable than white bread alone (palatability in mm: 71 ± 7 for white bread alone; 38 ± 9 for
4.5 g O22; 33 ± 10 for 13.6 g O22; 31 ± 9 for 27.3 g O22; p = 0.0003). Although palatability tended to
decrease as the dose increased, this difference was not significant. There was no significant relationship
between palatability and glucose AUC (expressed as % of that after white bread) for 4.5 g (r = 0.439,
p = 0.20, n = 10), 13.6 g (r = 0.502, p = 0.14, n = 10) or 27.3 g (r = 0.398, p = 0.25, n = 10) doses of O22.

No adverse effects were observed.
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Figure 1. Panel (A): Blood glucose concentrations after taking 0, 4.5, 13.6 and 27.3 g, respectively,
of OatWell®22 (O22-0, O22-4.5, O22-13.6 and O22-27.3) at −5 min followed by 50 g available
carbohydrate from white bread at 0 min. Values are means ± SEM for n = 10 subjects. a–c Means at
the same time containing different letters within the superscripts differ significantly by Tukey’s test
p < 0.05; (B,C): Percentage reduction from control in incremental areas under the curve (AUC); (B) and
peak rise in blood glucose; (C) after taking 0, 4.5, 13.6 and 27.3 g of OatWell®22 (containing 0, 0.9,
2.6 and 5.3 g oat β-glucan, respectively) at −5 min followed by 50 g available carbohydrate from white
bread at 0 min. Values are means ± 95% confidence interval for n = 9 or 10 subjects (after excluding
outlying values).

4. Discussion

We demonstrated that consuming a commercially available oat-bran containing 22% of HMW
oat β-glucan mixed in water before a white bread meal significantly lowers postprandial glycemia
in a dose dependent manner with 27.3 g of O22 being significantly lower than white bread only.
Linear regression analysis, in addition, showed that each gram of oat β-glucan reduced glucose
AUC by ~4% and peak rise by ~7%. Given that the magnitude of this reduction would be similar in
patients with T2DM, these data may have considerable implications for nutritional strategies in the
management of diabetes, however, this concept warrants further investigation. The mechanism of
action of oat beta-glucan to reduce postprandial glycemia is well established. In their native form,
oat beta-glucan consists of very high molecular weight polysaccharides that exhibit high viscosities at
low concentrations [11]. An increase in viscosity of a meal bolus in the stomach delays gastric emptying
and reduces mixing of food with digestive enzymes. This retards absorption of glucose making oat
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β-glucan one of the most effective classes of functional food ingredients to reduce postprandial blood
glucose and insulin responses [4,5].

Previous studies have suggested that taking viscous fibers, such as psyllium or guar gum,
separate from a main meal may not be effective in reducing postprandial glycemia [12,13]. In contrast,
the concept of a “preload” that refers to administration of a small load of nutrient at a fixed interval
before a main meal to lower postprandial blood glucose via the slowing of GE has been confirmed
several times [14–16]. While in the classical sense of the preload concept, the slowing of GE is related
primarily to a nutrient-induced neuroendocrine feedback [14–16], the present findings suggest that the
preload concept also applies to fibers such as oat beta-glucan that delay GE via increases in meal bolus
viscosity. It requires consideration, however, that the oat bran also contained about 20% protein that
may have contributed to the slowing of GE via neuroendocrine feedbacks. In addition, the protein
may have lowered postprandial blood glucose independently of the preload effect because a reduction
in postprandial blood glucose was observed also in studies with protein ingested simultaneously
with carbohydrate-rich meals [17]. The discrepancy between the current results and those of previous
investigations mentioned above suggests that proper control of method of administration of the preload
such as timing (i.e., interval between preload administration and meal onset) and the physicochemical
properties of the fiber at meal onset, as well as other macronutritional components, are important.
Ideally the fiber preload remains liquid in the stomach long enough to be able to mix effectively with
the meal, but becomes viscous by the time the stomach starts to empty the meal.

The present results are in line with the health claim that has previously been evaluated by the
European Food Safety Authority (EFSA) and authorized by the European commission for β-glucans
from oats and barley and reduction of postprandial glycemia [18]. The conditions of use state that in
order to obtain the claimed effect, 4 g of beta-glucans for each 30 g of available carbohydrates should
be consumed per meal. Our results further indicate that lower doses of HMW oat β-glucan may be
sufficient to impact postprandial glycemia when consumed in a suitable manner (e.g., several smaller
doses/day, correct timing/preload paradigm). This approach is in line with a recent systematic review
by Tosh et al. [4], including 119 treatments from 34 publications that finds that the efficacy of oat
and barley β-glucan in lowering postprandial blood glucose is more strongly related to β-glucan
content alone than to the ratio of β-glucan/available carbohydrate. In addition, when authors actually
calculated a ratio, 4 g of β-glucan per meal were found to be sufficient to reduce post-prandial blood
glucose in a clinical relevant amount for meals with up to 80 g of available carbohydrate.

A limitation of this pilot trial that requires consideration is that it was not powered to detect
small differences seen with the lower doses used here (i.e., 4.5 and 13.6 g). We only found a significant
effect with 27.3 g of O22, however, the results show that the expected reduction in AUC and peak
rise for the 13.6 g dose were 11.3% and 17.1%, respectively. Therefore, based on the results of this
study, 27 subjects would be required to have 80% power to detect an 11.3% reduction in AUC and
14 subjects to detect a 17.1% reduction in peak rise. The additional energy intake associated with an oat
bran preload should also be considered if using such a strategy over the long term, althoughsubjects
usually tend to compensateat least in part, for extra energy by eating less at a subsequent ad libitum
meal. There is good evidence for particularly viscous fibers to reduce appetite and eating. For example,
a recent systematic review including 58 original studies by Wanders et al. [19] reports a reduction in
appetite perception by 7.4% over a 4 h time interval when dietary fiber is added as part of a preload.
Similarly, a recent meta-analysis including 6 human studies shows that polydextrose fiber as part
of a mid-morning preload reduces energy intake at a subsequent ad libitum meal at lunch time by
12.5% [20]. Finally, there is evidence from epidemiological studies that show associations between
high fiber intakes and weight loss [21,22].

In conclusion, consuming O22 mixed in water before a meal reduces glycemic response
in a dose-dependent manner with each gram of oat β-glucan reducing glucose AUC by
about 4%. This suggests the use of O22 as a nutritional preload strategy in the management of
postprandial glycemia.
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Abstract: Higher fibre intakes are associated with risk reduction for chronic diseases. This study
investigated the effects of supplementation with PolyGlycopleX® (PGX), a complexed polysaccharide,
on insulin, glucose and lipids in overweight and obese individuals. In this double-blind 12 months
study, participants were randomised into three groups: control (rice flour); PGX or psyllium (PSY).
Participants followed their usual lifestyle and diet but consumed 5 g of their supplement before meals.
Insulin was significantly lower in the PGX and PSY groups compared to control at 3 and 6 months
and in the PSY group compared to control at 12 months. Serum glucose was significantly lower in the
PGX group at 3 months compared to control. Total cholesterol was significantly lower in the PGX and
PSY groups compared to control at 3 and 6 months. High density lipoprotein (HDL) cholesterol was
significantly increased in the PGX group compared to control at 12 months. low density lipoprotein
(LDL) cholesterol was significantly lower in the PGX group at 3 and 6 months compared to control
and in the PSY group at 3 months compared to control. A simple strategy of fibre supplementation
may offer an effective solution to glucose, insulin and lipid management without the need for other
nutrient modification.

Keywords: obesity; PGX; psyllium; cholesterol; insulin

1. Introduction

Previous studies have consistently shown that higher fibre intakes are correlated with lower body
weight, body mass index (BMI), waist circumference [1,2] and improved plasma lipid profiles [3–12],
glycaemia and insulinaemia [13], indicating benefits and risk reduction for metabolic syndrome,
cardiovascular disease (CVD) and type 2 diabetes.

While the benefits of a high fibre diet are well known, increasing fruit and vegetable intake to
meet the recommended intake of fibre is difficult for many [14]. Present estimations of dietary fibre
intake in Australian, Canadian, European and American adults is approximately 15–25 g/day [3,15],
which is below the current recommendations for adults in Australia, Canada, Europe and the USA
of 25–30 g/day [16]. Therefore, fibre supplements can provide a cost effective and easy alternative
method for increasing the fibre content of a diet without the need for other major nutrient modifications.

PolyGlycopleX (PGX) has been shown to have lipid lowering effects in healthy subjects [17]
as well as in overweight and obese adults [18]. In a clinical trial with healthy subjects, 25 males
and 29 females, mean age of 31.6 ± 10.5 years entered the study [17] and consumed 2.5 g of PGX
twice a day as part of two main meals (breakfast and/or lunch, and/or dinner) for the first seven
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days, followed by 5 g PGX for the last 14 days of the study. The control product was a skimmed
milk powder. PGX’s effects on decreasing total and low density lipoprotein (LDL) cholesterol levels
in the study concur with similar reports in the literature [19]. Studies are required to investigate if
these benefits are sustainable over a longer duration and also in those who are overweight/obese.
Another study with 29 overweight and obese adults, ages 20–65 with a BMI between 25–36 kg/m2,
consuming 5 g of PGX in 500 mL of water 5–10 min before each meal, 2–3 times a day for 14 days
showed a significant reduction of total cholesterol (TC) and LDL levels of 19% and 25% respectively,
compared to baseline [18]. However, the supplement was combined with advice for healthy eating,
weight loss and exercise so it is difficult to evaluate the effect of the fibre alone on lipids. This was not
a randomised controlled trial as there was no control group in this study. Recent human studies have
shown that the addition of 2.5 to 5 g of PGX with a meal is highly effective in reducing postprandial
glycaemia, lowering the glycaemic index of food [20] and modifying satiety hormones in healthy
adults [21]. However, these studies have some limitations; they were acute or short term, mostly
conducted in healthy, normal weight participants or combined with lifestyle changes.

Psyllium has been evaluated in various human studies for effects on glucose and insulin
homeostasis, body weight, body composition and appetite as well as lipids and lipoproteins [22–30].
Psyllium was reviewed in 2012 for its effect on metabolic syndrome [31]. The authors concluded
that “Collectively, research to date does support the notion that the consumption of psyllium may
provide benefits to many components of the metabolic syndrome”. Psyllium fibre decreased fat
absorption in overweight and obese men, but had no effect on postprandial glucose and insulin
concentrations [32]. In another study, simply adding a psyllium fibre supplement to a normal diet
(10.2 g/day) was sufficient to see improvements in TC and LDL cholesterol but not fasting glucose
or insulin concentrations when compared to the control group [22]. However, a meta-analysis [33]
found that in type 2 diabetes patients, psyllium fibre significantly improved fasting blood glucose,
proportional to loss of glycaemic control.

Apart from these few studies, limited research is available on the effect of PGX fibre on blood
insulin, glucose and lipids. Randomised controlled clinical trials are required to verify whether PGX
can be used for improving insulin, glucose and lipids in the long term and whether this fibre type is
better than other soluble fibres, such as psyllium. Therefore the aim of this study was to investigate
the effect of PGX on insulin, glucose and lipid concentrations. Given the effect of PGX on total and
LDL cholesterol in healthy weight participants and its considerably higher viscosity, we hypothesise
that PGX will have a greater health outcome than psyllium in overweight and obese individuals.

2. Materials and Methods

2.1. Subjects

Overweight and obese individuals with a body mass index (BMI) between 25–47 kg/m2 and aged
between 19 and 68 years, were recruited from the community in Perth, Australia (via newspaper and
radio). Potential participants were screened by telephone or online questionnaire and attended Curtin
University to assess suitability for the study, at which time the details of the study were explained.
Exclusion criteria included smoking, lipid lowering medication, use of steroids and other agents
that may influence lipid metabolism, use of warfarin, diabetes mellitus, hypo- and hyperthyroidism,
cardiovascular events within the last 6 months, psychological unsuitability, major systemic diseases,
gastrointestinal problems, proteinuria, liver, renal failure, weight fluctuations over the past 6
months, vegetarianism and participation in any other clinical trials within the last 6 months.
This study was approved by and conducted in accordance with the ethical standards of Curtin
Human Research Ethics Committee. Written consent was obtained from all participants. ANZCTR
number: ACTRN12611000415909.
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2.2. Study Design

This study is part of a larger trial, which was a randomised, double blind, parallel design
study over a 52 week period. Study participants were randomised by the trial sponsors using a
Web site (http://www.randomization.com) to one of the three groups (three randomly permuted
blocks): the control group who consumed the placebo with their usual diet; the psyllium supplement
group (PSY) who consumed a psyllium supplement with their usual diet and a PGX supplement
group (PGX) who consumed a PGX supplement with their usual diet. Psyllium is a soluble fibre
and PolyGlycopleX (PGX) is a novel, highly viscous functional non-starch polysaccharide complex,
with developing viscosity, manufactured from konjac (glucomannan), sodium alginate and xanthan
gum by a proprietary process (EnviroSimplex®). The fibre supplementation consisted of either 5 g
of psyllium (a proprietary psyllium product with the trade name PgxSyl™) (InovoBiologic, Inc.,
Calgary, AB, Canada) or 5 g of PGX (InovoBiologic, Inc., Calgary, AB, Canada). Placebo consisted of
5 g rice flour. All supplements were artificially sweetened and flavoured. The rice flour provided an
appropriate placebo due to its low energy and fibre content and similarity in texture and appearance
to the psyllium and PGX supplement. Participants were instructed to take either 5 g of the fibre
supplements or placebo, mixed with a minimum of 250 mL water followed by a further 250 mL
water, three times daily, 5–10 min before breakfast, lunch and dinner. Extra water was allowed to
be taken ad libitum during or after the meal if desired and subjects were encouraged to do this.
The supplement packages (control, PGX and psyllium) were from a single batch provided by the
manufacturer, and appeared identical so that the research assistants and participants were blinded
to the type of supplement being consumed. Packages consisted of 5 g doses of the control, PGX or
psyllium and were only marked by the participant ID, with the group allocation only known to the
trial sponsors to ensure blinding. Quantities of rice flour and psyllium were determined by input,
with the amounts weighed and checked by the dispensing and blending department while PGX was
analysed according to USP Monograph FCC9 3rd Sup 2015 [34]. All identifiable information from
participants was coded to ensure privacy.

The subjects attended a briefing session on how to consume the supplement, complete food
records and comply with the study protocol as previously reported [35]. Briefly, the dietary intake
over the course of the trial was monitored through the completion of 3-day food diaries at baseline,
12, 26 and 52 weeks. All participants in the control and the fibre supplement groups were asked to
maintain their usual dietary intake for the duration of the study. To monitor compliance, all participants
were required to complete a diary to record their supplement consumption and asked to return both
the empty and unused sachets of the supplements at their visits.

2.3. Anthropometry and Body Composition

Measures of body weight, height, waist and hip circumference were undertaken at baseline,
3, 6 and 12 months. Body weight (HBF-514, Omron, Kyoto, Japan) was recorded in light clothing
without shoes. Height was measured to the nearest 0.1 cm using a stadiometer without shoes.
Waist circumference was measured in the standing position at the narrowest area between the
lateral lower rib and the iliac crest. Hip measurement was taken at the largest circumference of
the lower abdomen.

2.4. Diet and Physical Activity

Participants completed 3-day food and drink diaries at baseline, 3, 6 and 12 months to monitor
for changes in food intake. Data were analysed with Foodworks 7 Professional (Xyris Software,
Brisbane, Australia), based on data from the AUSNUT database. Participants also completed the
International Physical Activity Questionnaire (IPAQ) at the same time points.
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2.5. Measurements of Lipids, Glucose and Insulin Levels

Participants attended clinical rooms at Curtin University Bentley, after a 10–12 h fast, for baseline
measurements. Fasting blood samples (20 mL) were drawn by venipuncture. The collection of fasting
blood samples was repeated at 3, 6 and 12 months. Serum tubes were allowed to clot and blood samples
were centrifuged at 2500 rpm at 4 ◦C for 10 min using a Hettich Rottina 48R centrifuge. Serum and
plasma were then aliquoted and samples stored at −80 ◦C and analysed after study completion.

Serum triglyceride and total cholesterol was measured by enzymatic colorimetric kits
(TRACE Scientific Ltd., Melbourne, Australia). Serum HDL cholesterol was determined after
precipitation of apoB (apolipoprotein B)-containing lipoproteins with phosphotungstic acid and
MgCl2 (magnesium chloride); the supernatant containing the HDL cholesterol was determined by
enzymatic colorimetry (TRACE Scientific Ltd., Melbourne, Australia). Serum LDL cholesterol was
determined by using the Friedewald equation [36]. Non-esterified fatty acid (NEFA) was determined
using WAKO NEFA C kit (Osaka, Japan). ApoB was analysed using an ELISA kit obtained from
Mabtech AB (Nacka Strand, Stockholm, Sweden).

Plasma glucose concentrations were measured using the Randox glucose GOD-PAP kit
(Antrim, UK), according to the manufacturer’s instructions. Plasma insulin was measured by an
ELISA kit (Alpha Diagnostics International, San Antonio, TX, USA). HOMA2-IR (homeostasis model
assessment of insulin resistance) was used to assess insulin resistance from fasting glucose and insulin
concentrations using a computer model [37].

2.6. Statistical Analysis

A sample size of 24 subjects per group was predicted to provide sufficient power (80%) to detect
a 3% difference in weight before and after treatment within a group. We recruited a total of 53 subjects
per group to accommodate for 50% dropouts. Calculations were based on an average mean weight of
80 kg and a standard deviation of 5% within a group on all eligible subjects. Statistical analysis was
undertaken using SPSS 22 for Windows (SPSS Inc., Chicago, IL, USA). Data were expressed as mean
(±SD or SEM) and assessed for normality to ensure that the assumptions of the analysis were met.
Baseline differences between groups were analysed with one-way ANOVA. The data were analysed
using general linear models with baseline value covariates. If significant between–groups effects were
present, post hoc comparisons between the treatment groups was made using the least significant
difference (LSD) method. Statistical significance was considered at p < 0.05. Intention–to–treat analysis
was also carried out with missing data replaced with the last observation carried forward.

3. Results

3.1. Participants

The 159 participants (19 to 68 years) who met the eligibility criteria were randomised to one of
three groups (Control, PSY, PGX) by assignment of an ID number and the corresponding numbered
supplement. Participant flow through the study can be seen in Figure 1. Although the PGX group had
the highest attrition rate, it was generally due to factors unrelated to the study. A total of 127 participants
(54 male, 73 female) completed at least 3 months of the study and were included in the analysis (45 in
Control (24 male), 43 in PSY (15 male) and 39 in PGX (15 male)). Thirty-two participants withdrew
before 3 months and were excluded from analysis due to non-compliance, unrelated health issues,
minor adverse effects and personal reasons. A total of 108 participants at 6 months (38 in Control, 39 in
PSY and 31 in PGX) and 93 participants at 12 months (32 in Control, 36 in PSY and 25 in PGX) were
analysed. Results for intention–to–treat analysis for the primary outcome variables can be found in
supplementary files.
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Figure 1. Participant flow diagram.

3.2. Baseline Characteristics

There were no significant differences at baseline between groups for major characteristics,
energy intake, fibre intake, lipids, insulin or glucose (Table 1).

Table 1. Baseline characteristics.

Control (n = 45) PSY (n = 43) PGX (n = 39) p

Gender (Male/Female) 24/21 15/28 15/24
Age (year) 49.82 ± 11.75 49.93 ± 11.04 47.87 ± 12.08

Height (cm) 171.68 ± 10.04 169.16 ± 10.52 169.76 ± 10.51
Weight (kg) 94.69 ± 17.05 91.17 ± 14.74 96.24 ± 18.02 0.365

BMI (kg/m2) 32.01 ± 4.2 31.74 ± 3.22 33.25 ± 4.3 0.189
Waist (cm) 103.12 ± 11.02 101.17 ± 9.76 105.97 ± 12.72 0.154
Hip (cm) 112.87 ± 9.04 114.63 ± 8.63 115.71 ± 9.37 0.414

Waist Hip Ratio 0.91 ± 0.08 0.88 ± 0.08 0.92 ± 0.1 0.158
TC (mmol/L) 5 ± 0.85 4.93 ± 1.06 5.02 ± 0.85 0.904

HDL (mmol/L) 1.33 ± 0.37 1.36 ± 0.38 1.28 ± 0.26 0.563
LDL (mmol/L) 3.02 ± 0.87 3.04 ± 0.96 3.2 ± 0.77 0.592
TG (mmol/L) 1.44 ± 1.12 1.18 ± 0.67 1.2 ± 0.56 0.269

Insulin (μIU/mL) 6.11 ± 1.43 5.87 ± 1.64 6.56 ± 1.94 0.172
Glucose (mmol/L) 4.94 ± 0.73 4.79 ± 0.52 4.99 ± 0.56 0.302

Values are mean ± SD. PSY (Psyllium), PGX (PolyGlycopleX), TC (Total Cholesterol), TG (Triglyceride). p values are
differences between groups.
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3.3. Diet

The dietary analysis can be seen in Table 2. When examining differences between groups,
energy intake was significantly lower compared to control at 3 months and 6 months in the PGX and
PSY groups and at 12 months only the PGX group demonstrated significantly lower energy intake
compared to the control. Carbohydrate intake was significantly lower at 3 months and 6 months
in the PGX and PSY groups compared to control. Fat intake and protein intake were significantly
lower compared to control at 3 months in the PGX and PSY groups and at 6 months in the PGX group
compared to control.

Table 2. Dietary intake during 12 months of fibre supplementation.

Variable 3 Months n P 6 Months n P 12 Months n p

Energy (kJ/day)
CTR 9013.1 ± 223.6 a 39 0.641 8803.3 ± 282.9 a 34 0.928 8218 ± 295.4 a 31 0.111
PSY 7272.3 ± 218 b 41 <0.001 7539.2 ± 278.8 b 35 <0.001 7657.1 ± 277.9 a,b 35 0.001
PGX 7556.3 ± 243.1 b 33 0.001 7453.7 ± 323.5 b 26 0.009 7315.3 ± 342.4 b 23 0.012

CHO (g/day)
CTR 212.6 ± 7.7 a 39 0.827 213.4 ± 10 a 34 0.787 200.5 ± 8.4 31 0.212
PSY 181 ± 7.5 b 41 0.002 164.7 ± 9.8 b 35 0.002 183.9 ± 7.9 35 0.015
PGX 175.3 ± 8.4 b 33 0.003 177.2 ± 11.4 b 26 0.032 176.3 ± 9.7 23 0.012

Fat (g/day)
CTR 83.8 ± 3.2 a 39 0.907 82.3 ± 4.3 a 34 0.887 73 ± 4 31 0.066
PSY 66.9 ± 3.1 b 41 <0.001 72.9 ± 4.2 a,b 35 0.147 73 ± 3.8 35 0.070
PGX 72.2 ± 3.4 b 33 0.055 69.1 ± 4.9 b 26 0.047 66 ± 4.7 23 0.020

Total Fibre (g/day)
CTR 24.2 ±1.2 a 39 0.599 22.1 ± 1 a 34 0.790 21.6 ± 1.3 a 31 0.613
PSY 36.4 ± 1.2 b 41 <0.001 35.1 ± 0.9 b 35 <0.001 36.6 ± 1.3 b 35 <0.001
PGX 36.6 ± 1.3 b 33 <0.001 34.1 ± 1.1 b 26 <0.001 36.1 ± 1.6 b 23 <0.001

Values are mean ± SEM with baseline as a covariate. Different letters in superscript represent significant differences
between groups p < 0.05. p Values are within group differences compared to baseline. CHO (carbohydrate),
CTR (control), PGX (PolyGlycopleX), PSY (psyllium).

3.4. Physical Activity

Physical activity levels did not significantly change from baseline within any groups and there
were no significant differences between groups at any time point (Table 3).

Table 3. Physical activity during 12 months of fibre supplementation.

3 Months Mean Change n P 6 Months Mean Change n P 12 Months Mean Change n p

CTR 2802.4 ± 449.3 −130.5 29 0.837 2868.2 ± 454.7 −141.2 32 0.823 3294.5 ± 525.6 415.4 30 0.569

PSY 2933 ± 443.6 620.8 30 0.345 3009.3 ± 433.2 187 35 0.876 2879.1 ± 497.8 609.6 33 0.526

PGX 2181.7 ± 470.6 751.3 27 0.254 2681.1 ± 495.5 328.2 27 0.711 2684.9 ± 619.1 194.3 22 0.886

Values are mean kJ/day ± SEM with baseline as a covariate. Mean change from baseline. p Values are within group
differences compared to baseline.

3.5. Lipids

Total cholesterol was significantly lower in the PGX group at 3 months (−8%, p < 0.001)
and 6 months (−5.1%, p = 0.048) compared to baseline, as shown in Figure 2A. Total cholesterol
was significantly lower in the PSY group at 3 months (−6.5%, p < 0.001) and 6 months
(−4.8%, p = 0.006) compared to baseline. Total cholesterol was significantly lower at 3 months in the
PGX (−8.2%, p < 0.001) and PSY (−7%, p = 0.001) groups and at 6 months in the PGX (−5.5%, p = 0.047)
and PSY (−5.3%, p = 0.042) groups compared to control. There were no significant differences in total
cholesterol between PSY and PGX groups at 3, 6 or 12 months.
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(a) (b)

(c) (d)

(e)

Figure 2. Changes in fasting blood lipids during 12 months of fibre supplementation (a) Total
Cholesterol; (b) high density lipoprotein (HDL); (c) low density lipoprotein (LDL); (d) Triglyceride;
(e) NEFA (non-esterified fatty acid). Values are mean ± 95% CI with baseline as a covariate.
* indicates within group differences compared to baseline. Different letters represent significant
differences between groups p < 0.05.

High density lipoprotein (HDL) cholesterol was significantly lower in the PSY group at 3 months
(−5.5%, p = 0.022) compared to baseline, as shown in Figure 2B. HDL was significantly higher at
12 months in the PGX group (11.5%, p = 0.019) compared to control. There were no significant
differences in HDL between control and PSY or between PSY and PGX groups at 3, 6 or 12 months.

LDL was significantly lower in the PGX group at 3 months (−13.7%, p < 0.001) and 6 months
(−9.1%, p = 0.006) compared to baseline, shown in Figure 2C. LDL cholesterol was significantly lower
in the PSY group at 3 months (−7.8%, p = 0.002) compared to baseline. LDL was significantly lower
compared to control at 3 months in the PGX (−13.9%, p < 0.001) and PSY (−8.1%, p = 0.007) groups
and at 6 months in the PGX (−11%, p = 0.006) group compared to control. There were no significant
differences in LDL between PSY and PGX groups at 3, 6 or 12 months.

Triglyceride was significantly lower in the control group at 6 months (−7.6%, p = 0.033) compared
to baseline (Figure 2D). TG was significantly lower in the PSY group at 6 months (−12.7%, p = 0.023)
compared to baseline.
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Non-esterified fatty acid (NEFA) was significantly lower in the PSY group at 12 months
(−9.5%, p = 0.021) compared to baseline, as shown in Figure 2E. NEFA was significantly higher in the
PGX group at 3 months (15.7%, p = 0.009) compared to baseline. NEFA was significantly higher in the
PGX group compared to control (16.9%, p = 0.027) and PSY (18.2%, p = 0.017) at 3 months. There were
no significant differences in NEFA between control and PSY at 3, 6 or 12 months.

ApoB did not significantly change within any of the study groups. There were no significant
differences in apoB between control, PSY or PGX groups at 3, 6 or 12 months (data not shown).

3.6. Insulin

Insulin was significantly lower in the PGX group at 3 months (−7.6%, p < 0.001) compared to
baseline (Figure 3A). Insulin was significantly lower in the PSY group at 3 months (−5.5%, p = 0.032)
compared to baseline. Insulin was significantly lower compared to control at 3 months in the PGX
(−9%, p = 0.008) and PSY (−9.4%, p = 0.004) groups, at 6 months in PGX (−9.8%, p = 0.038) and PSY
(−9.1%, p = 0.040) groups compared to control and at 12 months in the PSY group (−9.4%, p = 0.029)
compared to control. There were no significant differences in insulin between PSY and PGX groups at
3, 6 or 12 months.

(a) (b)

(c)

Figure 3. Changes in fasting blood parameters during 12 months of fibre supplementation (a) Insulin,
(b) Glucose; (c) HOMA2-IR. Values are mean ± 95% CI with baseline as a covariate. * indicates within
group differences compared to baseline. Different letters represent significant differences between
groups p < 0.05.

3.7. Glucose

Glucose was significantly lower in the PGX group at 6 months (−3.9%, p = 0.033) compared to
baseline, while the decrease at 3 months did not reach significance (−3.4%, p = 0.053) (Figure 3B).
Glucose was significantly lower compared to control at 3 months in the PGX (−4.8%, p = 0.019) group.
There were no significant differences in glucose between control and PSY or between PSY and PGX
groups at 3, 6 or 12 months.
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3.8. Homeostasis Model Assessment of Insulin Resistance

The HOMA2-IR score was significantly lower in the PGX group at 3 months (−9%, p = 0.001)
and 6 months (−7.3%, p = 0.039) compared to baseline (Figure 3C). HOMA2-IR was significantly
lower in the PSY group at 3 months (−7%, p = 0.011) and 6 months (−6.7%, p = 0.037) compared
to baseline. HOMA2-IR was significantly lower compared to control at 3 months in the PGX
(−10.8%, p = 0.005) and PSY (−10.8%, p = 0.001) groups, at 6 months in PGX (−11.9%, p = 0.033)
and PSY (−11.9%, p = 0.018) groups compared to control and at 12 months in the PSY group
(−11%, p = 0.011) compared to control. There was a trend for HOMA2-IR to be lower in the PGX
group compared to control at 12 months but this was not significant (−8.5%, p = 0.068). There were no
significant differences in HOMA2-IR score between PSY and PGX groups at 3, 6 or 12 months.

3.9. Adverse Events

Minor adverse events were gastrointestinal related (e.g., flatulence, diarrhoea) with four withdrawing
from the study, two in the PGX group and two in the control group. The PSY supplement was better
tolerated and participants did not report any adverse effects.

4. Discussion

Previous epidemiological and cohort studies have consistently revealed that higher fibre intakes
are correlated with lower body weight, BMI, waist circumference [1,2], and improved plasma lipid
profiles [3–12], glycaemia and insulinaemia [13], indicating the benefits and risk reduction for the
metabolic syndrome, CVD and type 2 diabetes. Given that individuals find it difficult to eat the required
amounts of fibre by increasing fruit and vegetable intake, it was hypothesised that fibre supplements
can provide similar health benefits compared with increased dietary fibre intake. Therefore, this study
investigated the effects of 15 g of PGX or psyllium compared to control (rice flour) supplementation
for one year on lipids, insulin and glucose. Specifically, both the PGX and PSY groups demonstrated
significant reductions at 3 months in fasting concentrations of total cholesterol by 8.2% and 7%
respectively, LDL cholesterol by 13.9% and 8.1% respectively, insulin by 9% and 9.4% respectively and
HOMA2-IR score by 11.9%, compared to control group. Only the PGX intervention improved fasting
glucose and HDL cholesterol during the study.

Our results herein are supported by recent human and animal studies which suggest that psyllium
fibre supplementation may provide cardiovascular benefits [22,31]. The effect of PGX on decreasing
total and LDL cholesterol levels in this study concurs with similar reports in the literature describing
the effects of viscous dietary fibre on lowering serum cholesterol levels. Carabin et al. [17] conducted
a clinical trial with healthy subjects, 25 males and 29 females, mean age of 31.6 ± 10.5 years who
consumed 2.5 g of PGX packaged with cereal and yoghurt twice a day as part of two main meals
(breakfast and/or lunch, and/or dinner), for the first seven days, followed by 5 g PGX twice a day for
the last 14 days of the study. The control product was a skimmed milk powder. Investigators observed
significantly lower total and LDL cholesterol in the test group compared to the control group at day 8
(9.4% vs. 3.3% for total and 10.4% vs. 2.5% for LDL cholesterol, respectively) and at day 22 (14.1% vs.
8.3% for total and 16.6% vs. 8.2% for LDL cholesterol, respectively). The differences between groups
was similar to the magnitude observed in our study. Reimer et al. [38] observed the effects of 14 weeks
of short-term PGX supplementation in adults with abdominal obesity and also observed significant
reductions in total and LDL cholesterol. In a pre-post study by Lyon & Reichert [18], 29 overweight
and obese adults with a BMI between 25–36 kg/m2, consumed 5 g of PGX in 500 mL of water 5–10 min
before each meal, 2–3 times a day for 14 days and showed a significant reduction of total cholesterol
and LDL cholesterol levels of 19% and 25% respectively, compared to baseline. As the supplement
intervention in this latter study was combined with lifestyle changes, the decreases in cholesterol
levels were greater than those observed in our current study. Although neither of the studies described
above reported changes in HDL after PGX supplementation, we only observed this effect at 12 months,
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indicating a possible long term effect that has not been demonstrated previously. When looking at the
effect of psyllium, another study [22] also found that simply adding a psyllium fibre supplement to
a normal diet (10.2 g/day) was sufficient to see improvements in total cholesterol (−21%) and LDL
cholesterol (−22%) at 12 weeks compared to control. Similar findings for psyllium have also been
reported in various meta-analyses [39].

Animal studies have demonstrated a beneficial effect of PGX supplementation on glucose control
and fasting insulin [40]. While many human studies have examined the short-term postprandial
glucose response to PGX supplementation [20,41,42], few have looked at the long term effects.
Lyon & Reichert [18] assessed changes to fasting insulin and glucose in their study. The PGX and
lifestyle intervention caused a 6.96% reduction in fasting glucose and a 27.26% reduction in fasting
insulin which is in agreement with our PGX intervention findings. Psyllium has been previously
shown to improve glucose and insulin response [31,33]. In a study by Ziai et al. [23], psyllium was
taken in combination with medication and a significant reduction in fasting glucose was observed.
Gibb et al. [33] reported that psyllium improved glycaemic control proportional to loss of glycaemic
control, which may explain why our non-diabetic psyllium group did not demonstrate any significant
improvements to fasting blood glucose concentrations.

Due to its high viscosity, PGX swells in the stomach and increases feelings of fullness [23,42–45].
Psyllium has also been shown to increase fullness [29] but has a far lower viscosity than PGX [18].
This characteristic may have caused participants to decrease their food intake, which then lead to
significant weight loss [46]. The changes to blood lipids and insulin observed are likely due to the
changes in dietary intake and weight loss observed as well as the possible effect of PGX slowing gastric
emptying and absorption of nutrients in the small intestine [47].

When comparing the PGX and PSY groups in the current study, there were no significant
differences between them except for a lower concentration of TG at 3 months in the PSY group
compared to the PGX group. However, when examining differences compared to control, HDL
cholesterol was significantly higher in the PGX group at 12 months but not in the PSY group. LDL
cholesterol was significantly lower in the PGX group at 3 and 6 months compared to control whereas
LDL cholesterol was only significantly lower in the PSY group at 3 months compared to control.
Glucose was significantly lower in the PGX group at 3 months but not in the PSY group. Intent-to-treat
analysis was carried out but the outcome results were no different from the results presented. In this
regard, the PGX group performed better overall than the PSY group and elicited more health benefits
over the 12 months intervention period.

One of the strengths of this study was the duration, with a 12 months intervention period.
Comparable studies have only been conducted for 14 weeks. This allowed us to investigate the long
term effects of the fibre supplements, especially weight maintenance. This was a double-blinded study
and supplements were packed in identical foil sachets. Investigators were not aware which participants
were taking which supplement; however, due to the different characteristics of the supplements,
participants may have been able to guess if they were taking a fibre supplement or the control, which is
a limitation. The intervention was not combined with any other lifestyle modification advice, thus it
would be simple for consumers to incorporate into their lifestyle or there could be added benefits
if the supplements were combined with healthy lifestyle advice. Other study limitations include
the use of a generally healthy population. We did not specifically recruit participants with elevated
lipid, insulin or glucose concentrations which would have limited our ability to detect significant
improvements. The majority of participants were women and hormonal changes over the 12 months
may have impacted on lipids levels.

5. Conclusions

It is thought the high viscosity of PGX caused participants to decrease their food intake, which then
lead to significant weight loss, lipid, insulin, and glucose reductions. Taking a fibre supplement before
meals was a relatively easy task for people to incorporate into their daily routine and would be a simple
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intervention to implement. We observed similar results between PGX and PSY supplements when
compared to the control group, however the PGX supplement was superior in terms of increased HDL
cholesterol and decreased fasting blood glucose. Therefore, regular consumption of a PolyGlycopleX
or a psyllium supplement is a simple and effective method to improve blood lipids, insulin and
glucose control in overweight or obese people and may lead to risk reduction for metabolic syndrome,
CVD and type 2 diabetes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/2/091/s1,
Table S1: Lipids, Glucose and Insulin levels during 12 months of fibre supplementation (intention to treat analysis).

Acknowledgments: PGX®, PolyGlycopleX® and EnviroSimplex® are registered trademarks of InovoBiologic Inc.,
Calgary, AB, Canada. The proprietary Psyllium product (PgxSyl™) (PSY) was formulated by InovoBiologic Inc.
We thank Michael Lyon, MD for helping with the design of this study. We thank all the participants for their time
and contributions to this study.

Author Contributions: S.P., S.W. and R.J.G. designed research; S.H. (and Jenny McKay) conducted research;
S.H. analysed data; S.P., S.H., S.W. and R.J.G. wrote the paper; S.P. and S.H. had primary responsibility for final
content. All authors read and approved the final manuscript.

Conflicts of Interest: R.J.G. owns the Factors Group of Companies, which retains an interest in PGX®. S.W. receives
consulting fees from InovoBiologic Inc. Funding: Financial support for the submitted work from Factors Group
Australia Pty Ltd., which had no role in data collection, analysis and interpretation.

References

1. Du, H.; van der, A.D.L.; Boshuizen, H.C.; Forouhi, N.G.; Wareham, N.J.; Halkjaer, J.; Tjonneland, A.;
Overvad, K.; Jakobsen, M.U.; Boeing, H.; et al. Dietary fiber and subsequent changes in body weight and
waist circumference in European men and women. Am. J. Clin. Nutr. 2010, 91, 329–336. [CrossRef] [PubMed]

2. Newby, P.K.; Maras, J.; Bakun, P.; Muller, D.; Ferrucci, L.; Tucker, K.L. Intake of whole grains, refined grains,
and cereal fiber measured with 7-D diet records and associations with risk factors for chronic disease. Am. J.
Clin. Nutr. 2007, 86, 1745–1753. [PubMed]

3. National Health and Medical Research Council. Australian Dietary Guidelines; National Health and Medical
Research Council: Canberra, Australia, 2013.

4. Wu, H.; Dwyer, K.M.; Fan, Z.; Shircore, A.; Fan, J.; Dwyer, J.H. Dietary fiber and progression of atherosclerosis:
The Los Angeles Atherosclerosis Study. Am. J. Clin. Nutr. 2003, 78, 1085–1091. [PubMed]

5. Lairon, D. Macronutrient intake and modulation on chylomicron production and clearance. Atheroscler. Suppl.
2008, 9, 45–48. [CrossRef] [PubMed]

6. Kan, H.; Stevens, J.; Heiss, G.; Klein, R.; Rose, K.M.; London, S.J. Dietary fiber intake and retinal vascular
caliber in the atherosclerosis risk in communities study. Am. J. Clin. Nutr. 2007, 86, 1626–1632. [PubMed]

7. Lairon, D.; Arnault, N.; Bertrais, S.; Planells, R.; Clero, E.; Hercberg, S.; Boutron-Ruault, M.C. Dietary fiber
intake and risk factors for cardiovascular disease in French adults. Am. J. Clin. Nutr. 2005, 82, 1185–1194.
[PubMed]

8. Venn, B.J.; Mann, J.I. Cereal grains, legumes and diabetes. Eur. J. Clin. Nutr. 2004, 58, 1443–1461. [CrossRef]
[PubMed]

9. Weickert, M.O.; Pfeiffer, A.F. Metabolic effects of dietary fiber consumption and prevention of diabetes.
J. Nutr. 2008, 138, 439–442. [PubMed]

10. McKeown, N.M.; Meigs, J.B.; Liu, S.; Wilson, P.W.; Jacques, P.F. Whole-grain intake is favorably associated
with metabolic risk factors for type 2 diabetes and cardiovascular disease in the Framingham Offspring
Study. Am. J. Clin. Nutr. 2002, 76, 390–398. [PubMed]

11. Pittler, M.H.; Ernst, E. Guar gum for body weight reduction: Meta-analysis of randomized trials. Am. J. Med.
2001, 110, 724–730. [CrossRef]

12. Brown, L.; Rosner, B.; Willett, W.W.; Sacks, F.M. Cholesterol-lowering effects of dietary fiber: A meta-analysis.
Am. J. Clin. Nutr. 1999, 69, 30–42. [PubMed]

13. Ludwig, D.S.; Pereira, M.A.; Kroenke, C.H.; Hilner, J.E.; Van Horn, L.; Slattery, M.L.; Jacobs, D.R., Jr. Dietary
fiber, weight gain, and cardiovascular disease risk factors in young adults. JAMA 1999, 282, 1539–1546.
[CrossRef] [PubMed]

241



Nutrients 2017, 9, 91

14. Clemens, R.; Kranz, S.; Mobley, A.; Nicklas, R.; Raimondi, M.; Rodriguez, J.; Slavin, J.; Jacobs, D.J.
Filling America’s Fiber Intake Gap: Summary of a Roundtable to Probe Realistic Solutions with a Focus on
Grain-Based Foods. J. Nutr. 2012, 142, 1390S–1401S. [CrossRef] [PubMed]

15. US Department of Agriculture; US Department of Health and Human Services. Dietary Guidelines for
Americans; US Government Printing Office: Washington, DC, USA, 2005.

16. Marlett, J.A.; McBurney, M.I.; Slavin, J.L. Position of the American Dietetic Association: Health implications
of dietary fiber. J. Am. Diet. Assoc. 2002, 102, 993–1000. [CrossRef]

17. Carabin, I.G.; Lyon, M.R.; Wood, S.; Pelletier, X.; Donazzolo, Y.; Burdock, G.A. Supplementation of the
diet with the functional fiber PolyGlycoplex is well tolerated by healthy subjects in a clinical trial. Nutr. J.
2009, 8, 9. [CrossRef] [PubMed]

18. Lyon, M.R.; Reichert, R.G. The effect of a novel viscous polysaccharide along with lifestyle changes on
short-term weight loss and associated risk factors in overweight and obese adults: an observational
retrospective clinical program analysis. Altern. Med. Rev. 2010, 15, 68–75. [PubMed]

19. Food and Nutrition Board of the Institute of Medicine of the National Academies. Dietary, functional, and
total fiber. In Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and
Amino Acids; Spears, G.E., Ed.; The National Academies Press: Washington, DC, USA, 2005; pp. 339–421.

20. Jenkins, A.L.; Kacinik, V.; Lyon, M.; Wolever, T.M. Effect of adding the novel fiber, PGX®, to commonly
consumed foods on glycemic response, glycemic index and GRIP: A simple and effective strategy for
reducing post prandial blood glucose levels—A randomized, controlled trial. Nutr. J. 2010, 9, 58. [CrossRef]
[PubMed]

21. Reimer, R.A.; Pelletier, X.; Carabin, I.G.; Lyon, M.; Gahler, R.; Parnell, J.A.; Wood, S. Increased plasma PYY
levels following supplementation with the functional fiber PolyGlycopleX in healthy adults. Eur. J. Clin. Nutr.
2010, 64, 1186–1191. [CrossRef] [PubMed]

22. Pal, S.; Khossousi, A.; Binns, C.; Dhaliwal, S.; Ellis, V. The effect of a fibre supplement compared to a healthy
diet on body composition, lipids, glucose, insulin and other metabolic syndrome risk factors in overweight
and obese individuals. Br. J. Nutr. 2011, 105, 90–100. [CrossRef] [PubMed]

23. Ziai, S.; Larijani, B.; Akhoondzadeh, S.; Fakhrzadeh, H.; Dastpak, A.; Bandarian, F.; Rezai, A.; Badi, H.;
Emami, T. Psyllium decreased serum glucose and glycosylated hemoglobin significantly in diabetic
outpatients. J. Ethnopharmacol. 2005, 102, 202–207. [CrossRef] [PubMed]

24. Karhunen, L.; Juvonen, K.; Flander, S.; Liukkonen, K.; Lahteenmaki, L.; Siloaho, M.; Laaksonen, D.; Herzig, K.;
Uusitupa, M.; Poutanen, K. A psyllium fiber-enriched meal strongly attenuates postprandial gastrointestinal
peptide release in healthy young adults. J. Nutr. 2010, 140, 737–744. [CrossRef] [PubMed]

25. Anderson, J.; Allgood, L.; Lawrence, A.; Altringer, L.; Jerdack, G.; Hengehold, D.; Morel, J.
Cholesterol-lowering effects of psyllium intake adjuctive to diet therapy in men and women with
hypercholesterolemia: Meta-analysis of 8 controlled trials. Am. J. Clin. Nutr. 2000, 71, 472–479. [PubMed]

26. Rodriguez-Moran, M.; Guerrero-Romero, F.; Lazcano-Burciaga, G. Lipid- and glucose-lowering efficacy of
Plantago. Psyllium in type II diabetes. J. Diabetes Complic. 1998, 12, 273–278. [CrossRef]

27. Vuksan, V.; Jenkins, A.L.; Rogovik, A.L.; Fairgrieve, C.; Jovanovski, E.; Leiter, L. Viscosity rather than quantity
of dietary fibre predicts cholesterol-lowering effect in healthy individuals. Br. J. Nutr. 2011, 106, 1349–1352.
[CrossRef] [PubMed]

28. Tai, E.; Fok, A.; Chu, R.; Tan, C. A study to assess the effect of dietary supplementation with soluble fibre
(Minolest) on lipid levels in normal subjects with hypercholesterolaemia. Ann. Acad. Med. Singapore 1999, 28,
209–213. [PubMed]

29. Turnbull, W.; Thomas, H. The effect of a Plantago ovata seed containing preparation on appetite variables,
nutrient and energy intake. Int. J. Obes. Relat. Metab. Disord. 1995, 19, 338–342. [PubMed]

30. Delargy, H.; O’Sullivan, K.; Fletcher, R.; Blundell, J. Effects of amount and type of dietary fibre (soluble and
insoluble) on short-term control of appetite. Int. J. Food Sci. Nutr. 1997, 48, 67–77. [CrossRef] [PubMed]

31. Pal, S.; Radavelli-Bagatini, S. Effects of psyllium on metabolic syndrome risk factors. Obes. Rev. 2012, 13,
1034–1047. [CrossRef] [PubMed]

32. Khossousi, A.; Binns, C.W.; Dhaliwal, S.S.; Pal, S. The acute effects of psyllium on postprandial lipaemia and
thermogenesis in overweight and obese men. Br. J. Nutr. 2008, 99, 1068–1075. [CrossRef] [PubMed]

242



Nutrients 2017, 9, 91

33. Gibb, R.; McRorie, J.; Russel, D.; Hasselblad, V.; D’Alessio, D. Psyllium fiber improves glycemic control
proportional to loss of glycemic control: A meta-analysis of data in euglycemic subjects, patients at risk of
type 2 diabetes mellitus, and patients being treated for type 2 diabetes mellitus. Am. J. Clin. Nutr. 2015, 102,
1604–1614. [CrossRef] [PubMed]

34. US Pharmacopeia. Food Chemicals Codex (FCC), 9th ed.; US Pharmacopeia: Rockville, MD, USA, 2015.
35. Pal, S.; Ellis, V.; Dhaliwal, S. Effects of whey protein isolate on body composition, lipids, insulin and glucose

in overweight and obese individuals. Br. J. Nutr. 2010, 104, 716–723. [CrossRef] [PubMed]
36. Bairaktari, E.; Hatzidimou, K.; Tzallas, C.; Vini, M.; Katsaraki, A.; Tselepis, A.; Elisaf, M.; Tsolas, O.

Estimation of LDL cholesterol based on the Friedewald formula and on apo B levels. Clin. Biochem.
2000, 33, 549–555. [CrossRef]

37. Wallace, T.M.; Levy, J.C.; Matthews, D.R. Use and abuse of HOMA modeling. Diabetes Care 2004, 27,
1487–1495. [CrossRef] [PubMed]

38. Reimer, R.A.; Yamaguchi, H.; Eller, L.K.; Lyon, M.R.; Gahler, R.J.; Kacinik, V.; Juneja, P.; Wood, S. Changes in
visceral adiposity and serum cholesterol with a novel viscous polysaccharide in Japanese adults with
abdominal obesity. Obesity 2013, 21, E379–E387. [PubMed]

39. Bernstein, A.; Titgemeier, B.; Kirkpatrick, K.; Golubic, M.; Roizen, M. Major cereal grain fibers and psyllium
in relation to cardiovascular health. Nutrients 2013, 5, 1471–1487. [CrossRef] [PubMed]

40. Grover, G.J.; Koetzner, L.; Wicks, J.; Gahler, R.J.; Lyon, M.R.; Reimer, R.A.; Wood, S. Effects of the soluble
fiber complex PolyGlycopleX® on glucose homeostasis and body weight in young Zucker diabetic rats.
Front. Pharmacol. 2011, 2, 47. [CrossRef] [PubMed]

41. Brand-Miller, J.C.; Atkinson, F.S.; Gahler, R.J.; Kacinik, V.; Lyon, M.R.; Wood, S. Effects of PGX, a novel
functional fibre, on acute and delayed postprandial glycaemia. Eur. J. Clin. Nutr. 2010, 64, 1488–1493.
[CrossRef] [PubMed]

42. Solah, V.A.; Brand-Miller, J.C.; Atkinson, F.S.; Gahler, R.J.; Kacinik, V.; Lyon, M.R.; Wood, S. Dose-response
effect of a novel functional fibre, PolyGlycopleX®, PGX®, on satiety. Appetite 2014, 77C, 72–76. [CrossRef]
[PubMed]

43. Vuksan, V.; Panahi, S.; Lyon, M.; Rogovik, A.L.; Jenkins, A.L.; Leiter, L.A. Viscosity of fiber preloads affects
food intake in adolescents. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 498–503. [CrossRef] [PubMed]

44. Yong, M.; Solah, V.; Johnson, S.; Meng, X.; Kerr, D.; James, A.; Fenton, H.; Gahler, R.J.; Wood, S. Effects of a
viscous-fibre supplemented evening meal and the following un-supplemented breakfast on post-prandial
satiety responses in healthy women. Physiol. Behav. 2016, 154, 34–39. [CrossRef] [PubMed]

45. Kacinik, V.; Lyon, M.R.; Purnama, M.; Reimer, R.A.; Gahler, R.J.; Green, T.J.; Wood, S. Effect of PGX, a novel
functional fibre supplement, on subjective ratings of appetite in overweight and obese women consuming a
3-day structured, low-calorie diet. Nutr. Diab. 2011, 1, e22. [CrossRef] [PubMed]

46. Pal, S.; Ho, S.; Gahler, R.; Wood, S. Effect on body weight and composition in overweight/obese Australian
adults over 12 months consumption of two different types of fiber supplementation in a randomized trial.
Nutr. Metab. 2016, 13, 82. [CrossRef] [PubMed]

47. Matulka, R.A.; Lyon, M.R.; Wood, S.; Ann Marone, P.; Merkel, D.J.; Burdock, G.A. The safety of PolyGlycopleX
(PGX) as shown in a 90-day rodent feeding study. Nutr. J. 2009, 8, 1. [CrossRef] [PubMed]

© 2017 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/).

243



nutrients

Article

A High Fiber Cookie Made with Resistant Starch
Type 4 Reduces Post-Prandial Glucose and Insulin
Responses in Healthy Adults

Maria L. Stewart * and J. Paul Zimmer

Global Nutrition R & D, Ingredion Incorporated, 10 Finderne Ave, Bridgewater, NJ 08807, USA;
paul.zimmer@ingredion.com
* Correspondence: maria.stewart@ingredion.com; Tel.: +1-908-685-5470

Received: 6 January 2017; Accepted: 28 February 2017; Published: 5 March 2017

Abstract: Distarch phosphate is a resistant starch type 4 (RS4) containing phosphodiester cross-links
within and between starch molecules. This study examined the glycemic effects of VERSAFIBE
1490™ resistant starch, a distarch phosphate derived from potato, containing 90% total dietary fiber
(TDF, AOAC 991.43 method). In this double-blind, randomized, placebo-controlled, cross-over study,
28 healthy adults consumed a cookie containing 24 g fiber from distarch phosphate (fiber cookie)
or a control cookie containing 0.5 g fiber that was matched for fat, protein, and total carbohydrate
content. Intravenous blood glucose, intravenous blood insulin, and capillary glucose were measured
for two hours after cookie consumption. The fiber cookie reduced the post-prandial blood glucose
incremental area under the curve from 0 to 120 minutes (iAUC0-120min) by 44% (p = 0.004) and
reduced the maximum glucose concentration (Cmax0-120min) by 8% (p = 0.001) versus the control
cookie. Consumption of the fiber cookie resulted in a significant 46% reduction of the post-prandial
serum insulin iAUC0-120min (p < 0.001) and a 23% reduction in Cmax0-120min (p = 0.007) versus the
control cookie. This study shows that distarch phosphate RS4 can be incorporated into a cookie and
significantly reduce post-prandial glucose and insulin responses in healthy adults.

Keywords: resistant starch type 4; dietary fiber; post-prandial; blood glucose; insulin;
capillary glucose; glycemic response

1. Introduction

Resistant starch (RS) is a complex carbohydrate (glucose polymer) that resists digestion
and absorption in the small intestine. Resistant starches are classified into five types:
RS1 (physically inaccessible starches), RS2 (granular starches with B- or C-polymorph),
RS3 (retrograded starches), RS4 (chemically modified starches), and RS5 (amylose-lipid complexes) [1].
Resistant starch type 4 is a unique class of resistant starch due to the diversity of chemical modifications
that decrease digestibility. Common chemical modifications include cross-linking, substitution, and
pyrodextrinization [2].

Resistant starch, in general, is known for improving physiological endpoints such as improving
bowel function [3] and controlling glycemia [4]. In these reviews, all sources of RS are combined.
However, it has been documented that different RSs exert different physiological effects. In a study
using a porcine model, RS3 increased fecal nitrogen excretion compared to RS2 [5]. The composition of
the human gut microbiota was affected in different manners, depending on the type of RS consumed
(RS2 vs. RS4) [6]. Given these differences, clinical trials on specific resistant starch preparations are
necessary to confirm the beneficial physiological effects.

As noted previously, RS4 includes starches that have a variety of chemical modifications to reduce
digestibility. VERSAFIBE™ 1490 resistant starch is a distarch phosphate derived from potato that has
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been modified using phosphorus oxychloride [7]. Distarch phosphate is resistant to digestion due to
the presence of diester phosphate crosslinks within and between starch molecules. Phosphated distarch
phosphate is a similar type of RS4 with additional monophosphate esters, although the monophosphate
esters do not substantially affect digestibility [8,9].

Resistant starch type 4, specifically distarch phosphate and phosphate distarch phosphate, is
a relatively new form of resistant starch, with the earliest clinical trials on phosphated distarch
phosphate published in 2010. The evidence on phosphated distarch phosphate RS4, albeit limited,
supports improvement of metabolic endpoints such as reduced post-prandial glucose response
and reduced serum lipids, after the ingredient is consumed [10–13]. To date, only one study
examined post-prandial blood glucose response to distarch phosphate (consumed in a beverage) [14].
The aforementioned study demonstrated that distarch phosphate did not contribute to the
post-prandial glycemic response, and this effect needed to be confirmed when the ingredient is
incorporated into a solid, baked food with mixed nutrients. The present study assessed the acute,
post-prandial glycemic and insulinemic response to a cookie containing RS4 in the form of distarch
phosphate (VERSAFIBE 1490 resistant starch) in healthy adults. This is the first clinical study to
examine these outcomes in a solid food containing distarch phosphate RS4.

2. Materials and Methods

2.1. Study Subjects

This study was conducted in accordance with the ethical principles outlined in the Declaration
of Helsinki and approved by the Institutional Review Board (IRB Services, Aurora, ON, Canada).
Clinical study visits were held at a clinical research facility (KGK Synergize, London, Ontario,
Canada). Healthy subjects were recruited to participate in this study. Subjects that met the inclusion
criteria (18 years of age or older, body mass index (BMI) 18.0–29.9 kg/m2, fasting glucose ≤6.0 mmol/L;
if female, not of childbearing potential (e.g., taking oral contraceptives, past hysterectomy)) and
exclusion criteria (diagnosed metabolic or chronic diseases (e.g., type-2 diabetes); cancer diagnosis
or treatment within 5 years; gastrointestinal problems; bowel cleansing during prior week;
current medications to control blood glucose; blood cholesterol and/or blood pressure; smoker; use of
medical marijuana; alcohol or drug abuse treatment in past 12 months; allergy or sensitivity to study
products; blood donation in prior 2 months; if female, currently pregnant, currently breastfeeding,
or planning to become pregnant) were qualified to participate in the study. Subjects provided
informed consent and were randomly assigned to a treatment order at the time of enrollment:
“control cookie-fiber cookie” or “fiber cookie-control cookie”. A senior staff member not involved in the
study procedures generated two randomization lists—one list for males and one list for females—by
www.randomization.com. Fourteen male participants were randomized into seven blocks by utilizing
a randomization seed 10,087 and fourteen female participants were randomized into seven blocks
by utilizing a randomization seed 11,065. A total of twenty-eight subjects were enrolled in the study.
Subject flow through the study is described in Figure 1.
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Figure 1. Subject flow through study.

2.2. Study Design

This study was a double-blind, randomized, controlled, cross-over intervention study. Fifty-one
subjects were screened, and 28 subjects were enrolled in the study (Figure 1). The subjects participated
in two 24-h study periods that began the evening before the clinical study visit. Prior to each clinical
study visit, the subjects consumed a standard dinner meal. Subjects arrived at the study center the
following morning, after fasting for 12 h. Fasting blood samples (intravenous and capillary) were
taken prior to study product consumption. Both intravenous and capillary blood samples were
taken because previous reports indicated differences in blood glucose measures, depending on the
sampling technique [15]. The study product (cookie) was consumed with 250 mL water. Intravenous
and capillary blood samples were taken at 15, 30, 45, 60, 90, and 120 min after cookie consumption.
Biochemical analyses were conducted by Life Labs (Hamilton, ON, Canada). Subjects completed a
seven-day washout period between study visits.

2.3. Study Foods

The fiber cookie contained 25 g of VERSAFIBE™ 1490 resistant starch (Ingredion Incorporated,
Bridgewater, NJ, USA), which was the primary source of fiber in the cookie. VERSAFIBE™ 1490 resistant
starch is a resistant starch type 4 with 90% dietary fiber (AOAC 991.43). VERSAFIBE™ 1490 resistant
starch is produced from food grade potato starch. The raw food starch is slurried in water and maintained
at a temperature not exceeding 100◦ F. The pH of the slurry is raised not to exceed pH 12 in the presence
of salt. To phosphorylate the starch, phosphorus oxychloride is added to the slurry while maintaining the
reaction pH. After the phosphorylation step is complete, the pH is neutralized with acid. The starch is
washed, dewatered, and dried to a moisture content not to exceed 18%.
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The fiber cookie and control cookie were matched for fat, protein, and total carbohydrate (Table 1).
Nutrient composition of the cookies was calculated using Genesis R&D Food Labeling Software
(ESHA Research, Salem, OR, USA). The cookies were identical in appearance. The cookies were
packaged in an opaque enveloped with an alpha-numeric code for identification. Neither the study
subjects nor the investigators knew the identity of the cookies. The subjects rated the cookies on
appearance, texture, flavor and acceptance using modified visual analog scale with demarcations at
whole numbers 1–10. The subjects were not trained sensory panelists.

Table 1. Nutrient composition of cookies.

Per Serving, As-Eaten Control Cookie Fiber Cookie

Weight (g) 47.02 48.00
Calories (kcal) 214.7 129.7

Fat (g) 3.99 3.92
Saturated fat (g) 0.56 0.54

Protein (g) 5.36 4.92
Total Carbohydrates (g) 36.84 36.84

Available Carbohydrates (g) 36.28 12.71
Dietary Fiber (g) * 0.55 24.13

Sugars (g) 11.51 11.72

* Fiber cookie contained VERSAFIBE 1490 resistant starch.

2.4. Sample Size Calculation

The sample size of 28 subjects was determined based on the primary outcome of detecting a
difference in incremental area under the curve from 0 to 120 minutes (iAUC0-120min) intravenous blood
glucose at 80% power, 0.05 alpha, and expected subject dropout rate of 12.5%.

2.5. Statistical Analysis

Incremental area under the curve (iAUC) was calculated using the trapezoidal approximation but
only included the positive area components above the baseline value [16]. The maximum concentration
(Cmax) was taken to be the highest concentration within the respective time interval. The iAUC
calculations as well as the Cmax values were reported and compared for each product group.

Each numeric outcome was assessed for normality using visual representations
(histogram, quantile-quantile plot, etc.) and the Shapiro–Wilk normality test. Outcomes that
were log-normally or square root normally distributed were analyzed in the logarithmic or square
root domain respectively. Non-normal variables were analyzed by appropriate non-parametric tests
(see below). All summary statistics were reported non-transformed, arithmetic means.

Numerical efficacy endpoints were formally tested for significance between groups by a linear
mixed model with a fixed effect for study product group and a random effect for each participant [17].
The concentrations of the analytes at each time point included a covariate for the baseline value.
Numerical endpoints that are intractably non-normal were assessed by the Wilcoxon sign-rank
test. All statistical analysis was completed using the R Statistical Software Package Version 3.2.2
(R Core Team, 2015) for Microsoft Windows. Linear mixed models were run using the “nlme”
package [18]. Statistical significance was achieved at p < 0.05.

3. Results

3.1. Demographics

Subject demographics are shown in Table 2. All of the subjects were healthy. The demographic
characteristics are consistent with the typical North American adult population.
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Table 2. Subject demographics.

Mean ± SD All Participants (n = 28)

Age (y) 42.8 ± 18.5
Sex (male/female) 14/14

Race (white/nonwhite) 23/5
Weight (kg) 71.3 ± 12.0

Body Mass Index (kg/m2) 24.7 ± 3.3
Fasting blood glucose (mmol/L) 5.03 ± 0.34

3.2. Post-Prandial Blood Glucose and Insulin Response

Three subjects who were randomized to the “control cookie-fiber cookie” sequence did not
complete the second treatment. Blood samples obtained for up to two subjects in each treatment group
could not be analyzed for the metabolite of interest. The sample size for each group and each outcome
is noted in the footnote of Table 3.

Table 3. Post-prandial glucose and insulin iAUC and Cmax §.

Mean ± SD Control Cookie Fiber Cookie p-Value §

Intravenous blood glucose *
iAUC0-120min (mmol/L *·h) 1.31 ± 0.75 0.73 ± 0.90 0.004
Cmax0-120min (mmol/L *·h) 6.83 ± 0.90 6.29 ± 0.82 0.001

Capillary blood glucose †

iAUC0-120min (mmol/L *·h) 2.35 ± 0.94 1.22 ± 1.18 <0.001
Cmax0-120min (mmol/L *·h) 7.22 ± 1.00 6.60 ± 1.00 0.005

Intravenous serum insulin ‡

iAUC0-120min (pmol/L *·h) 229 ± 124 124 ± 94 <0.001
Cmax0-120min (pmol/L *·h) 280 ± 129 215 ± 94 0.007

§ iAUC = incremental area under the curve, Cmax = maximum concentration * n = 27 control cookie, n = 25 fiber
cookie; † n = 26 control cookie, n = 23 fiber cookie; ‡ n = 27 control cookie, n = 25 fiber cookie; § iAUC intravenous
blood glucose and iAUC intravenous serum insulin datasets were square root transformed prior to statistical
analysis; Cmax intravenous blood glucose and Cmax intravenous serum insulin datasets were log transformed
prior to statistical analysis.

Mean post-prandial intravenous blood glucose, capillary glucose, and intravenous serum insulin
concentration over the two-hour study period are shown in the time-course graphs (Figure 2A–C).
Intravenous blood glucose was significantly lower at 45 min after the fiber cookie was consumed,
compared to the control cookie. Capillary blood glucose concentrations were significantly lower at 15,
30, 45, 60, 90, and 120 min after the fiber cookie was consumed, compared to the control cookie. At 45,
60, 90, and 120 min, intravenous blood insulin concentrations were significantly lower after subjects
consumed the fiber cookie compared to the control cookie.

The significant reductions at individual time points for glucose and insulin values reflected
significant reductions in iAUC and Cmax. After consuming the fiber cookie, the subjects experienced
a 44% reduction in intravenous blood glucose iAUC0-120min compared to the control cookie
(p = 0.004, Table 3). This was largely driven by a significant, 8% reduction in intravenous blood
glucose Cmax0-120min after consuming the fiber cookie compared to the control cookie (p = 0.001).
A similar response was noted for capillary blood glucose measures, with a significant, 48%
reduction in iAUC0-120min and a significant 9% reduction in Cmax0-120min. Intravenous blood
insulin was significantly lower for iAUC0-120min (46% lower), and Cmax0-120min (23% lower),
after subjects consumed the fiber cookie, compared to the control. The decrease in insulin
concentrations after consuming the fiber cookie reflect the decreased intravenous and capillary blood
glucose concentrations.

The subject ratings were favorable and did not differ between groups (Table 4).
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Figure 2. Post-prandial blood measurements over 120 min (a) intravenous blood glucose; (b) capillary
blood glucose; (c) intravenous insulin concentrations. Data are presented as means ± SEM.
* = Fiber cookie and control cookie were significantly different (p < 0.05).

Table 4. Sensory ratings of the fiber cookie and control cookie.

Question
Fiber Cookie Control Cookie

Between Group p Value §

Mean ± SD (n) Mean ± SD (n)

Rate the appearance of the cookie 5.69 ± 2.02 (26) 5.61 ± 1.89 (28) 0.811
Rate the texture of the cookie 6.23 ± 2.07 (26) 5.93 ± 2.07 (28) 0.525
Rate the flavor of the cookie 6.46 ± 2.14 (26) 6.79 ± 1.62 (28) 0.355

What is your overall acceptance of the cookie? 6.54 ± 2.21 (26) 6.50 ± 1.58 (28) 0.970
§ Between group comparisons were made using RM-ANOVA not adjusted for baseline. Probability values p ≤ 0.05
are statistically significant.

4. Discussion

Dietary fiber has been long acknowledged for reducing post-prandial blood glucose and insulin
concentrations through mechanisms of delayed nutrient absorption or replacement of digestible
carbohydrates [19]. The RS4 used in this trial, VERSAFIBE 1490 resistant starch, replaced digestible
carbohydrates from refined flour when formulated into processed foods such as bakery items. This fiber
maintains sensory attributes of the final food while increasing dietary fiber and decreasing available
carbohydrate content. Resistant starch type 4 is a broad class of resistant starches that have been
chemically modified to reduce digestibility. The particular ingredient used in this study contains
phosphodiester cross-links in the distarch phosphate molecules that reduce swelling and enzyme
accessibility [8,9,20]. Previous work demonstrated the low glycemic response to distarch phosphate
when mixed with water alone [14]. When the resistant starch type 4 was added to a dextrose beverage,
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the glycemic response was the same as the dextrose beverage alone. This demonstrates that the RS4
does not affect bioavailability of other carbohydrates, and the changes in post-prandial glycemic
response are due to the nondigestible nature of the carbohydrate. The dietary fiber content is consistent
when analyzed with both AOAC method 991.43 and AOAC method 2009.01, which indicates that
the RS4 is heat-stable and resistant to prolong enzymatic digestion (unpublished data). We expect
the RS4 content and dietary fiber content to be similar in the ingredient as well as the final food
product (cookie).

Resistant starch type 4 may exert additional mechanisms to reduce post-prandial glycemic
response, in addition to strictly replacing available carbohydrate. In a study where the treatments
were matched for available carbohydrate, the RS4 treatment, phosphated distarch phosphate, resulted
in significantly lower blood glucose iAUC0-120min, peak blood glucose, blood insulin iAUC0-120min and
peak insulin in healthy adults [10]. Additional research is needed to further define the mechanisms
by which RS4 lowers post-prandial blood glucose response when treatments are matched for
available carbohydrate.

The iAUC0-120min and Cmax0-120min for blood glucose were significantly lower after subjects
consumed the fiber cookie compared to the control cookie, regardless of the sampling method. As noted
by previous researchers, the absolute blood glucose values differ when measured intravenously or
through capillary sampling [15]. When individual time points were compared, the capillary sampling
method yielded significantly lower values after the fiber cookie was consumed at 45, 60, 90, and 120 min,
whereas the intravenous sampling method yielded significantly different blood glucose values at
45 min, only. This can be attributed to the larger variability in blood glucose values when intravenous
sampling was used. Previous researchers also noted this phenomenon [15]. Intravenous insulin
iAUC0-120min and Cmax were lower after the subjects consumed the fiber cookie compared to the
control cookie, which corresponds to the observed changes in blood glucose.

Resistant starch type 4, such as distarch phosphate, has functional properties that allow it to
replace refined grain flour in product formulations. As a result, the available carbohydrates in a food
can be reduced while maintaining the same sensory properties [2]. This provides the opportunity
to formulate desirable foods with added health benefits such as improved post-prandial blood
glucose management.

Reduced post-prandial glycemic response is a beneficial health effect for healthy individuals as
well as individuals with compromised carbohydrate metabolism (e.g., pre-diabetes, Type-2 diabetes).
The results from this study demonstrate how replacing refined flour with RS4 in a baked good (cookie)
reduces post-prandial glucose and insulin response in healthy adults. Further research is warranted in
individuals with compromised carbohydrate metabolism.
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Abstract: Dietary protein and fiber independently influence insulin-mediated glucose control.
However, potential additive effects are not well-known. Men and women (n = 20; age: 26 ± 5 years;
body mass index: 26.1 ± 0.2 kg/m2; mean ± standard deviation) consumed normal protein
and fiber (NPNF; NP = 12.5 g, NF = 2 g), normal protein and high fiber (NPHF; NP = 12.5 g,
HF = 8 g), high protein and normal fiber (HPNF; HP = 25 g, NF = 2 g), or high protein and
fiber (HPHF; HP = 25 g, HF = 8 g) breakfast treatments during four 2-week interventions in a
randomized crossover fashion. On the last day of each intervention, meal tolerance tests were
completed to assess postprandial (every 60 min for 240 min) serum glucose and insulin concentrations.
Continuous glucose monitoring was used to measure 24-h interstitial glucose during five days of
the second week of each intervention. Repeated-measures ANOVA was applied for data analyses.
The HPHF treatment did not affect postprandial glucose and insulin responses or 24-h glucose
total area under the curve (AUC). Higher fiber intake reduced 240-min insulin AUC. Doubling the
amount of protein from 12.5 g to 25 g/meal and quadrupling fiber from 2 to 8 g/meal at breakfast
was not an effective strategy for modulating insulin-mediated glucose responses in these young,
overweight adults.

Keywords: dietary protein; dietary fiber; breakfast; overweight; continuous glucose monitoring;
meal tolerance test

1. Introduction

Type 2 diabetes (T2D) is a chronic metabolic disease that is impacted by insulin resistance, glucose
intolerance, and dyslipidemia [1–3]. Dietary factors that influence blood glucose control may modify
these metabolic abnormalities [3–6]. Total dietary energy intake and macronutrient composition are
well-known to modulate glycemia [4,7]. Restricting energy intake and the resultant reductions in
body weight improves these modifiable risk factors for T2D [8–10]. Nevertheless, maintaining energy
restriction and weight loss over the long-term is challenging [11]. Manipulating dietary macronutrient
composition without restricting energy has also been shown to be an effective dietary strategy for
prevention of T2D [12,13].
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The quantity and quality of carbohydrate and protein in a mixed meal modulate postprandial
glucose and insulin concentrations, with the total amount and the type of carbohydrate consumed
being the major contributors to postprandial glucose concentration [14–16]. An increased amount
of digestible/metabolizable carbohydrate consumed is associated with higher postprandial
glycemia [17–19], which increases the risk of developing T2D [20,21]. On the other hand, a higher
amount of complex/indigestible carbohydrates, such as soluble, viscous, and gel-forming fibers [22–24]
may attenuate postprandial glucose concentrations [25–29]. Among different forms of soluble
fibers, psyllium fiber is known to consistently attenuate fasting and postprandial glucose and
insulin [30,31] and distinctly exert a laxation effect when consumed with meals [32]. Dietary protein
appears to stimulate insulin secretion in people with normal glucose tolerance and T2D [33–35]
and this insulinotropic effect of protein is related to secretagogue amino acids, such as arginine
and leucine [33]. Eggs are a complete protein source with a relatively high leucine content [36].
Evidence supporting a glucose lowering effect of eggs is inconclusive [37–39]. Experimental evidence
supports metabolic effects of protein and fiber in blunting postprandial and long-term glucose
responses independently [7,12,13,35,40]. However, the extent to which the effects of protein and
fiber intakes on postprandial glucose when co-consumed may be additive are uncertain, particularly
in overweight individuals, who may be at risk of developing T2D.

While traditional meal tolerance tests adequately assess the impact of meals/diets on postprandial
glucose and insulin responses, this method does not support the assessment of daylong glucose control.
Continuous glucose monitoring (CGM) is an emerging technique that is used to determine the 24-h
pattern of interstitial glucose concentrations in community-dwelling individuals [41,42]. The CGM
technique may be preferred to inpatient meal tolerance tests to track the impact of dietary intake on
daylong glucose responses, particularly when the impact of self-selected dietary intake on glycemia
is of interest. By using this approach, the suggested extended favorable effects of protein and fiber
intakes on daylong glucose control can be assessed.

We conducted a randomized controlled crossover trial to assess the independent and combined
effects of normal versus higher egg-based protein and fiber intakes at breakfast on postprandial
glycemic and insulinemic responses as well as 24-h glucose patterns with CGM. The study focused
on breakfast because the typical intakes of protein and fiber at this meal are lower than at lunch
and dinner [43]. In addition, some previous studies suggest that higher protein [13,44,45] or
fiber [46,47] intake at breakfast, particularly protein, may have favorable metabolic benefits by
enhancing insulin-mediated glucose disposal due to increased insulin secretion. We hypothesized
that co-consumption of higher quantities of egg-based protein and fiber at breakfast would lower
postprandial glucose and 24-h glucose responses.

2. Materials and Methods

2.1. Participants

Overweight male and female adults were recruited from the Greater Lafayette, Indiana, USA,
area through advertisement to participate in the study. The inclusion criteria for selection of participants
were: age 21–45 years; body mass index (BMI) 25–29.9 kg/m2; females with regular menstrual cycles;
non-smoking; not taking medications or dietary/herbal supplements known to affect energy regulation
or appetite; not pregnant or lactating within the past 1 year or planning a pregnancy; weight stable
(±3 kg) for the past 3 months; not following a vigorous exercise regimen or weight loss program
within the past 6 months; no acute illness; not diabetic (fasting blood glucose ≤126 mg/dL (7 mmol/L);
not severely claustrophobic; willing to eat study foods; and not skipping breakfast >2 day/week.
Eligible individuals were approved by the study physician to participate based on routine blood
chemistry assessments. All participants gave written informed consent and the study had approval
from the Purdue University Biomedical Institutional Review Board. Figure 1 shows participants’
flow through the study. Baseline participant characteristics were not statistically different (p > 0.05)
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between groups of participants who did versus did not complete the study. Two male participants
were withdrawn from the study after randomization by the investigators due to an inability to fully
comply with study procedures. These participants did not find the CGM comfortable to wear (one after
three days of wearing the device and the other at the end of first intervention period). Four participants
had scheduling conflicts. One of these individuals was not able to show up for the first test day
appointment. The other three withdrew from the study after completing one or two testing periods.
Data for these three participants were not included in the analysis. We obtained and included data
from the 20 study completers in the postprandial glucose and insulin analysis. However, one of
these 20 participants was unable to wear the CGM because it interfered with his farming occupation.
This trial was registered on ClinicalTrials.gov (NCT02169245).

Figure 1. Consort diagram of the study.

2.2. Experimental Design

Participants completed this randomized crossover trial in approximately 15 weeks.
Participants consumed four breakfast meals that varied in protein and fiber amounts daily for
2 weeks in random order. The breakfast types were normal protein and fiber (NPNF), normal
protein and high fiber (NPHF), high protein and normal fiber (HPNF), and high protein and fiber
(HPHF). During each 2-week intervention period, participants consumed the designated breakfast
type every morning, but foods and beverages outside of breakfast were otherwise uncontrolled
and self-chosen. Testing days were scheduled to occur on the last day of each 2-week intervention
period. Twenty-four-hour interstitial glucose patterns were assessed by CGM during the second week
of each 2-week intervention period. On the last day of each intervention period, a meal tolerance
test was performed. Participants arrived at our clinical research facility after a 10-h overnight fast.
Upon arrival, a fasting blood draw was obtained. Participants next consumed the same breakfast
type (NPNF, NPHF, HPNF, and HPHF) that they had eaten for the preceding 2-week dietary
intervention period. Participants were asked to consume the entire breakfast in no more than 15 min.
Postprandial blood draws were obtained hourly for 4 h after the completion of breakfast. Fasting and
postprandial serum samples were analyzed for glucose and insulin concentrations. Each 2-week
period of dietary intervention was separated by ≥15 days (mean: 17 days, range: 15–36 days) during
which time the participants were asked to consume their habitual diets. Study investigators (with the
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exception of the research dietitian, AJW) and participants were blinded to the protein and fiber content
of the breakfast treatments during the study data collection period.

2.3. Breakfast Characteristics

All breakfast recipes (Tables S1–S16 were designed by a research dietitian (AJW) using ProNutra
(Release 3.2, Viocare Technologies, Inc., Princeton, NJ, USA) and were prepared by metabolic
research kitchen staff in conjunction with the NIH-supported bionutrition center at Purdue University.
Breakfasts were provided to the participants to consume either on-site or at a self-chosen location.
Four varieties (egg and potato casserole, quiche, breakfast sandwich, and breakfast burrito) of
each breakfast type were provided within each 2-week intervention period to provide variety.
Within each breakfast variety, pilot testing was completed to ensure comparable palatability and
textural characteristics across NPNF, NPHF, HPNF, and HPHF breakfasts. While all breakfast varieties
were designed to achieve the similar energy, macronutrient, and fiber amounts, the breakfast burrito
was consumed on all testing days to provide additional consistency (Table 1).

Table 1. Energy and macronutrient distribution of provided breakfast treatments.

Dietary Variables
Breakfast Treatments

NPNF HPNF NPHF HPHF

* Energy (kcal) 396 397 387 386
Available Carbohydrate (g) 51 50 51 48

Sugar (g) 18 22 11 14
Total Fiber (g) 2 2 8 8

Soluble Fiber (g) 0 1 6 7
Insoluble Fiber (g) 2 1 2 1
Total Protein (g) 12.5 25 12.5 25

Total Fat (g) 16 10 14 10
Saturated Fat (g) 4 3 4 3

Monounsaturated Fat (g) 6 3 6 3
Polyunsaturated Fat (g) 3 1 2 1

Trans Fat (g) 0 0 0 0
Cholesterol (mg) 114 325 114 325

Sodium (mg) 767 723 765 720

* Metabolizable energy. Data are based on information from ProNutra, Release 3.2, Viocare Technologies,
Inc., Princeton, NJ, USA. NPNF: Normal Protein + Normal Fiber; HPNF: High Protein + Normal Fiber;
NPHF: Normal Protein + High Fiber; HPHF: High Protein + High Fiber.

All four breakfast types (NPNF, NPHF, HPNF, and HPHF) provided ~400 kcals of metabolizable
energy and contained ~50 g of available carbohydrate. High and normal protein were defined as 25 g
and 12.5 g of protein, respectively. The increases in breakfast protein content for HPNF and HPHF
were achieved by the addition of whole eggs and/or egg products such as egg white powder; and
fat content was reduced to maintain similar total energy content among breakfast types. The high
and normal fiber intakes were defined as 8 g, and 2 g, respectively. The additional fiber in NPHF and
HPHF was achieved by adding powdered psyllium husk to the meals, which was shown to reduce
postprandial glucose responses [30,31] and can easily be incorporated into meals for participant and
investigator blinding. The energy, protein, and fiber content of the NPNF breakfasts were designed to
resemble reported breakfast characteristics for adult males and females as described in the 2013–2014
What We Eat in America data tables [43]. The protein contents of HPNF and HPHF were doubled to
25 g (25% of energy at breakfast), which is consistent with published definitions of HP diets [48,49].

2.4. Dietary Intake

Self-selected food and beverage intakes during each intervention period were determined using
the multiple-pass approach on three unscheduled days (one weekend day and two non-consecutive
weekdays) and analyzed by the research dietitian using Nutrition Data System for Research
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(NDSR) software, version 2013 (Nutrition Coordinating Center, Univ. MN, Minneapolis, MN, USA).
Two-dimensional food portion visuals (Nutrition Coordinating Center, Univ. MN, Minneapolis, MN,
USA) were used to assist subjects in estimating portion sizes.

2.5. Body Composition

Standing height without shoes was measured during baseline with a wall-mounted stadiometer.
Whole body mass, fat mass, and lean mass were also determined at baseline using air displacement
plethysmography (BOD POD, COSMED USA, Concord, CA, USA). Body mass index was calculated
as body mass divided by height squared (kg/m2).

2.6. 24-h Glucose (CGM)

A Medtronic iPro2 Professional CGM device (Northridge, CA, USA) was used to obtain 24-h
continuous interstitial glucose concentration data from study participants during the last 7 days of each
dietary intervention period. The glucose oxidase-based sensor inserted into the abdominal area at least
5 cm away from the umbilicus obtain an interstitial glucose measurement every 10 s and a recorder
stored a smoothed and filtered average of these values every 5 min. Data obtained on the first and last
day while participants wore the CGM device were excluded to obtain 24-h glucose data within periods
where CGM sensor functional life was ideal. We considered 24-h glucose data valid when three or more
self-monitoring glucose reading (finger sticks) were documented for calibration of CGM sensor glucose
data [50]. CGM data were used to calculate 24-h interstitial glucose peak, mean, coefficient of variation
(CV) and total area under the curve (AUC). The group mean and peak glucose were calculated from the
individual participants’ means of 2–5 days of useable CGM data. Similarly, group CV was calculated
as mean of the ratio of the individual participants’ standard deviation to mean. Also, in a subset of
participants, the CGM data were used to document the postprandial glucose responses for 75 min after
participants consumed the same trial-specific breakfast test treatment (breakfast burrito) as consumed
during the corresponding meal tolerance test and also consumed their next meal or beverage by 75 min
after consuming the test-specific breakfast treatment. Only participants who provided these data
(obtained on different days) were used to graphically show the postprandial glucose responses in
more detail (interstitial fluid samples every 5 min) to complement blood sampling (serum samples
every hour) during the meal tolerance tests.

2.7. Biochemical Analyses and Calculation

Each blood sample was collected into vials containing serum separator and silica clot activator
that were inverted several times and maintained at room temperature for 45 min to allow clotting
and then centrifuged at 4 ◦C for 10 min at 4400 rpm. The resulting serum aliquots were stored
at −80 ◦C until thawed for measurements of glucose by enzymatic colorimetry using an oxidase
method on a COBAS Integra 400 analyzer (Roche Diagnostic Systems USA, Indianapolis, Indiana)
and insulin by an electrochemiluminescence immunoassay method on the Elecsys 2010 analyzer
(Roche Diagnostic USA, Indianapolis, Indiana). The trapezoidal method [51] was used to calculate total
AUC for glucose and insulin at 0–120 min, 120–240 min, and 0–240 min time periods. The homeostatic
model assessment (HOMA) insulin resistance (HOMA-IR), HOMA β-cell function (HOMA-%β) and
whole-body (composite) insulin sensitivity index (ISI) were calculated as previously described [52,53].

2.8. Statistical Analysis

Independent t-test was used to assess baseline metabolic health indices between the individuals
who completed vs. those who did not complete the study. Doubly repeated-measures ANOVA
(PROC MIXED) was used to assess the effects of protein intake (normal vs. high), fiber intake
(normal vs. high), and time (fasting-state (0) vs. 60 vs. 120 vs. 180 vs. 240 min), protein × time,
fiber × time, and protein × fiber × time interactions on serum fasting and postprandial glucose and
insulin. The 2 repeated factors in our model were time and intervention period. Repeated-measures
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ANOVA (PROC MIXED) was used to assess the effects of breakfast meal treatments on 0–120, 120–240,
and 0–240 min AUCs; 24-h interstitial glucose peak, mean, and CV, and predictive indices of glucose
control measures HOMA-IR, HOMA-%β, and ISI. Data are presented as unadjusted mean ± standard
deviation (SD) for participant characteristics and mean ± standard error of the mean (SEM) for all
other results. We adjusted for fasting-dependent variable values (only when the outcome variable was
expressed as AUC), sex, breakfast treatment order (chronological testing order: Period 1 vs. Period 2 vs.
Period 3 vs. Period 4), and intervention carryover effect, as previously described [54]. Post hoc analyses
were performed using Tukey–Kramer adjustment for multiple comparisons. Statistical significance
was set using α = 0.05, two-tailed. Statistical Analysis Systems software, version 9.3 (SAS Institute Inc.,
Cary, NC, USA) was used to perform all statistical analyses.

3. Results

3.1. Participant Characteristics

Participants were apparently healthy young overweight adults (seven females, 13 males).
Baseline fasting glucose, lipid and lipoprotein concentrations were within the clinically normal
reference ranges (Table 2).

Table 2. Baseline participant characteristics.

Variable Mean ± SD

Age (years) 26 ± 5
Height (cm) 175 ± 10

Body Mass (kg) 83.4 ± 10.2
BMI (kg/m2) 27.0 ± 1.3
% Body Fat 26.4 ± 9.5

Serum glucose (mmol/L) 5.2 ± 0.3
Total cholesterol (mmol/L) 4.3 ± 0.5

Low-density lipoprotein cholesterol (mmol/L) 2.6 ± 0.5
High-density lipoprotein cholesterol (mmol/L) 1.2 ± 0.2

Triglycerides (mmol/L) 1.1 ± 0.4

Values are means ± standard deviation (SD) for n = 20 participants. BMI: body mass index.

3.2. Breakfast Treatments Effect on Outcome Measures

3.2.1. The Effect of Breakfast Treatment on Fasting Glucose and Insulin Variables

Fasting serum glucose, insulin, and predictive indices of glucose control including HOMA-IR,
ISI, and HOMA-β (%) measured on the last day of each two-week breakfast treatment were not
different among treatments (Table 3).

Table 3. Fasting serum glucose, insulin, and indices of glucose control after two weeks of breakfast
meals consumption.

Fasting Variables
Breakfast Treatments

NPNF HPNF NPHF HPHF p

Glucose (mmol/L) 5.3 ± 0.2 5.3 ± 0.2 5.2 ±0.1 5.2 ± 0.2 0.924
Insulin (pmol/L) 36 ± 6 36 ± 6 42 ± 6 42 ± 6 0.695

HOMA-IR 1.39 ± 0.1 1.51 ± 0.2 1.55 ± 0.2 1.54 ± 0.2 0.713
ISI 33 ± 5.2 32 ± 4.7 30 ± 5.6 31 ± 4.3 0.803

HOMA-β (%) 79 ± 10.2 79 ± 9.5 115 ± 36.9 88 ± 18.2 0.740

n = 20. Estimates are mean ± SEM. Homeostatic model assessment (HOMA) insulin resistance (HOMA-IR),
HOMA β-cell function (HOMA-%β); whole-body (composite) insulin sensitivity index (ISI). The main effects of
protein (high vs. low) and fiber (high vs. low) and their interaction on these fasting variables were assessed using
a repeated-measures PROC mixed effects model, adjusting for sex, dietary treatment order, and carryover effect.
NPNF: Normal Protein + Normal Fiber; HPNF: High Protein + Normal Fiber; NPHF: Normal Protein + High Fiber;
HPHF: High Protein + High Fiber.
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3.2.2. Time Course of Postprandial Glucose and Insulin Responses (AUC)

Results from meal tolerance testing showed that over time, postprandial glucose (p = 0.005)
and insulin (p < 0.0001) responses occurred. Compared to fasting (time 0), insulin was higher at 60
and 120 min and glucose was lower at 60 min. The protein and/or fiber contents of the breakfast
treatments did not affect 240-min glucose AUC. Protein intake did not affect 240-min insulin AUC,
while higher fiber intake lowered 240-min insulin AUC (p = 0.030). Further analysis of the insulin
AUCs indicated that higher fiber intake reduced insulin AUC at 120–240 min (p = 0.002), but not at
0–120 min (p = 0.245) (Figures 2 and 3). The apparent lack of a postprandial rise in glucose prompted
an assessment of CGM-based interstitial glucose data from days that participants consumed the same
treatment-specific breakfast burritos. Indeed, interstitial glucose increased after consumption of each
breakfast meal treatment, peaking after about 30 min, and decreasing to baseline concentrations by
60–75 min (Figure 4). An effect was observed for fiber (p = 0.017) but not protein (p = 0.631) or their
interaction (p = 0.795).

Figure 2. Postprandial time course (A) and total area under the curve (AUC) (B) for insulin response
to breakfast treatments. Postprandial time points with different letters are statistically different
(main effect of time, p < 0.05). n = 20, Estimates are unadjusted mean ± SEM. The main effects of protein
(high vs. low) and fiber (high vs. low) and their interaction on postprandial insulin were assessed
using a repeated-measures PROC mixed effects model, adjusting with fasting glucose (AUC only),
for sex, dietary treatment order, and carryover effect. An effect was observed for fiber at 120–240 min
(p = 0.002) and 0–240 min (p = 0.030) but not protein at 120–240 min (p = 0.113) or 0–240 min (p = 0.569)
or their interaction (p = 0.944). NPNF: Normal Protein + Normal Fiber; HPNF: High Protein + Normal
Fiber; NPHF: Normal Protein + High Fiber; HPHF: High Protein + High Fiber.
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Figure 3. Postprandial time course (A) and total area under the curve (AUC) (B) for glucose response
to breakfast treatments. n = 20, Estimates are unadjusted mean ± SEM. Values without a common
letter are different, p < 0.05. The main effects of protein (high vs. low) and fiber (high vs. low) and
their interaction on glucose were assessed using a repeated-measures PROC mixed effects model,
adjusting for fasting glucose (AUC only), sex, dietary treatment order, and carryover effects. No effect
or interaction effect was observed. NPNF: Normal Protein + Normal Fiber; HPNF: High Protein +
Normal Fiber; NPHF: Normal Protein + High Fiber; HPHF: High Protein + High Fiber.

Figure 4. Postprandial time course (A) and total area under the curve (AUC) (B) for continuous
glucose monitoring (CGM)-measured interstitial glucose after treatment-specific breakfast test meals
(breakfast burrito) were consumed. Estimates are unadjusted mean ± SEM. The main effects of protein
(high vs. low) and fiber (high vs. low) and their interaction on postprandial interstitial glucose
were assessed using a repeated-measures PROC mixed effects model, adjusting with fasting glucose
(AUC only), for sex, dietary treatment order, and carryover effect. An effect was observed for fiber
(p = 0.017) but not protein (p = 0.631) or their interaction (p = 0.795). NPNF: Normal Protein + Normal
Fiber; HPNF: High Protein + Normal Fiber; NPHF: Normal Protein + High Fiber; HPHF: High Protein
+ High Fiber. NPNF: n = 11, HPNF: n = 15, NPHF: n = 14, HPHF: n = 14.
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3.3. 24-h Interstitial Glucose Variables

Among the four breakfast treatments, we did not observe differential responses in the interstitial
glucose 24-h peak (p = 0.768), mean (p = 0.255), and CV (p = 0.534) and AUC (p = 0.179)
(Table 4). Comparable 24-h interstitial glucose profiles were observed for all breakfast treatments
(Supplementary Figure S1).

Table 4. Breakfast treatment effects on 24-h interstitial glucose variables.

Glucose Variables
Breakfast Treatments

NPNF HPNF NPHF HPHF p

Peak (mmol/L) 7.4 ± 0.2 7.1 ± 0.2 7.2 ± 0.1 7.2 ± 0.2 0.768
Mean (mmol/L) 5.5 ± 0.1 5.5 ± 0.1 5.5 ± 0.1 5.2 ± 0.1 0.255
Variability (CV) 0.99 ± 0.54 0.33 ± 0.23 0.30 ± 0.24 0.60 ± 0.38 0.534

AUC (mmol/L × 1440 min) 7982 ± 109 7977 ± 123 7755 ± 109 7860 ± 104 0.179

n = 19. Estimates are mean ± SEM. CV, coefficient of variation. AUC: total area under the curve. The main
effects of protein (high vs. low) and fiber (high vs. low) and their interaction on 24-h interstitial glucose variables
were assessed using a repeated-measures PROC mixed effects model, adjusting for sex, dietary treatment order,
and carryover effect. No effect was observed for fiber and protein or their interaction. NPNF: Normal Protein +
Normal Fiber; HPNF: High Protein + Normal Fiber; NPHF: Normal Protein + High Fiber; HPHF: High Protein +
High Fiber.

3.4. Daily Energy and Macronutrients Intake

Among the four breakfast treatments, we did not observe differential responses in either
the non-breakfast energy intake (self-chosen energy intake) (p = 0.421) or daily energy intakes
(breakfast energy + self-chosen energy intakes after breakfast meals) (p = 0.394) (Supplementary
Table S17 and S18), respectively. While we did not observe differences with the non-breakfast
macronutrients intakes (Supplementary Table S17), we did observe differences in the daily total
dietary fiber (p = 0.021), soluble fiber (p < 0.0001), and polyunsaturated fatty acids (p = 0.015) intakes
but not the other macronutrients assessed (Supplementary Table S18).

4. Discussion

We conducted this study with the primary aim to assess the combined effect of higher intakes
of protein and fiber consumed daily at breakfast over a 2-week period on postprandial glucose and
insulin responses. We hypothesized that increasing protein and fiber amounts at breakfast would blunt
postprandial serum glucose responses compared to increasing either protein or fiber alone. Contrary to
our hypotheses, we observed that increasing protein and fiber amounts at breakfast did not influence
postprandial glucose responses in overweight young adults. However, we observed an effect of fiber
on insulin response (AUC). Increasing fiber lowered both the last two hours (120–240 min) and the
composite 240-min insulin AUCs. Also, we did not observe protein and/or fiber breakfast meal effects
on 24-h interstitial glucose or indices of glucose control.

Results from the meal tolerance tests suggested the lack of a postprandial glucose response that
may be explained by the timing of blood sampling in the current study. Specifically, it is likely that
postprandial glucose concentrations peaked and began returning to baseline levels before the first
postprandial sample 60 min after breakfast. This is supported by interstitial glucose data obtained via
CGM that showed peak glucose concentrations approximately 30 min after breakfast and declining
to baseline concentration by 60–75 min. Generally, the expected postprandial glucose peak occurs
one hour postprandial in overweight and obese adults [46]. This supported our choice of hourly
blood sampling for the meal tolerance testing because our study participants were overweight adults.
Other studies that included varying amounts of fiber [55] and protein [44,56] to meals also reported
shorter postprandial glucose peaks occurring within 30–45 min but declining to either baseline or
below baseline glucose concentration by 60 min. However, a modestly elevated postprandial insulin
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at 60 min was concurrently reported by those studies with meal tolerance testing. Our results are
consistent with such studies. We observed that glucose concentration 60 min after breakfast was
slightly, but statistically, lower than the fasting serum glucose concentration. Our results, together with
others, suggest that future studies must always use frequent blood sampling (15-min interval within
the first hour of feeding), particularly when both fiber and protein amounts are varied in test meals,
to possibly avoid missing important data points within the first hour after feeding.

Studies assessing whether the consumption of higher amounts of protein and fiber simultaneously
would better attenuate postprandial glucose response compared to when either protein or fiber is
increased and consumed separately are lacking. To our knowledge, only one study assessed the
effects of a moderate protein (from egg source) and high fiber (whole grains) breakfast treatment
(protein = 20 g, fiber = 7 g, carbohydrates = 45 g) compared with a refined rice cereal breakfast
(protein = 10 g, fiber = 1 g, carbohydrate = 55 g) [57]. Bonnema et al. [57] reported an attenuation
of 3.5-h AUC glucose with the moderate protein and high fiber breakfast. Results of insulin AUC
were not reported. Of note, the difference in carbohydrate content of those breakfasts may explain
the glucose results as opposed to the combined effect of protein and fiber. In contrast, one previous
study [58] systematically assessed the individual and combined effects of low vs. high glycemic index
(GI) and protein breakfast treatments on postprandial insulin and glucose responses. Makris et al. [58]
found that combining higher amounts of protein and low GI simultaneously did not have an effect
on postprandial insulin and glucose responses. However, intake of higher amounts of the low GI
breakfast meal attenuated postprandial insulin and glucose responses. We also did not observe an
additive effect with intake of higher amounts of protein and fiber on postprandial insulin and glucose.
Collectively, the expected favorable additive effect with increasing the amount of protein and either
low GI carbohydrates or fiber from whole grains sources and fiber per se on postprandial insulin and
glucose responses is inconclusive.

Our results partially supported the favorable metabolic effects established for soluble viscous
fibers. The 6-g difference between the normal fiber (2 g) and high fiber (8 g) breakfast treatments
was achieved by adding psyllium husk powder, which is known as a soluble fiber. We observed
that increasing soluble fiber intake attenuated the postprandial insulin response. Other studies
noted that increasing soluble fiber when a meal had greater amounts of high glycemic index
foods/metabolizable carbohydrate content attenuated postprandial glucose [55,59] and insulin [55]
responses. The lowering of insulin with increasing dietary fiber intake that was observed in our
study is consistent with previous findings [27,55,60]. Reducing postprandial insulin with higher
fiber intakes has beneficial metabolic effects in healthy overweight individuals who are at risk of
developing hyperinsulinemia, an early abnormality preceding the development of type 2 diabetes.
Insulin resistance with concurrent compensatory hyperinsulinemia is a major feature that underlies
the development of metabolic morbidities, particularly, type 2 diabetes [61]. This compensatory
elevation of insulin secretion is usually needed to achieve a normal postprandial glucose response
in overweight and obese individuals [62] after a meal. Intervention strategies that alleviate the need
for elevated insulin secretion for glucose clearance are beneficial. While dietary interventions that
vary dietary macronutrient composition without inducing weight lost do not consistently improve
insulin resistance, manipulating the dietary macronutrient content has been documented to impact
the insulin resistance-induced hyperinsulinemia [46]. Therefore, increasing dietary fiber supported
improvement in insulin sensitivity (lower insulin concentration to normalize blood glucose) as
previously established [24,47].

In addition to assessing postprandial glucose and insulin responses by meal tolerance testing,
our study design allowed us to evaluate potential “second meal effects” with CGM. Jenkins et al. [63]
defined second meal effects as an effect of a first meal on the postprandial glucose response after eating
the second meal. Consuming higher amounts of fiber and protein were previously shown to elicit
“second meal effects” by reducing postprandial glucose responses following a second meal [64–67].
Other studies also reported an attenuation of daylong glucose (lunch and dinner meals) with intake of
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low GI foods [68]. Assessing such a prolonged effect of consuming a breakfast with controlled protein
and fiber amounts on subsequent and uncontrolled meals was an important and novel aim of the
current study. However, 24-h interstitial glucose variables, including AUC, were not influenced by
the 4 breakfast treatments used in the current study, which suggests a lack of a “second meal effect”.
Our results may be due to the observed large variability between participants’ self-selected intake after
the breakfast meal (Tables S17 and S18). Our findings could also suggest that the inclusion of fiber
in multiple meals across the day may be needed with the intake of a typical Western diet to improve
daily glycemic control.

One limitation of the study was that the lack of provision of a standard meal the night before the
acute measurement to metabolically stabilize our study participants may have confounded our study
outcomes. Previous studies suggest a residual effect from dinner meals may impact the next morning
glucose profile [68] particularly with high fiber intake. Another limitation was the fact that we could
not match sugar, MUFA, PUFA, and total fat, across normal vs. the high breakfast treatment meals
although these nutrients may influence our results. However, the magnitude of the differences in the
amounts of the afore-mentioned nutrients between the normal vs. high protein and fiber breakfast
treatments where not numerically substantial. Lastly, our study findings are only generalizable to
overweight young adults. A strength of this study is that both researchers and study participants
were blinded to the study dietary treatment. This potentially eliminates any biases with our dietary
manipulation that may influence our study outcomes. Another strength is that the 2-week dietary
acclimation period before our postprandial responses were assessed allowed us to determine the
prolonged effects of consumption of protein and fiber breakfasts beyond a single meal.

5. Conclusions

In conclusion, consumption of a breakfast meal with both higher protein and fiber content did
not differentially influence postprandial glucose response and 24-h glucose peak and AUC compared
to the other three breakfast treatments. However, increasing fiber had an attenuation effect on the
postprandial insulin response. Therefore, doubling the amount of protein from 12.5 g to 25 g/meal and
quadrupling fiber from 2 to 8 g/meal simultaneously at breakfast may not be an effective therapeutic
strategy to improve insulin and glucose responses acutely; however, higher fiber intake at breakfast
may be effective for lowering the postprandial insulin response in healthy overweight, young adults.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/4/352/s1,
Figure S1: 24-hour time course interstitial glucose from CGM to breakfast treatments and self-selected intakes
after provided breakfast. n = 19, Estimates are unadjusted means. NPNF: Normal Protein + Normal Fiber;
HPNF: High Protein + Normal Fiber; NPHF: Normal Protein + High Fiber; HPHF: High Protein + High Fiber,
Table S1: NPNF breakfast burrito recipe, Table S2: HPNF breakfast burrito recipe, Table S3: NPHF breakfast
burrito recipe, Table S4: HPHF breakfast burrito recipe, Table S5: NPNF breakfast sandwich recipe, Table S6:
NPHP breakfast sandwich recipe, Table S7: NPHF breakfast sandwich recipe, Table S8: HPHF breakfast sandwich
recipe, Table S9: NPNF breakfast casserole recipe, Table S10: HPNF breakfast casserole recipe, Table S11:
NPHF breakfast casserole recipe, Table S12: HPHF breakfast casserole recipe, Table S13: NPNF breakfast
quiche recipe, Table S14: HPNF breakfast quiche recipe, Table S15: NPHF breakfast quiche recipe, Table S16:
HPHF breakfast quiche recipe: Table S17: Non-breakfast energy and macronutrient distribution, Table S18: Daily
energy and macronutrient distribution.
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Abstract: Dietary fiber (DF) intake may be beneficial for cardiometabolic health.
However, whether this already occurs in early childhood is unclear. We investigated associations
between DF intake in infancy and cardiometabolic health in childhood among 2032 children
participating in a population-based cohort in The Netherlands. Information on DF intake at a
median age of 12.9 months was collected using a food-frequency questionnaire. DF was adjusted
for energy intake using the residual method. At age 6 years, body fat percentage, high-density
lipoprotein (HDL)-cholesterol, insulin, triglycerides, and blood pressure were assessed and expressed
in age- and sex-specific standard deviation scores (SDS). These five factors were combined into a
cardiometabolic risk factor score. In models adjusted for several parental and child covariates, a
higher DF intake was associated with a lower cardiometabolic risk factor score. When we examined
individual cardiometabolic factors, we observed that a 1 g/day higher energy-adjusted DF intake
was associated with 0.026 SDS higher HDL-cholesterol (95% CI 0.009, 0.042), and 0.020 SDS lower
triglycerides (95% CI −0.037, −0.003), but not with body fat, insulin, or blood pressure. Results were
similar for DF with and without adjustment for energy intake. Our findings suggest that higher DF
intake in infancy may be associated with better cardiometabolic health in later childhood.

Keywords: body fat; blood pressure; cohort; dietary fiber; early childhood; HDL-C; insulin; triglyceride

1. Introduction

Several studies suggest that dietary fiber (DF) is beneficial for various aspects of cardiometabolic
health in adults, such as lower insulin and cholesterol concentrations, and a lower blood pressure [1,2].
High DF intake has been proposed to lower cardiometabolic risk through lower absorption of
cholesterol and fat, improved glucose and insulin metabolism after meals, or via increased satiety and
a subsequent lower energy intake [3]. However, many of the cardiometabolic health consequences in
adulthood are preceded by abnormalities that might begin in childhood [4]. For example, overweight
often already occurs in early childhood and is associated with a higher risk of overweight, type 2
diabetes, hypertension, dyslipidemia, and atherosclerosis in later life [4,5]. Small changes in other
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cardiometabolic risk factors can also already start during childhood and predict later cardiometabolic
disease risk [6,7]. Therefore, it is important to focus on cardiometabolic health and its determinants
already in childhood. A few previous studies in children suggested that the beneficial effect of DF on
cardiometabolic health may already be present in childhood: a higher DF intake was, for example,
associated with a lower body fat percentage in children around the age of 9 years [8], and with lower
serum total cholesterol in children at ages of 13 months to 9 years [9].

However, these previous studies on DF intake in children in relation to body composition and
metabolic risk factors focused on school-age children and adolescents [8–16], whereas diet might be
important for cardiometabolic health already earlier in childhood [17]. Whether DF intake in early
childhood is associated with cardiometabolic risk remains unknown and there is a lack of well-founded
guidelines for adequate DF intake in young children [18–20]. Potential effects of DF intake might
also differ by type of DF, such as soluble versus insoluble DF [3,21–24]. An observational study in
adolescents showed that a higher intake of specifically soluble DF was associated with a reduction of
visceral body fat over a period of 2 years [13]. However, data about the effects of different sources of
DF is scarce [3].

Therefore, we investigated the association between DF intake in infancy and cardiometabolic
health at the age of 6 years in a large prospective cohort. Additionally, we examined whether
associations were explained by differences in energy intake and we explored whether associations
differ for DF from different food sources.

2. Subjects and Methods

2.1. Study Design and Subjects

In this study we examined data from The Generation R Study, a population-based prospective
cohort study from fetal life onward in Rotterdam, The Netherlands [25]. Pregnant women were
enrolled between April 2002 and January 2006, and 7893 live-born children were available for postnatal
follow-up, of whom 4215 had a Dutch ethnic background [25].

Because the food-frequency questionnaire (FFQ) was designed for dietary assessment of a Dutch
population and was validated in Dutch children, we restricted our analyses to Dutch children.
Children without information on diet (n = 1778) or any of the cardiometabolic health measurements
(n = 405) were excluded, resulting in a study population of 2032 children (Figure 1). Because not
all of these children had information available on all outcomes, the population for analysis ranged
from 1314 to 1995 per cardiometabolic outcome. The study was approved by the local Medical Ethics
Committee of Erasmus Medical Center, Rotterdam (MEC 198.782/2001/31, 2001), and written consent
was given by parents.

2.2. Dietary Intake Assessment

Dietary data were collected using a 211-item semiquantitative FFQ, as described in detail
elsewhere [26,27]. This FFQ was validated against three 24 h-recalls and the intraclass correlation
coefficient was 0.7 for DF intake [27]. The median age of the children was 12.9 (interquartile range (IQR)
12.6–13.9) months. Total DF intake was calculated using the Dutch Food Composition Table (NEVO),
where DF is defined as plant cell wall components that are not digestible by human digestive enzymes,
including for example, lignin, cellulose, hemicellulose, and pectin [28]. Thereafter, we divided DF
intake in DF from four different food groups, based on the different types of DF that are mainly present
in these food groups [3,22]: (1) DF from cereals, as proxy for insoluble DF, defined as fiber from bread,
cereals, pasta, rice, cookies, cakes, pastries, crackers, and ready-to-eat meals; (2) DF from potatoes
and potato products, containing resistant starch; (3) DF from fruits and vegetables; and (4) DF from
legumes, containing different types of soluble DF, insoluble DF, and resistant starch [29].
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Figure 1. Flow chart of study participants included in the analysis.

2.3. Cardiometabolic Health Assessment

Children’s height and weight up to the age of 4 years were repeatedly measured during
routine visits to Child Health Centers [30]. At a median age of 5.9 (IQR 5.8–6.1) years, children
visited our dedicated research center in the Sophia Children’s Hospital in Rotterdam where they
were examined in detail. As a primary outcome we used a cardiometabolic risk factor score
including the components body fat percentage (BF%), high-density lipoprotein cholesterol (HDL-C),
insulin, and triglyceride concentrations, and diastolic blood pressure (DBP) and systolic blood pressure
(SBP). Body weight, measured with a mechanical personal scale (SECA), and body height, without
shoes and heavy clothes, were measured to the nearest 0.1 kg or 0.1 cm, respectively, and BMI was
calculated (kg/m2). Body fat was determined using a dual-energy X-ray absorptiometry scanner
(iDXA; General Electrics-Lunar, 2008, Madison, WI, USA) and enCORE software v.13.6 (GE Healthcare,
Little Chalfont, UK) [31]. Total body fat was expressed as percentage of total body weight to define
BF%. Additionally, we calculated fat mass index (FMI) as fat mass (kg)/m2.

Non-fasting blood samples were drawn for measurements of HDL-C, insulin, and triglyceride
concentrations, using enzymatic methods (using a Cobas 8000 analyzer, Roche, Almere,
The Netherlands) [32]. Quality control samples demonstrated intra-assay and inter-assay coefficients
of variation ranging from 0.77% to 1.69%. DBP and SBP were measured, while the children were
lying down, at the right brachial artery, using the validated automatic sphygmomanometer Datascope
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Accutorr Plus™ (Paramus, NJ, USA) [33]. Measurements were repeated four times with 1 min intervals
and we used the mean of DBP and the mean of SBP of the last three measurements.

For all outcomes we calculated age- and sex-specific standard deviation scores (SDS) on the basis
of our study population. Outliers, defined as the SDS ≥ |3.29| [34], were excluded (n = 0–7 per
outcome). Individual cardiometabolic outcomes were combined into a continuous cardiometabolic
risk factor score as described elsewhere [17,35]. This score included the sum of age- and sex-specific
SD scores of BF%, the inverse of HDL-C, insulin, triglycerides, SBP, and DBP and was transformed
into an SD score. A higher score is indicative of a less favorable cardiometabolic profile.

2.4. Covariates

Maternal age, household income, educational levels of both parents, and proxies for mother’s
pre-pregnancy cardiometabolic health (i.e., hypercholesterolemia, diabetes mellitus, or hypertension)
were obtained with a questionnaire at enrolment in the study. Educational level of both parents was
assessed with the same questionnaire and highest finished education was categorized into: no higher
education; one parent with higher education; or both parents finished higher education, with higher
education defined as higher vocational training, a Bachelor’s degree, or university degree [36].

Maternal height and weight were measured at the research center at enrollment in the
study, and BMI was calculated. Information about smoking, alcohol intake, and folic acid
supplementation during pregnancy, as markers of health-conscious behavior of the mother,
was obtained with questionnaires during pregnancy [27]. Information about pregnancy complications
(i.e., gestational hypertension, preeclampsia, or gestational diabetes mellitus) was retrieved from
medical records.

Medical records and hospital registries were used to collect information about child’s sex,
birth weight and gestational age. Sex- and gestational age-specific z-scores for birth weight were
calculated using reference data [37]. Information about receiving breastfeeding at 4 months and timing
of introduction of fruit and vegetables was collected with postnatal questionnaires [27].

A food-based diet score for preschool children was used to assess overall diet quality [27] and
macronutrient intakes and glycemic load of the diet were calculated [38] from data obtained with
the FFQ. Information about receiving dietary supplements (e.g., vitamins and mineral supplements)
as a proxy of health-conscious behavior, was retrieved using the FFQ. Information about average
screen time as proxy for sedentary behavior and about time spent walking or bicycling to school and
playing outside as proxies for physical activity, and smoking in the household (categorized into never;
less than once per week; or once per week or more) was obtained with a questionnaire at the child’s
age of 6 years.

2.5. Statistical Analysis

To explore whether potential associations of DF intake with cardiometabolic health were
explained by energy intake, we examined both absolute DF (i.e., not adjusted for energy intake)
and energy-adjusted DF intake. DF was adjusted for energy intake using the residual method [39].
Insulin was root-transformed, to obtain a normal distribution. Potential nonlinearity of the associations
was assessed using natural cubic spline models with two to four degrees of freedom [40]. Because there
were no indications for nonlinear associations for any of the outcomes (all p > 0.05), we assessed all
associations using linear regression analyses only. In these models, we analyzed total DF intake and
DF intake from different sources (per 1 g/day) and the cardiometabolic risk factor score and individual
cardiometabolic health components at the age of 6 years.

In the crude model, we included child’s age at FFQ and sex. To identify potential dietary
confounders, we first examined correlations of DF intake with intake of total protein, vegetable
protein, animal protein, fat, polyunsaturated fatty acids, monounsaturated fatty acids, saturated fatty
acids, carbohydrates, glycemic load, and the diet quality score. We observed a strong correlation
for energy intake, glycemic load, and the diet score with DF intakes, and therefore included these
variables in the analyses. To avoid overadjustment, the diet quality score and glycemic load were
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adjusted for DF intake using the residual method. All other covariates described in the Covariates
section were included as potential confounders using the manual forward stepwise method starting
with the crude model. Variables were retained in the covariate-adjusted model when they resulted
in a ≥5% change of the effect estimates of absolute or energy-adjusted DF intake on at least one of
the outcomes. Following this procedure, all variables were retained, so covariate-adjusted models
were adjusted for: maternal age, maternal BMI, household income, educational level of the parents,
smoking, alcohol intake and folic acid supplementation during pregnancy, pregnancy complications,
child’s birth weight, sex, receiving breastfeeding at 4 months, timing of introduction of fruit and
vegetables, age at FFQ, receiving dietary supplements, glycemic load, diet quality score, physical
activity, screen time, and smoking in the household.

We tested for potential effect modification by child’s sex, age at FFQ, and overweight status at
the age of 6 years in the crude and covariate-adjusted models. We additionally explored whether DF
intake was associated with repeatedly measured height, weight, and BMI using multivariable linear
mixed models including the same covariates as in the main models. For the cardiometabolic risk factor
score, we performed sensitivity analyses in which we excluded individual components from the score
one at a time. Furthermore, we repeated the analyses in a selection of the children with complete data
on all cardiometabolic outcomes (n = 1314).

Missing values of covariates were multiply imputed (n = 10 imputations) according to the Fully
Conditional Specification method (predictive mean matching), with the assumption of no monotone
missing pattern [41]. Effect estimates and population characteristics (Supplementary Materials
Table S1) were similar before and after imputation and we report the pooled results after the
multiple imputation procedure. Statistical analyses were performed using SPSS 21.0 (IBM Corp.,
version 21.0, Armonk, NY, USA) and R (The R Foundation for Statistical Computing, version 3.2.0,
Aalborg, Denmark) and results were considered statistically significant at a p-value < 0.05.

3. Results

3.1. Population Characteristics

The population characteristics are shown in Table 1. At the age of 1 year, mean ± SD intake of
total DF was 15.0 ± 4.3 g/day, with a range of 3.0–38.6 g/day, with 46.4% of the children having a DF
intake above the Dutch recommended intake of 15 g/day for 1–3 year old children [42]. Most of the DF
in the diet of our study population came from cereal products (median (IQR) 8.0 (6.2–10.0) g/day) and
from fruits and vegetables (4.7 (3.2–6.2) g/day). Overall, parents of most of the children had a high
educational level and a high income.

Table 1. Population characteristics (n = 2032).

Mean ± SD, Median (IQR), or n (%)

Infancy Characteristics

Gestational age at birth (weeks) 40.1 (39.3–41.1)

Birth weight (g) 3499 ± 563

Girls (n) 1031 (50.7%)

Receiving breastfeeding
• Never 272 (13.3%)
• Partial in the first 4 months 1154 (56.8%)
• Exclusively in the first 4 months 606 (29.9%)

Timing of introduction of fruits and vegetables
• <4 months 162 (7.9%)
• 4–6 months 1716 (84.4%)
• ≥6 months 154 (7.7%)

Characteristics at Dietary Assessment

Age (months) 12.9 (12.6–13.9)
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Table 1. Population characteristics (n = 2032).

Mean ± SD, Median (IQR), or n (%)

Dietary fiber (DF) intake (g/day) 15.0 ± 4.3
• DF from cereals 8.0 (6.2–10.0)
• DF from potatoes 1.1 (0.4–1.9)
• DF from fruit and vegetables 4.7 (3.2–6.2)
• DF from legumes 0.2 (0.0–0.6)

Energy intake (kcal/day) 1267 (1070–1491)

Receiving any dietary supplements 973 (47.9%)

Characteristics at Cardiometabolic Health Assessment

Age (year) 5.9 (5.8–6.1)

Height (cm) 118 (115–122)

Weight (kg) 21.8 (20.2–23.8)

BMI (kg/m2) (n = 1995) 15.6 (15.0–16.5)

Body fat percentage (n = 1988) 23.1 (20.4–26.4)

Serum HDL-cholesterol (mmol/L) (n = 1385) 1.33 ± 0.30

Serum insulin (pmol/L) (n = 1380) 114 (63.8–183.6)

Serum triglycerides (mmol/L) (n = 1383) 0.98 (0.72–1.29)

Diastolic blood pressure (mmHg) (n = 1943) 60 ± 6

Systolic blood pressure (mmHg) (n = 1943) 102 ± 8

Physical activity (h/day) 1.60 (1.00–2.43)

Screen time (h/day) 1.14 (0.75–1.71)

Seldom or no smoking in household 1829 (90.0%)

Parental Characteristics

Maternal age at enrolment (year) 32.3 (29.7–34.6)

Maternal BMI at enrolment (kg/m2) 23.3 (21.7–25.8)

Household income ≥ €2,200 per month 1586 (78.0%)

Educational level parents
• No higher education 421 (20.7%)
• One parent higher education 495 (24.4%)
• Both parents higher education 1116 (54.9%)

Maternal hypercholesterolemia, diabetes mellitus, or hypertension 93 (4.6%)

Smoking during pregnancy
• Never 1606 (79.0%)
• Until pregnancy was known 213 (10.5%)
• Continued 213 (10.5%)

Alcohol consumption during pregnancy
• Never 627 (30.9%)
• Until pregnancy was known 364 (17.9%)
• Continued 1041 (51.2%)

Use of folic acid supplements during pregnancy
• Start periconceptional 1245 (61.3%)
• Start in first 10 weeks of pregnancy 599 (29.4%)
• No 188 (9.3%)

Gestational hypertension, preeclampsia, or gestational diabetes mellitus 183 (9.1%)

Abbreviations: DF, dietary fiber; HDL, high density lipoprotein; IQR, interquartile range.

3.2. Associations between DF Intake and Cardiometabolic Health

Table 2 presents the crude and covariate-adjusted associations between DF intake and
energy-adjusted DF intake and age- and sex-adjusted outcomes of cardiometabolic health. In covariate-
adjusted models, a 1 g/day higher energy-adjusted DF intake was associated with a 0.022
(95% CI −0.038, −0.006) SD lower cardiometabolic risk factor score. The effect estimate for DF without
adjustment for energy was similar (−0.022 SDS; 95% CI −0.037, −0.006).
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Table 2. Crude and covariate-adjusted associations between DF intake and energy-adjusted DF intake
and cardiometabolic outcomes.

DF Intake (per 1 g/day) Energy-Adjusted DF Intake (per 1 g/day) 1

Crude Model 2 Covariate-Adjusted Model 3 Crude Model 2 Covariate-Adjusted Model 3

Cardiometabolic
risk factor score −0.014 * −0.022 * −0.023 * −0.022 *

n = 1314 (−0.024, −0.003) (−0.037, −0.006) (−0.038, −0.007) (−0.038, −0.006)

BF% (SDS) −0.005 −0.005 −0.004 −0.003
n = 1988 (−0.014, 0.004) (−0.017, 0.007) (−0.016, 0.008) (−0.015, 0.010)

HDL-C (SDS) 0.018 * 0.027 * 0.023 * 0.026 *,4

n = 1385 (0.012, 0.024) (0.011, 0.044) (0.007, 0.039) (0.009, 0.043)

Insulin (SDS) 0.001 0.002 −0.005 −0.003
n = 1380 (−0.005, 0.007) (−0.014, 0.019) (−0.013, 0.003) (−0.020, 0.015)

Triglycerides (SDS) −0.008 −0.019 * −0.015 −0.018 *,4

n = 1383 (−0.020, 0.004) (−0.035, −0.003) (−0.031, 0.001) (−0.036, −0.002)

DBP (SDS) −0.006 −0.006 −0.004 −0.003
n = 1943 (−0.015, 0.004) (−0.019, 0.008) (−0.017, 0.009) (−0.017, 0.011)

SBP (SDS) −0.001 −0.007 −0.009 −0.009
n = 1943 (−0.006, 0.004) (−0.020, 0.007) (−0.022, 0.005) (−0.023, 0.005)

Values are based on multivariable linear regression models and reflect differences (95% confidence interval)
in individual cardiometabolic outcomes and in cardiometabolic risk factor score (age- and sex-adjusted
SDS) per 1 g/day increase in DF intake. 1 DF was analyzed as energy-adjusted DF using the residual
method and models were additionally adjusted for energy intake; 2 Crude model is adjusted for child’s
sex and age at FFQ; 3 Covariate-adjusted model additionally includes maternal cardiometabolic health, age,
BMI, smoking, alcohol intake and folic acid supplementation during pregnancy, pregnancy complications,
household income, parental education, child’s birth weight, breastfeeding, timing of introduction of fruit
and vegetables, receiving dietary supplements, glycemic load, diet quality score, physical activity, screen
time, and smoking in the household; 4 In our study population, a 0.026 SDS higher HDL-C corresponds
to approximately 0.008 mmol/L or 0.31 mg/dL; and a 0.020 SDS lower triglyceride concentrations to
approximately 0.010 mmol/L or 0.89 mg/dL; * p-value < 0.05. Abbreviations: BF%, body fat percentage;
DBP, diastolic blood pressure; DF, dietary fiber; HDL-C, high-density lipoprotein cholesterol; SBP, systolic blood
pressure; SDS, standard deviation score.

Thereafter, we analyzed the components of the cardiometabolic risk factor score separately
(Table 2). A 1 g/day higher energy-adjusted DF intake was associated with 0.026 SDS
(95% CI 0.089, 0.042) higher HDL-C concentrations. In addition, a higher energy-adjusted DF intake
were associated with 0.020 SDS lower triglyceride concentrations (95% CI −0.037, −0.003). DF intake
was not associated with BF%, insulin, DBP, or SBP. Intake of DF was also not associated with repeatedly
measured height (−0.004 (95% CI −0.012, 0.005)), weight (−0.007 (95% CI −0.017, 0.003)), or BMI
(−0.001 (95% CI −0.010, 0.008)), or with FMI at 6 years (−0.003 (95% CI −0.009, 0.009)). Also for
the individual cardiometabolic outcomes, effect estimates with and without energy adjustment were
similar (Table 2).

3.3. Associations between DF Intake from Different Sources and Cardiometabolic Health

Table 3 presents the covariate-adjusted associations between intake of DF from different sources
and cardiometabolic health. A 1 g/day higher energy-adjusted DF intake from potatoes was associated
with a 0.051 SDS (95% CI −0.094, −0.009) lower cardiometabolic risk factor score, and a 0.076 SDS
lower triglyceride concentration (95% CI −0.121, −0.031). Effect estimates without energy adjustment
were similar and in addition, there was a positive association between DF intake from potatoes and
HDL-C (0.028 SDS; 95% CI 0.016, 0.072).

We observed that a 1 g/day higher energy-adjusted DF intake from fruit and vegetables
was associated with a 0.028 SDS (95% CI 0.001, 0.054) higher HDL-C (similar without energy
adjustment). Effect estimates for DF from legumes were similar to those obtained for total DF,
however, the confidence intervals were wide and none of the associations for DF from legumes
was statistically significant. For DF intake from cereals, we observed no associations with any of
the outcomes.
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3.4. Additional Analyses

We observed no significant interaction of DF intake with child’s sex or age at FFQ on any
of the outcomes. Crude associations were comparable with those after adjustment for confounders
(Supplementary Materials Table S2). When we restricted our analyses to children with complete data on
all cardiometabolic factors, we observed similar results as obtained for the full sample (Supplementary
Materials Table S3). When we analyzed the cardiometabolic risk factor score without triglycerides (TG)
or without HDL-C in sensitivity analyses, effect estimates only slightly attenuated (Supplementary
Materials Table S4). Finally, we observed no significant differences in DF intake, BF%, or blood pressure
between children with or without blood samples (Supplementary Materials Table S5).

4. Discussion

This is the first study that investigated the association between DF intake, including DF from
different sources, and cardiometabolic health in a large cohort of young children. Overall, a higher
DF intake was associated with a lower cardiometabolic risk factor score. This was mainly determined
by a better blood lipid profile. Furthermore, we observed that the association between DF intake and
better cardiometabolic health was not explained by differences in energy intake and seemed to be
primarily driven by intake of DF from potatoes, fruits, and vegetables. Although effect sizes were
modest and without clinical implications on the individual level, small variations in cardiometabolic
risk factors in childhood have been shown to predict health in later life [6,7], and a high DF intake
already in early childhood may thereby contribute to a reduction in the cardiometabolic disease burden
of a population.

Our observation that a higher DF intake was associated with better combined cardiometabolic
health is in line with previous studies in adolescents and adults that showed that a higher DF intake was
associated with a lower risk of metabolic syndrome [1,43]. Although associations with all individual
cardiometabolic outcomes were in the expected direction, we observed that the association with
overall cardiometabolic health in our population was mainly driven by higher HDL-C and lower
triglyceride concentrations. In line with our results, Ludwig et al. [2] showed that a higher DF intake
was associated with higher HDL-C and with lower triglyceride concentrations in adults. In contrast,
two previous studies that examined these associations in children found no associations between DF
intake and HDL-C or triglycerides [9,16]. However, these studies were small (n = 543 and n = 147) and
may have been underpowered to detect such associations. A potential beneficial effect of DF intake
on blood lipid levels could be explained by two mechanisms. First, DF decreases gastric emptying,
which reduces the acute postprandial responses, and thereby controls glucose and lipid concentrations
after a meal [24,44]. In the long-term, lower fluctuations of glucose and lipids can reduce the risk of
cardiometabolic disorders. Second, absorption of lipid is affected by dietary fiber intake, which leads
to a reduction in hepatic cholesterol. [45].

Although associations were all in the expected direction (i.e., improved cardiometabolic health),
DF intake was not significantly associated with the individual cardiometabolic components BF%,
insulin, DBP, or SBP in our population. Results from previous studies in children and adolescents
are mixed, with studies reporting either null or beneficial associations for higher DF intake.
Jenner et al. [15] reported associations between a higher DF intake and energy-adjusted DF intake
with a lower DBP in boys, but not in girls, at the age of 9 years. Two studies observed no associations
of DF with BF% in young children [11] or with BF% and insulin dynamics in adolescents [12],
whereas three other studies reported that higher energy-adjusted DF intake was associated with
lower BMI [8,10], lower visceral adiposity [13], and improved insulin-related outcomes [10] in children
and adolescents. Since most of these studies were performed in older children [8,10,13] or in higher
risk populations, such as obese teenagers [10,13], there may have been insufficient variability in our
young and generally healthy population to observe a potential beneficial effect of DF intake on these
individual cardiometabolic factors. Although very high DF intake has been hypothesized to have
harmful effects on growth, studies do not support that high DF intake compromises growth of children

275



Nutrients 2016, 8, 531

in developed countries [18,20]. In line with this, we observed no associations of DF intake with
repeatedly measured height or weight and we observed no indications for nonlinear associations of
DF intake with any of the growth or cardiometabolic factors, suggesting that associations did not differ
for low or high DF intakes in our study population with a generally high DF intake.

Considering that DF intake may result in satiation that could lead to a lower energy intake [24],
associations between DF intake and cardiometabolic health were hypothesized to be explained by
differences in energy intake. However, we observed no clear differences in associations for DF with or
without energy adjustment. If any, the effect estimates became stronger after adjustment for energy
intake, which is in line with results from two previous studies among children that showed larger
effect estimates of DF on cardiometabolic outcomes after adjustment for energy [9,15]. This suggests
that the effects of satiation may not play a major role among young children. In other words, a high
DF intake does not necessarily displace energy intake [9] and a higher DF intake might be beneficial
for cardiometabolic health via other mechanisms.

These other mechanisms may differ for different types and food sources of DF. In our study,
we observed that associations of DF intake with blood lipids were mainly explained by intake of DF
from fruits, vegetables, and potatoes, but not from cereals. Fruits and vegetables contain hemicellulose
A, pectin, gums, and mucilage; and these types of DF may increase the viscosity that result in distension
of the stomach [22]. Potatoes contain resistant starch, and in line with our results on blood lipids,
Higgins et al. [23] reported that a replacement of 5.4% of dietary carbohydrates with resistant starch
increased postprandial lipid oxidation. Resistant starch has also been associated with an increase
in satiety in adults [46], and the mechanism behind lowering triglyceride concentrations probably
involves increased intestinal viscosity [47]. Other studies showed that the solubility of DF could
influence the associations [13,14]. Unfortunately, we were only able to make a division of DF by food
sources, and not by type of DF. Therefore, there is still an overlap between intake of soluble and
insoluble DF in our analyses. Finally, because of the low legume intake in our population, we might
not have been able to detect associations for DF intake from legumes.

Our study was performed in a large population-based cohort with information available on many
potential confounders. Although not all information on confounders was complete for all participants,
we used multiple imputation of covariates to reduce attrition bias. Another strength is the availability
of blood samples to measure detailed markers of cardiometabolic health. Blood samples were available
in only 68.3% of the children, which may have led to selection bias. However, we observed no
significant differences in DF intake, BF%, and blood pressure between children with or without blood
samples [17] and results were similar when we restricted our analyses to the subjects with complete
data on cardiometabolic health available, suggesting that bias due to missing blood samples may not
be a large issue in the current analyses. A limitation is that blood lipids and insulin concentrations were
measured in blood samples that were collected in non-fasting state. According to studies in adults,
fasting time has little influence on cholesterol levels [48], but concentrations of triacylglycerol [48] and
insulin [49] vary more substantially with differences in fasting time. Assuming that fasting time of the
children when visiting our research center is randomly distributed, this measurement error would
have led to non-differential misclassification of the outcomes and may therefore have resulted in an
underestimation of our effect estimates for associations with insulin and blood lipids.

Regarding the nutritional assessment, an FFQ is an appropriate method because it reflects habitual
diet. Furthermore, although FFQs are prone to measurement error, our validation study showed an
intra-class correlation coefficient of 0.7 for DF intake [26,27], indicating a reasonably good validity.
Unfortunately, we had no information available on intake of specific subtypes of DF, such as soluble and
insoluble DF. A limitation is that this is an observational study, therefore, we cannot establish a causal
relation. Although we had information available on many potential confounders, residual confounding
from, for example, physical activity may still be an issue. Finally, we did not have cardiometabolic
health data at the age of 1 year or dietary data at the age of 6 years, consequently, we were not able to
perform longitudinal analyses for the cardiometabolic factors.
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5. Conclusions

Results of this prospective cohort study suggest that a higher DF intake in infancy is associated with
better combined cardiometabolic health, especially with a healthier blood lipid profile. These associations
were not explained by differences in energy intake. Intake of DF from potatoes, fruits, and vegetables rather
than cereals seemed to drive this association. Future studies should investigate the longitudinal association
of DF intake, including different subtypes of DF, in early childhood with long-term cardiometabolic health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/9/531/s1,
Table S1: Population characteristics based on unimputed and imputed data; Table S2: Crude associations between
DF intake and cardiometabolic outcomes; Table S3: Crude and covariate-adjusted associations between DF intake
and cardiometabolic outcomes among children with complete data on cardiometabolic health (n = 1314); Table S4:
Sensitivity analyses: associations between DF intake and the cardiometabolic risk factor score without TG or
HDL-C; Table S5: Descriptives of children with and without blood samples available.
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Abstract: Background and aim: This study was designed to examine the hypothesis that dietary
of intake different types of fiber could modify the risk of cardiovascular disease (CVD) in a large
prospective cohort among Iranian adults. Methods: In 2006–2008, we used a validated food frequency
questionnaire to assess dietary fiber intake among 2295 health professionals with no previous
history of heart disease. Subjects were subsequently followed until 2012 for incidence of CVD
events. Multivariate Cox proportional hazard regression models, adjusted for potential confounders
were used to estimate the risk of CVD across tertiles of total dietary fiber and different types of
fiber. Linear regression models were also used to indicate the association of dietary fiber intakes
with changes of cardiovascular risk factors during the follow-up. Results: Mean age of participants
(42.8% men) was 38.2 ± 13.4, at baseline. Mean (SD) dietary intake of total fiber was 23.4 (8.9)
g/day. After adjustment for cardiovascular risk score and dietary confounders, a significant inverse
association was observed between intakes of total, soluble and insoluble dietary fiber and CVD
risk, in the highest compared to the lowest tertiles (HR = 0.39, 95% CI = 0.18–0.83, HR = 0.19,
95% CI = 0.09–0.41, and HR = 0.31, 95% CI = 0.14–0.69, respectively). Inverse relations were observed
between risk of CVD and dietary fiber from legumes, fruits and vegetables; however, dietary fiber
intake from grain and nut sources was not related to risk of CVD. Conclusion: Our findings confirmed
that higher intakes of dietary fiber from different sources is associated with CVD events and modify
its major risk-related factors.

Keywords: coronary heart disease; dietary fiber; soluble fiber; insoluble fiber

1. Introduction

Dietary fiber, by its impact on the glycemic response and other aspects of metabolism, may also
have important effects on cardiometabolic pathways [1]. An increasing number of studies have reported
a reduced risk of cardiovascular disease (CVD) following regular diets high in fiber. Based on findings
from epidemiologic studies regarding the protective effects of fiber intakes, the Dietary Reference
Intakes (DRI) recommended consumption of dietary fiber is 14 g/1000 kcal, or 25 and 38 g/day for
adult women and men, respectively [2]. Consuming a diet rich in high-fiber foods is also a critical
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component of the American Heart Association’s strategy and other dietary recommendations for
cardiovascular disease risk reduction in the general population [3,4].

It has been proposed that dietary fiber could modify underlying CVD risk factors including
lipid and lipoprotein metabolism, insulin homeostasis, inflammatory markers and coagulation, and
also improve insulin sensitivity, thereby reducing the risk of CVD mortality [5–7]. Although studies
showed beneficial effects of soluble, gel-forming fiber on cardiometabolic risk factors, food sources of
mainly insoluble fibers, primarily contributed by cereal products, have been the fiber most consistently
associated with lower risk of CVD [5]. Findings of some investigations also suggest that the role
of dietary fiber is more dependent on its types and sources, rather than the amount of intake [8,9].
Different types or sources of dietary fiber may induce different physiological effects; soluble fiber is
responsible for the cholesterol-lowering effect of dietary fiber whereas insoluble fiber interacts with
intestinal absorption of foods and contributes to reduction in clotting factors [10,11].

To examine the hypothesis that a greater intake of dietary fiber reduces risk of CVD, and different
dietary fiber may lead to different CVD outcomes, we used prospective data from the Tehran Lipid and
Glucose Study over a 6-year period to assess the relationship between total dietary fiber, soluble and
insoluble fiber, and different fiber sources on the risk of CVD among Iranian adults.

2. Methods

2.1. Study Population

This study was conducted within the framework of the Tehran Lipid and Glucose Study
(TLGS), an ongoing community-based prospective study being conducted to investigate and prevent
non-communicable diseases in a representative sample in the district 13 of Tehran, the capital city of
Iran [12]. During the third phase of the TLGS (2006–2008), of a total of 12,523 subjects who completed
the examinations, 4920 were randomly selected for completing the dietary assessment based on
their age and sex. The randomization was performed because of cost and complexity of dietary data
collection in large populations and also the fact that this process is time-consuming. Finally, the dietary
data for 3462 subjects who agreed to participate and completed the food frequency questionnaire
(FFQ) were available. The characteristics of participants who completed the validated FFQ were
similar to those of the total population in the third phase of TLGS [13]. For the purpose of the current
study, among subjects aged ≥19 years, we recruited 2927 adult men and women, with complete data
(demographics, anthropometrics, biochemicals). Participants were excluded from the final analysis
if they had under- or over-reported energy intakes (<800 kcal/day or >4200 kcal/day, respectively),
or were on specific diets (n = 563). Participants were also excluded if they had history of CVD at
baseline examination (n = 88). The remaining participants (n = 2276) were followed until March 2012,
for a mean duration of 4.7 years from the baseline examination. Participants who had left the study
(n = 17) were also excluded and final analyses was conducted on data of 2259 adults (Figure 1).

Written informed consents were obtained from all participants. The study protocol, based on
the ethical guidelines of the 1975 Declaration of Helsinki, was approved (ethics committee number:
57ECRIES94/02/15) by the Ethics Research Council of the Research Institute for Endocrine Sciences,
Shahid Beheshti University of Medical Sciences.

2.2. Demographic and Anthropometric Measures

Demographics, anthropometrics and biochemical measures were assessed both at baseline
(2006–2008) and again at the follow-up examination (2010–2012). Trained interviewers collected
information including demographic data, medical history, medication use and smoking habits,
using pretested questionnaires. Weight was measured to the nearest 100 g using digital scales,
while the subjects were minimally clothed, without shoes. Height was measured to the nearest 0.5 cm,
in a standing position without shoes, using a tape meter. Body mass index was calculated as weight
(kg) divided by square of the height (m2). Waist circumference was measured to the nearest 0.1 cm,
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midway between the lower border of the ribs and the iliac crest at the widest portion, over light
clothing, using a soft measuring tape, without any pressure to the body. For blood pressure (BP)
measurements, after a 15-min rest in the sitting position, two measurements of BP were taken on the
right arm, during a standardized mercury sphygmomanometer; the mean of the two measurements
was considered as the participant’s BP.

Figure 1. The flowchart of the study population.

2.3. Biochemical Measures

Fasting blood samples were taken after 12–14 h from all study participants, both at baseline
and follow-up phase. Serum creatinine levels were assayed using kinetic colorimetric Jaffe method.
Fasting serum glucose (FSG) was determined by the enzymatic colorimetric method using glucose
oxidase. The standard 2 h serum glucose 2-h SG test was performed for all individuals who were not
on anti-diabetic drugs. In a subsample of the population (n = 904), fasting serum insulin (FSI) was
measured, by the electrochemiluminescence immunoasaay (ECLIA), using Roche Diagnostics kits
and the Roche/Hitachi Cobas e-411 analyzer (GmbH, Mannheim, Germany). Intra- and inter-assay
coefficients of variation for insulin were 1.2% and 3.5%, respectively.

Triglyceride (TG) levels were assessed by enzymatic colorimetric analysis with glycerol phosphate
oxidase. High-density lipoprotein cholesterol (HDL-C) was measured after precipitation of the
apolipoprotein B containing lipoproteins with phosphotungstic acid. Analyses were performed using
Pars Azmoon kits (Pars Azmoon Inc., Tehran, Iran) and a Selectra 2 auto-analyzer (Vital Scientific,
Spankeren, The Netherlands). Both inter- and intra-assay coefficients of variation of all assays
were <5%.
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2.4. Dietary Assessment

A 168-item food frequency questionnaire (FFQ) was used at the first examination to assess typical
food intakes over the previous year. The validity and reliability of the FFQ had previously been
assessed in a random sample, by comparing the data from two FFQs, completed 1 year apart and
comparing the data from the FFQs and 12 dietary recalls, respectively; the validity and reliability of
the FFQ for total dietary fat were acceptable; correlation coefficients between the FFQ and multiple
24 recalls were 0.59 and 0.38 and those between the two FFQs were 0.43 and 0.42 in male and female
subjects, respectively [14]. Study of the reliability, comparative validity and stability of dietary patterns
derived from the FFQ also showed that there was a reasonable reliability and validity of the dietary
patterns among the population over time [15]. Trained dietitians asked participants to designate their
intake frequency for each food item consumed during the past year on a daily, weekly, or monthly
basis. Portion sizes of consumed foods reported in household measures were then converted to grams.
Energy and nutrient content of foods and beverages were analyzed using the US Department of
Agriculture Food Composition Table (FCT) because the Iranian FCT is incomplete, and has limited
data on nutrient content of raw foods and beverages [13]. Finally, dietary intakes of participants,
including dietary energy and energy density, macronutrients, and micronutrients were determined.
In addition to calculating total dietary fiber from all foods, soluble and insoluble dietary fiber intakes
were separately calculated. Additionally, we computed dietary fiber from different sources including
cereal (traditional breads including barbari, taftoon, sangak, lavash, baguette breads, white rice,
and barley), legumes (soya, cowpea, chickpea, broad bean, red bean, white bean, lentil, and split
pea), nuts (almond, pistachio, walnut, hazelnut, and peanut), vegetables (green leafy vegetables, roots,
starchy vegetables, and other vegetables including cucumber, tomato, scallion, zucchini, eggplant,
cauliflower, onion, and garlic) and fruits (cantaloupe, melon watermelon, pear, apricot, cherries, apple,
peach, nectarines, figs, grapes, kiwi, grapefruit, tangerine, pomegranate, strawberry, banana, lemons)
as well.

2.5. Definition of Terms

History of cardiovascular disease was defined as previous ischemic heart disease and/or
cerebrovascular accidents. Family history of premature cardiovascular disease reflected any prior
diagnosis of cardiovascular disease in first-degree female relatives, aged <65 years, or first-degree
male relatives, aged <55 years. Diabetes was defined as fasting serum glucose ≥126, 2 h serum
glucose ≥200 or anti-diabetic medications [16]. Hypertension (HTN) was considered as systolic
BP ≥140 mmHg or systolic BP ≥90 mmHg or current use of antihypertensive medications [17].
Homeostatic model assessment of insulin resistance was defined as follows: HOMA-IR = fasting insulin
(μU/mL) × fasting glucose (mmol/L)/22.5; this index has been developed as a simple, inexpensive,
and validated alternative tool for assessment of insulin resistance in epidemiological studies [18,19].
Insulin resistance was defined as HOMA-IR ≥3.2 [20].

2.6. Definition of Outcome in Our Study

Details of the collection of cardiovascular outcome data have been described elsewhere [21].
Briefly, each participant was followed up for any medical event annually by phone calls. Information of
any medical condition or event was collected by a trained nurse, a trained physician and by utilization
of data from medical files. The collected data were evaluated and confirmed by an outcome committee
consisting of an internist, an endocrinologist, a cardiologist, an epidemiologist and other experts.
CHD were included cases of definite myocardial infarction (MI) (diagnostic ECG and biomarkers),
probable MI (positive ECG findings plus cardiac symptoms or signs plus missing biomarkers or
positive ECG findings plus equivocal biomarkers), and angiographic proven CHD. Cardiovascular
disease was defined as any CHD events, stroke (a new neurological deficit that lasted ≥24 h), or CVD
death (definite fatal MI, definite fatal CHD, and definite fatal stroke) [22]. The CVD risk score was
calculated according to the sex-specific “general CVD” algorithms were derived that incorporated age,
total cholesterol, HDL-C, SBP, treatment for HTN, smoking, and diabetes status [23].
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2.7. Statistical Methods

Dietary intakes of fiber and other nutrients were adjusted for total energy intake, according to
residuals methods [24]. Mean (SD) values and the frequencies (%) of baseline characteristics of the
participants, with and without CVD event were compared using independent t test or chi square
test, respectively.

Linear associations of baseline intakes of total and different types of dietary fiber with changes
of serum lipids, blood pressure and insulin levels during the follow-up period were estimated using
linear regression models with adjustment of age, sex, and BMI.

A univariate analysis was performed for potential confounding variables including CVD risk
score, dietary intake of total fats (% of energy), sodium (mg/1000 kcal), and vitamin C (mg/1000 kcal);
variables with PE < 0.2 in the univariate analyses were selected for the final multivariable models.
Adjustment of CVD risk score, as a continuous potential risk factor of CVD, improve the stability of
our models in the case of a limited number of events during the study follow-up.

To determine whether the associations of soluble and insoluble fiber intake are independent of
each other, we adjusted the models in the presence of each type of the fiber. Similarly, the analyses of
fiber from each different source were adjusted for fiber from all of the other sources.

Cox proportional hazard regression was used to assess the hazard ratios (HRs) of dietary fiber
intakes for CVD. Time to event was defined by time of censoring or having event, whichever came
first. The proportional hazards assumption was tested. We censored participants at the time of
other causes of death, leaving the district or being in the study until March 2012 without event. The
energy-adjusted amount of dietary fiber and its different types was categorized into tertiles, and the
first tertile was given as a reference. Two Cox proportional hazard regression models were defined;
model 1 was adjusted for CVD risk score and model 2 was further adjusted for dietary intakes of
total fats, sodium and vitamin C. To assess the overall trends of HRs across tertiles of dietary fiber
intakes, the median of each tertile was used as a continuous variable in Cox proportional hazard
regression models.

All analyses were performed using IBM SPSS for Windows version 19 and STATA version 12 SE
(StataCorp LP, College Station, TX, USA), with a two-tailed p value < 0.05 being considered significant.

3. Results

Mean age of participants (42.8% men) was 38.2 ± 13.4, at baseline. Mean (SD) dietary intake
of total fiber was 23.4 (8.9) g/day. Legumes (35.8%), fruits (30.4%), vegetables (27.8%), and grains
(24.0%) had greater contributions to total intakes of dietary fiber, respectively. During the average
4.7 ± 1.4 year of follow-up, 57 participants experienced CVD events; of which the more common events
were angiographic proven CVD (40.4%), definite MI (24.6%), unstable angina (12.2%) and stroke (8.8%).

The distributions of the major known CVD risk factors and some biochemical values for the
participants who had a CVD event and for those who did not are shown in Table 1. Higher prevalence
of diabetes (14.3 vs. 3.9, p = 0.002) and HTN (43.9 vs. 8.3, p = 0.001), as well as higher rate of
medications, including lipid-lowering drugs, anti-hypertensive drugs and aspirin, was observed in
subjects with CVD events, compared to the rest of the cohort. Compared with non-CVD subjects, CVD
patients were more likely to be older, and had higher BMI, waist circumference, blood pressure,
serum creatinine, FPG, TG, TG/HDL-C ratio and CVD risk score at baseline (p for all < 0.05).
Compared to non-CVD subjects, CVD patients had also higher intakes of dietary carbohydrate and
lower intake of mono-unsaturated fatty acids and fiber (p for all < 0.05).

Results of linear regression showed a significant association between grain fiber intake and
baseline CVD risk score (β = 0.05, 95% CI = 0.02–0.08) as well as changes of HOMA-IR (β = 0.04,
95% CI = 0.01–0.08) during the study follow-up. Legume fiber was associated with baseline CVD
risk score (β = −0.14, 95% CI = −0.23, −0.04) and changes of HDL-C (β = 0.64, 95% CI = 0.19–1.08).
Furthermore, dietary fiber from vegetables (β = −0.24, 95% CI = −0.34, −0.15), nuts (β = −0.23,
95% CI = −0.33, −0.13), fruits (β = −0.18, 95% CI = −0.28, −0.08) was inversely related to CVD
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risk score at baseline. Higher intake of dietary fiber from vegetables was related to lower levels
of TG (β = −7.4, 95% CI = −12.7, −2.1) and TG/HDL-C ratio (β = −0.18, 95% CI = −0.29, −0.03),
whereas dietary fiber intake from fruits was inversely related to changes of insulin levels (β = −7.80,
95% CI = −12.8, −2.7) and DBP (β = −0.50, 95% CI = −1.08, −0.03); compared to baseline values,
higher intake of fruit-based fiber was also related to higher HDL-C levels (β = 0.54, 95% CI = 0.09–0.98).

Table 1. Baseline characteristics of the participants.

Participants with CVD
Outcome (n = 57)

Participants without CVD
Outcome (n = 2202)

p Value

Age (years) 58.6 ± 9.7 37.3 ± 13.0 0.001
Male (%) 59.6 42.5 0.001

Smoking (%) 26.3 22.7 0.31
Body mass index (m2/kg) 28.4 ± 4.4 26.5 ± 4.8 0.005
Lipid-lowering drugs (%) 10.5 1.5 0.001

Anti-hypertensive drugs (%) 14.3 1.5 0.001
Aspirin (%) 8.9 2.3 0.001

Waist circumference (cm) 97.2 ± 10.1 88.0 ± 13.2 0.001
Serum creatinine (μmol/L) 1.13 ± 0.18 1.03 ± 0.15 0.001

Systolic blood pressure (mmHg) 130 ± 17.4 109 ± 14.9 0.001
Diastolic blood pressure (mmHg) 80.2 ± 10.6 72.5 ± 10.3 0.001
Fasting blood glucose (mg/dL) 106 ± 39.9 88.5 ± 16.7 0.001
Serum triglycerides (mg/dL) 190 ± 107 132 ± 78.0 0.001

HDL-C (mg/dL) 40.2 ± 8.0 43.3 ± 10.4 0.03
TG/HDL-ratio 5.0 ± 3.2 3.4 ± 2.7 0.001
Serum insulin 7.4 ± 3.4 8.8 ± 4.9 0.13

HOMA-IR 1.5 ± 0.8 1.9 ± 0.8 0.28
Hyperinsulinemia (%) 12.5 17.6 0.57

Diabetes (%) 14.3 3.9 0.002
Hypertension (%) 43.9 8.3 0.001

Cardiovascular disease risk score 22.1 21.2 0.001
Dietary intakes

Total fats (g/day) 74.1 ± 2.5 79.5 ± 0.4 0.03
Saturated fats (g/day) 24.8 ± 1.8 27.1 ± 0.3 0.22

Mono-unsaturated fat (g/day) 21.9 ± 1.0 27.6 ± 0.2 0.01
Sodium (mg/day) 4883 ± 410 4421 ± 66 0.26

Total carbohydrate (g/day) 337 ± 5.8 323 ± 0.9 0.02
Total fiber (g/day) 25.3 ± 1.1 29.0 ± 0.2 0.003

Data are mean ± SD unless stated otherwise (independent t-test for continuous variables and chi-square test for
dichotomous variables was used.

There was also a significant negative association between fiber from nuts with body weight
changes during the study period (β = −2.01, p < 0.05); no significant association was observed between
other sources of dietary fiber or total fiber with changes of body weight.

The hazard ratios (95% CIs) of CVD across tertiles of dietary fiber and its categories are shown in
Table 2. After adjustment of all potential confounding variables, a lower risk of CVD was observed in
the highest compared to the lowest tertile of total dietary fiber intakes (HR = 0.39, 95% CI = 0.18–0.83,
p for trend = 0.05). Soluble and insoluble dietary fiber was also negatively related to risk of CVD
(HR = 0.19, 95% CI = 0.09–0.41, and HR = 0.31, 95% CI = 0.14–0.69) with a significant decreasing trend
across increasing intakes (p for trend < 0.01).

Table 3 shows HRs (95% CIs) across tertile categories of different dietary sources of fiber.
Dietary intake of grain and nut fiber had no significant association with the risk of CVD,
whereas legume fiber intake was inversely related to risk of CVD (HR = 0.31, 95% CI = 0.15–0.65, in the
third compared to the first tertile, p for trend = 0.003); similar associations were also observed for dietary
intakes of fiber from fruit and vegetable sources. A combination of dietary fiber intake from vegetables,
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fruits and legumes also had similar impact on the risk of CVD (HR = 0.65, 95% CI = 0.34–1.24, and HR
= 0.46, 95% CI = 0.22–0.96, in the second and third tertiles, respectively, p for trend = 0.11).

Table 2. The hazard ratio (95% CI) of coronary heart disease across tertiles of dietary fiber and
its categories.

Dietary Fiber Intakes T1 T2 T3 p for Trend

Total fiber
Crude Ref. 0.83 (0.45–1.54) 0.69 (0.36–1.33) 0.56

Model 1 Ref. 0.87 (0.46–1.62) 0.75 (0.38–1.46) 0.69
Model 2 Ref. 0.67 (0.35–1.26) 0.39 (0.18–0.83) 0.05

Soluble fiber
Crude Ref. 0.49 (0.26–0.91) 0.39 (0.20–0.76) 0.01

Model 1 Ref. 0.54 (0.29–1.03) 0.41 (0.20–0.82) 0.04
Model 2 a Ref. 0.39 (0.21–0.75) 0.19 (0.09–0.41) 0.001

Insoluble fiber
Crude Ref. 0.64 (0.34–1.18) 0.53 (0.28–1.02) 0.15

Model 1 Ref. 0.72 (0.39–1.33) 0.58 (0.29–1.14) 0.25
Model 2 b Ref. 0.54 (0.28–1.03) 0.31 (0.14–0.69) 0.014

Cox proportional hazard regression models were used. Model 1 was adjusted for cardiovascular disease risk
score. Model 2 was additionally adjusted for dietary intake of total fats (% of energy), sodium (mg/1000 kcal),
and vitamin C (mg/1000 kcal); a additionally adjusted for insoluble fiber; and b additionally adjusted for
soluble fiber.

Table 3. The hazard ratio (95% CI) of coronary heart disease across tertiles of dietary fiber and
its categories.

Dietary Fibers T1 T2 T3 p for Trend

Grain fiber
Crude Ref. 0.89 (0.46–1.72) 1.11 (0.59–1.07) 0.79

Model 1 Ref. 0.83 (0.42–1.62) 0.98 (0.52–1.84) 0.84
Model 2 Ref. 0.79 (0.39–1.61) 0.90 (0.44–1.86) 0.82

Legume fiber
Crude Ref. 0.61 (0.34–1.11) 0.36 (0.18–0.73) 0.01

Model 1 Ref. 0.59 (0.32–1.09) 0.38 (0.18–0.77) 0.02
Model 2 Ref. 0.47 (0.25–0.89) 0.31 (0.15–0.65) 0.003

Nut fiber
Crude Ref. 0.78 (0.43–1.41) 0.47 (0.24–0.94) 0.10

Model 1 Ref. 0.77 (0.43–1.42) 0.54 (0.27–1.07) 0.21
Model 2 Ref. 0.65 (0.33–1.27) 0.49 (0.24–1.02) 0.14

Fruit fiber
Crude Ref. 0.74 (0.39–1.39) 0.81 (0.43–1.50) 0.61

Model 1 Ref. 0.74 (0.38–1.41) 0.83 (0.44–1.58) 0.65
Model 2 Ref. 0.56 (0.29–1.09) 0.44 (0.22–0.89) 0.05

Vegetable fiber
Crude Ref. 0.83 (0.45–1.52) 0.59 (0.31–1.16) 0.32

Model 1 Ref. 0.82 (0.45–1.51) 0.61 (0.31–1.21) 0.37
Model 2 Ref. 0.64 (0.34–1.20) 0.34 (0.16–0.72) 0.02

Cox proportional hazard regression models were used. Model 1 was adjusted for cardiovascular disease risk
score. Model 2 was additionally adjusted for dietary intake of total fats (% of energy), sodium (mg/1000 kcal),
and vitamin C (mg/1000 kcal), and other types of dietary fiber (g/day).

4. Discussion

In this prospective cohort study, conducted on a representative Iranian population, a mean
4.7-year follow-up showed that dietary fiber intake especially from legume, fruit, vegetable and
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nut sources had protective effect against the development of CVD events. Following adjustment of
multiple CVD risk factors and dietary variables, most negative trends in the current study remained
statistically significant.

Beneficial effects of vegetable fiber in reduced risk of CVD, in our study, could be related to
decreased TG and TG to HDL-C ratio during the study follow-up. Lower risk of CVD across increasing
intakes of dietary fiber from fruit sources could also be attributed to its inverse association with insulin
levels and DBP as well as positive association with HDL-C. Lack of the beneficial effects of grain
fiber on the risk of CVD may be explained by its positive relation with CVD risk score at baseline
and its association with increased insulin resistance index during the study follow-up. It should be
noted that in our study, high intakes of refined grains such as white rice and white breads had major
contributions to dietary intakes of grain fiber, whereas the protective effects of grain fiber, reported in
some previous studies, were mainly related to whole grains intake [11]. Aside from chance and biases,
another explanation is that other characteristics of refined grains such as high-glycemic index nature,
rather than fiber per se, may be responsible for the associations observed.

In a 6-year follow-up study among adult men, higher fiber intake (28.9 vs. 12.4 g/day) was
inversely related to risk of total myocardial infarction by 0.41 (RR = 0.59, 95% CI = 0.46–0.76); the inverse
association was strongest for fatal myocardial infarction (RR = 0.45, 95% CI = 0.28–0.72) [25]. Each 10-g
increase in total dietary fiber corresponded to an RR for total myocardial infarction of 0.81 (95% CI,
0.70–0.93); among the three main food contributors to total fiber intake, cereal fiber had a stronger effect
on the reduced risk of total myocardial infarction (RR = 0.71, 95% CI = 0.55–0.91 for each 10-g increase
in cereal fiber/day) [25]. In another prospective cohort of elderly men, only cereal fiber consumption
was associated with lower incident total stroke and ischemic stroke, whereas neither fruit fiber intake
nor vegetable fiber intake were associated with incident CVD; compared to cereal fiber from other
sources, fiber from dark breads including wheat, rye, and pumpernickel were associated with a lower
risk of CVD (HR = 0.76, 95% CI = 0.64–0.90) [26].

Findings of a recent meta-analysis of 22 prospective cohorts showed that total dietary fiber intake
was inversely associated with risk of CVD (Risk ratio = 0.91 per 7 g/day, 95% CI = 0.88 to 0.94) and CVD
(Risk ratio = 0.91, 95% CI = 0.87–0.94); insoluble fiber and fiber from cereal and vegetable sources were
inversely associated with the incident CVD and CVD, whereas fruit fiber intake was only inversely
associated with risk of CVD [27]. No clear differences in the effect of dietary fiber intake from various
food groups on CVD mortality have been observed in a cohort of adult men, although every additional
10 g/day intake of dietary total fiber reduced CVD mortality by 17% (95% CI = 2%–30%) and all-cause
mortality by 9% (95% CI = 0%–18%) [28] (Table 4). The cardioprotective effect of dietary fiber has been
found to be stronger for cereal fiber than for fruit or vegetable fiber [29]. In a cross-sectional study
conducted on adult men and women, higher intakes of total fiber and insoluble fiber were inversely
related to systolic blood pressure [30].

In our previous study, we showed that higher intake of total dietary fiber reduced the risk of
metabolic syndrome by 47% (OR = 0.53, 95% CI = 0.39–0.74, p for trend < 0.05); soluble and insoluble
fiber intakes were also related to lower risk of metabolic syndrome (OR = 0.60, 95% CI = 0.43–0.84,
and OR = 0.51, 95% CI = 0.35–0.72). Similar findings were also observed for dietary fiber from fruits,
cereals and legumes sources but not for vegetable and nut fiber [9]. In the National Health and Nutrition
Examination Survey, dietary fiber intake was related to a low and intermediate lifetime CVD risk and
there was a significant inverse linear association between dietary fiber intake and log-transformed
C-reactive protein [31].

Some differences between our findings and those of other cohorts may be related to different
dietary habits and dietary patterns; previous studies among Iranians demonstrated some major
dietary patterns including traditional dietary pattern with higher load of white rice, traditional breads,
vegetables, full-fat dairy products, hydrogenated fats, legumes, dried fruits and nuts; the healthy
dietary pattern was related to a higher load of vegetables and fruits, whereas the Western pattern had
higher load of fast foods, salty snacks, sweets, mayonnaise, and soft drinks [32,33]. Lack of significant
associations between fiber from grains and nuts may be related to types of these food groups consumed
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among our population. Main grains consumed among the population were refined grains including
white rice, and breads with a relatively low-fiber wheat flour; moreover, in our population, nuts were
mainly consumed in the form of salty and roasted; these factors may reduce the expected protective
effects of fiber from grains and nut sources.

Table 4. The association of dietary fiber intakes and the risk of cardiovascular disease.

Author Study Population Findings

Rimm et al. [25] 6-year follow-up study
among adult men

Dietary intake of fiber 28.9 vs. 12.4 g/day decreased risk of
total myocardial infarction (RR = 0.59, 95% CI = 0.46–0.76) and
fatal myocardial infarction RR = 0.45, 95% CI = 0.28–0.72.
Cereal fiber reduced risk of total MI (RR = 0.71,
95% CI = 0.55–0.91 for each 10 g/day increase in cereal fiber)

Mozaffarian et al. [26] 8.6-year follow-up of
elderly men and women

Highest compared to the lowest quintile of cereal fiber
consumption, decreased incident CVD (HR = 0.79;
95% CI = 0.62–0.99) Fruit fiber and vegetable fiber intake were
not associated with incident CVD. Higher intake of cereal fiber
was associated with lower risk of total stroke, ischemic stroke
and ischemic heart disease death.

Streppel et al. [28] 40-year follow-up of
adult men

Every additional 10 g/day of dietary fiber intake decreased
CVD mortality by 17% (95% CI: 2%, 30%) and all-cause
mortality by 9% (0%, 18%).

Threapleton et al. [27] Meta-analysis of
22 prospective cohorts

Total fiber intake was inversely associated with risk of CVD
(RR = 0.91 per 7 g/day, 95% CI = 0.88–0.94) and CVD
(RR = 0.91, 95% CI = 0.87–0.94). Each 7 g/day increase in
insoluble fiber (RR = 0.82, 95% CI = 0.70–0.96), fiber from
cereal (RR = 0.84, 95% CI = 0.76 0.94), and each 4 g/day
increase in fiber from vegetable sources (RR = 0.94,
95% CI = 0.89–1.00) decreased risk of CVD and CVD.

MI: Myocardial infarction; CVD: Coronary heart disease; CVD: Cardiovascular disease; HR + Hazard ratio;
RR = Relative risk.

Several mechanisms have been proposed to explain beneficial effects of dietary fiber on metabolic
pathways; Figure 2 displays some important mechanisms of cardioprotective effects of dietary
fiber intakes. Colonic fermentation and subsequent production of short chain fatty acids is another
metabolic effect of most types of dietary fiber especially soluble fibers; dietary fiber intake can also
regulate gut hormonal responses that may act as satiety factors [34]. The lowering effect of dietary
fiber on plasminogen activator inhibitor type 1 and factor VII coagulation activity is also another
proposed mechanism for the biological actions of dietary fiber against cardiovascular outcomes [35,36].
Interplay between dietary fiber intakes and the intestinal microbiome has been found to modify the
inflammatory responses in the body [37]. Considering the contributory role of gut microbiota in the
development of cardiometabolic disorders, such as atherosclerosis, obesity, and type 2 diabetes, and the
favorable effects of dietary fiber in modulation of gut microbiota, some cardioprotective properties of
dietary fibers may be attributed to this mechanism [38–40].

Some strengths and limitations in the current study should be considered. Among the strength,
its prospective population-based design, high participation rate and completeness of the follow-up,
and use of a validated comprehensive FFQ to assess regular dietary intakes of the participants provided
us an opportunity to investigate the associations of total intakes and different types of dietary fiber
with 5-year incidence of CVD, relationship that have not been previously examined among Iranian
population. Use of CVD risk score, based on age, total cholesterol, HDL-C, SBP, use of antihypertensive
drugs, diabetes, and smoking status, in multivariate models allowed us to account for major CVD
confounders without adding many variables that would lead to instability of our models. Of the study
limitation, due to potential changes in CVD risk factors during the study follow-up, some degree of
misclassification might have occurred which could lead to biased estimated hazard ratios towards
the null, as inherent in any prospective study. Furthermore, both the participants’ diets and the
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composition of food may have changed over the follow-up time, leading to errors in assessing dietary
exposure of interest. Moreover, the young age of the participants resulted in low incidence of CVD
during the study follow-up.

Figure 2. Mechanisms of protective effects of dietary fiber against development of cardiovascular
disease. Dietary fiber improved insulin resistance by delaying gastric emptying, reduced absorption
and digestion of carbohydrate and increased glucose uptake by peripheral tissue [34]. Dietary fiber
also improved lipid and lipoprotein metabolism by decreased absorption of dietary fats, increased fecal
excretion of cholesterol and decreased hepatic cholesterol synthesis; dietary fiber especially from cereal
sources improved CVD health through multiple mechanisms including lipid reduction, body weight
regulation, improved glucose metabolism, blood pressure control, and attenuation of oxidative stress
and sub-clinical chronic inflammation [29]. Dietary fiber also modulated gut microbiota and modified
cardiometabolic disorders [38–40].

5. Conclusions

In conclusion, our findings provided more evidence to confirm that increased intakes of fiber in
a regular diet is an important cardioprotective dietary factor. Both soluble and insoluble dietary fibers
have similar beneficial effects against the development of CVD. Dietary fiber intakes from legumes,
vegetables and fruits may have stronger impact on cardiovascular outcomes.
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Abstract: Physical activity and the ingestion of dietary fiber are non-drug alternatives commonly
used as adjuvants to glycemic control in diabetic individuals. Among these fibers, we can highlight
beta-glucans. However, few studies have compared isolated and synergic effects of physical
exercise and beta-glucan ingestion, especially in type 2 diabetic rats. Therefore, we evaluated
the effects beta-glucan (Saccharomyces cerevisiae) consumption, associated or not to exercise, on
metabolic parameters of diabetic Wistar rats. The diabetes mellitus (DM) was induced by high-fat
diet (HFD) associated with a low dose of streptozotocin (STZ—35 mg/kg). Trained groups were
submitted to eight weeks of exercise in aquatic environment. In the last 28 days of experiment,
animals received 30 mg/kg/day of beta-glucan by gavage. Isolated use of beta-glucan decreased
glucose levels in fasting, Glycated hemoglobin (HbA1c), triglycerides (TAG), total cholesterol (TC),
low-density lipoprotein (LDL-C), the atherogenic index of plasma. Exercise alone also decreased
blood glucose levels, HbA1c, and renal lesions. An additive effect for reducing the atherogenic index
of plasma and renal lesions was observed when both treatments were combined. It was concluded
that both beta-glucan and exercise improved metabolic parameters in type 2 (HFD/STZ) diabetic rats.

Keywords: dietary fibers; glycemic control; metabolic profile

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia, caused
by the absence or reduction in insulin production (type 1 DM) as well as the resistance to the action
of this hormone, featuring type 2 DM [1]. About 90% of DM cases are of type 2, and this fact is
associated with increased incidence of obesity and obesity in the general population, especially in
developing nations [2,3]. In addition, DM may predispose to diseases, such as retinopathy, nephropathy,
neuropathy and heart disease, further aggravating the health condition of patients [2,4].
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Glycemic control in diabetic patients can be achieved through the use of exogenous insulin
and/oral hypoglycemic drugs [5]. However, the interaction between medications could cause side
effects, and does not prevent the diseases associated with DM, making necessary the search for
non-pharmacological alternatives to assist in the maintenance of blood sugar levels [4,6]. In this
sense, the practice of physical exercise and diet therapy has been recommended as a treatment or
therapeutic adjuvant [7]. Physical exercise increases the uptake and utilization of circulating glucose
and improves insulin sensitivity [8]. The ingestion of some dietary fibers has also been reported to
show antihyperglycemic action—mainly by reducing the absorption of carbohydrates and lipids in the
intestine. Among these fibers, we can highlight beta-glucans that are polysaccharides found in the
composition of cereal, fungi, bacteria and some grass cell walls [9].

The chemical structure of beta-glucan varies according to its origin [10]. Beta-glucans found in
plants and cereals are linear and have branchings with β-1,3/1,4-type glycosidic linkages (soluble with
low molecular weight), while those found in yeasts and fungi have β-1,3/1,6-type glycosidic
linkages (insoluble with high molecular weight) [11]. These conformations make beta-glucans
exhibit distinct physicochemical characteristics, such as molecular mass and solubility [12,13].
Cereal beta-glucans are reported to show metabolic potential, while those from fungi and yeast
increase immune response [10,14,15]. Although fungi beta-glucans are recognized to modulate the
immune response [16], recent studies from our group have also demonstrated interesting metabolic
effects of yeast beta-glucans (Saccharomyces cereviseae) [10,17,18].

Considering the previously known effects of both exercise and the beta-glucan on glycemic control
and metabolism, it is necessary to investigate the concomitant action of these agents in the treatment
of type DM. In addition, there is a shortage of studies evaluating such effects in type 2 diabetes
model. Thus, the present study aimed to evaluate the effects of beta-glucan (Saccharomyces cerevisiae),
associated or not to physical exercise, on the metabolic parameters of type 2 diabetic rats (HFD/STZ).

2. Materials and Methods

2.1. Animals

This study was approved by the Ethics Committee on Animal Use of Federal University of Lavras
(CEUA protocol 002/2015). The animals were kept in accordance with the Guide to the Care and Use
of Experimental Animals (1993). The number of animals per group was kept at a minimum for ethical
reasons but still enough to reach statistical significance. Thus, a power calculation test was performed
to determine the sample size. The sample size was determined to provide 80% power to recognize
a significant difference of 20% among groups and a standard deviation of 15% with a 95% confidence
interval (α = 0.05).

We used adult male Wistar rats (Rattus norvegicus albinos)—from the Animal Laboratory of
the Federal University of Lavras (UFLA). Animals weighed 195.0 ± 15.7 g at the beginning of
the study. Initially, rats were submitted to seven days of acclimatization in polypropylene boxes
(dimensions 41 cm × 34 cm × 17.5 cm), containing wood shavings (for absorbing urine and water).
Six animals were placed in each box. Throughout the experimental period, the rodents remained under
controlled temperature (22 ± 2 ◦C), humidity (45% ± 15%) and luminosity (12–12 h light-dark cycle)
conditions. High-fat diet and water were provided ad libitum throughout the experiment.

2.2. Induction of Diabetes Mellitus

At the end of the acclimatization period, all animals were submitted to type 2 diabetes induction
protocol as described by Wang et al. [19]. The animals received high-fat diet (HFD—25% fat,
48% carbohydrates and 20% protein) for 28 days. Then, a low dose of streptozotocin (dissolved
in citrate buffer—pH = 4.5) was injected intraperitoneally (STZ—35 mg/kg). Blood glucose levels
were measured 48 h after STZ injection. Rats with blood glucose levels above 200 mg/dL [19] were
considered diabetic. This model mimic advanced stages of type 2 diabetes in humans [19,20]. Rats that
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did not reach these glucose values were excluded from the experiment. Glycemia was checked weekly
to ensure that diabetes was not reversed.

After diabetes induction, animals were randomly divided into four groups containing six animals
each. A completely randomized experimental design in a 2 × 2 factorial scheme was used: with or
without exercise and with or without beta-glucan.

2.3. Physical Training

After an acclimatization period, an adaptation to the aquatic environment was performed.
Animals undergoing physical training remained for two hours daily, during seven days, in a
polyethylene tank with a total capacity of 300 L, containing five centimeters of water at a temperature
of approximately 32 ± 2 ◦C. The purpose of this acclimatization was to reduce stress against the aquatic
environment, without causing, however, changes arising from the physical training [21].

In the following week, animals were submitted to progressive swimming sessions with time
increments. This phase consisted of swimming without load, in 50 cm of water (in order to avoid animal
tail contact with the bottom of the tank), where the animals swam 10 min in the first day, increasing
10 min daily until the end of six days, when each animal was swimming for 60 uninterrupted minutes
without load [22].

In the subsequent eight weeks, the animals swam for 60 min daily, five times a week with
a load of 5% of their body weight. This load causes improvement in the animals’ endurance capacity,
characterizing moderate intensity aerobic exercise [22]. After training sessions, we dried the animals
with absorbent towels, before returning them to their cages [21].

2.4. Administration of Beta-Glucans

Simultaneously with training, in the last 28 days of the experiment, the animals in
beta-glucan groups received a experimental solution and controls received saline—both by gavage.
Beta-glucan solutions that contained 30 mg/kg of powder diluted in 0.3 mL saline solution
prepared daily.

Beta-glucan used in the present study were derived from yeast Saccharomyces cerevisiae,
with structural β-1,3/1,6 conformation. The beta-glucan powder presented the following composition:
β-glucans—Min. 60.0%; Crude Protein—Max. 8.0%; pH (solution 2%) 4.0–7.0; Ash—Max. 10.0 g/100 g.
Distribution of particle size: mean—41 μm; <20 μm 19%; 20–50 μm 43%; 50–100 μm 28%; 100–200 μm
10%; >200 μm 0%; Fluidity (seconds)—70.2; Angle of repose (degrees) 31.2; Compressibility 37%;
Water retention capacity (mean) 7.4; and Solubility rate in water 7.9. The solutions were always
administered daily in the morning. In animals under physical training, gavage was always performed
with a minimum of 45 min before exercise, as described in previous studies [21,23].

2.5. Collection of Biological Material and Assessment of the Atherogenic Index of Plasma

At the end of the experimental period (eight weeks), the animals fasted for eight hours.
Euthanasia was conducted by cardiac puncture under anesthesia (sodium thiopental 50 mg/kg
ip). Glycated hemoglobin (HbA1c) and other blood biochemical parameters such as glucose,
triacylglycerols (TAG), high density lipoprotein (HDL-C) and total cholesterol (TC) were determined
using commercial kits (Labtest Diagnostica®, Belo Horizonte, Brazil and Gold analyzes diagnoses®,
Belo Horizonte, Brazil) as described by Amr and Abeer [24]. The low-density lipoprotein (LDL) +
very-low-density lipoprotein cholesterol (VLDL-C) levels of each animal were obtained by using the
following equation: total cholesterol − HDL-C = LDL + VLDL-C [25]. Additionally, the animals’
atherogenic index of plasma was calculated using the equation: log (TG)/(HDL-C), which is used as
a significant predictor of atherosclerosis [26]. This index was used because type 2 diabetes increases
one’s chances of developing atherosclerosis [27].

295



Nutrients 2016, 8, 792

2.6. Lee Index Assessment and Chemical Composition of the Body

The Lee index was calculated dividing the cubic root of body weight (grams) by the naso-anal
length (cm) [18,28]. Internal organs, skin, head, feet and tail were removed from the animals and
the clean carcasses were weighed and processed. Percentages of water, protein, fat and mineral
matter present in the carcasses were evaluated by the meat FoodScan™ NIR analyzer (near-infra-red)
(Foss, Warrington, UK) as performed by Vickers et al. [29]. This evaluation method of carcass
composition has been considered as the gold standard [29].

2.7. Histological Analysis

Fragments of the right kidney and liver were fixed in 10% buffered formalin for 48 h,
and then processed routinely for preparation of histological slices, which were then colored with
hematoxylin-eosin [30]. An experienced veterinary pathologist conducted all histopathologic analysis
(blind about experimental treatments). Tissue integrity, as well as the presence of alterations, were
considered in the evaluations. Liver tissue ratings were assigned according to the presence and/or
degree of steatosis as follows: no change—1; discreet—2; light—3; moderate—4; and severe—5.
Steatosis was classified according to the presence of vacuoles in hepatocytes. Staining was performed
with Periodic acid-Schiff (PAS) indicating accumulation of lipids or glycogen.

Similarly, the presence of renal lesions was scored as: no change—1; mild degeneration—2;
low degeneration—3; moderate degeneration—4; marked degeneration 5. We observed the presence
of alterations in the proximal and distal convoluted tubules, and the presence of calcifications in
the glomerulus.

2.8. Statistical Analysis

Data were subjected to analysis of variance (two-way ANOVA) and means were compared by
Tukey test (p < 0.05). Nonparametric data of liver and kidney damage scores were analyzed by the
Kruskal–Wallis test (p < 0.05). We performed all analyses using statistical program Sisvar (version 5.3,
Universidade Federal de Lavras, Lavras, Minas Gerais, Brazil) [31].

3. Results

Animals submitted to physical training, or consuming beta-glucan isolated and in association,
presented lower fast blood glucose and HbA1c levels than diabetic animals (Table 1). Serum levels of
TAG, TC and LDL-C were significantly reduced in animals consuming beta-glucan, independently
of physical training. In addition, HDL-C levels were higher in animals treated with beta-glucan.
Exercise did not significantly alter this parameter (Table 1). The atherogenic index of plasma in
animals treated with beta-glucan was lower in comparison to without treatment. An additive effect of
beta-glucan and physical exercise was observed for the atherogenic index of plasma. Blood parameters
and atherogenic index of plasma means and standard deviations are presented in Table 1.

All treatments promoted similar results in the percentage of protein, fat and water in animals’
carcasses. An increase in the percentage of mineral matter was observed in groups under physical
training and beta-glucan consumption, with an extra increase when both treatments were associated.
Exercise promoted a decrease in the Lee index compared to controls, with similar results among the
other groups (Figure 1).

Liver histopathology slices revealed similar signs of steatosis in all groups (Table 2).
Likewise, hydropic degeneration was found in the renal tissue from all groups. The degree of these
lesions was attenuated by both physical exercise and beta-glucan ingestion (Table 3). Figures 2 and 3
represent, respectively, hepatic steatosis and renal degeneration in the different experimental groups.
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Table 1. Biochemical parameters and atherogenic index of plasma in type 2 diabetic rats
(high-fat diet/streptozotocin) submitted to physical training and treated beta-glucan (30 mg/kg/day).

Beta-Glucan
Physical Training

Without With

Glucose (mg/dL) Without 371.0 (±21.4) A,a 335.0 (±10.4) b

With 311.0 (±25.0) b 327.5 (±42.6)

HbA1c (mg/dL) Without 9.4 (±0.4) A,a 8.8 (±0.3) B

With 8.33 (±0.1) b 8.8 (±0.4)

Triacylglycerols (mg/dL) Without 105.8 (±11.1) a 99.7 (±2.2) a

With 71.5 (±7.2) b 57.5 (±12.8) b

Total cholesterol (mg/dL) Without 88.8 (±22.9) a 85.4 (±9.4) a

With 65.1 (±3.3) b 63.8 (±7.2) b

HDL-C (mg/dL) Without 34.33 (±3.8) a 37.7 (±6.9)
With 42.66 (±5.2) b 44.26 (±4.0)

LDL-C (mg/dL) Without 34.6 (±20.1) a 33.4 (±5.8) a

With 10.95 (±3.4) b 19.6 (±4.9) b

Atherogenic index of plasma Without 1.6 (±0.6) a 1.3 (±0.2) a

With 0.6 (±0.1) A,b 0.4 (±0.1) B,b

a,b Means followed by different letters in columns indicate significant differences between groups with and
without beta-glucan treatment (p < 0.05); A,B Means followed by different letters in lines indicate significant
difference between groups with and without physical training (p < 0.05).
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Figure 1. Chemical body composition (water, protein, fat and mineral matter) and Lee index of
type 2 diabetic rats (high-fat diet/streptozotocin) submitted to physical training and treated with
beta-glucan (30 mg/kg/day). A,B Significant difference between trained and non-trained groups;
a,b Significant difference between groups with and without beta-glucans.
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Table 2. Degree of hepatic steatosis in type 2 diabetic rats (HFD/STZ) submitted to physical training
and/or treated with beta-glucans (30 mg/kg/day).

Group
Score of Steatosis

* ** *** **** *****

A 0 3 0 3 0
B 1 3 2 0 0
C 2 3 0 1 0
D 1 5 0 0 0

* No change. ** Discreet Degeneration; *** Mild degeneration; **** Moderate degeneration;
***** Marked degeneration; A: diabetes mellitus; B: diabetes mellitus + beta-glucan; C: diabetes mellitus + exercise;
D: diabetes mellitus + beta-glucan + exercise.

Figure 2. Histological representation (hematoxylin and eosin—20×) of degrees of hepatic steatosis
in type 2 diabetic rats (HFD/STZ) submitted to physical training and/or treated with beta-glucans
(30 mg/kg/day). (A) diabetes mellitus; (B) diabetes mellitus + beta-glucan; (C) diabetes mellitus + exercise;
(D) diabetes mellitus + beta-glucan + exercise.

Table 3. Degree of renal degeneration in type 2 diabetic rats (HFD/STZ) submitted to physical training
and/or treated with beta-glucans (30 mg/kg/day).

Score of Renal Degeneration

Group * ** *** **** *****

A 0 0 0 2 4
B 0 0 0 6 0
C 0 0 1 5 0

D # 0 0 1 5 0

* No change; ** Discreet Degeneration; *** Mild degeneration; **** Moderate degeneration;
***** Marked degeneration; # Difference compared to the DM group; A: diabetes mellitus;
B: diabetes mellitus + beta-glucan; C: diabetes mellitus + exercise; D: diabetes mellitus + beta-glucan + exercise.
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Figure 3. Histological representation (hematoxylin and eosin—20×) of degrees of renal degeneration
in type 2 diabetic rats (HFD/STZ) submitted to physical training and/or treated with beta-glucans
(30 mg/kg/day). (A) diabetes mellitus; (B) diabetes mellitus + beta-glucan; (C) diabetes mellitus + exercise;
(D) diabetes mellitus + beta-glucan + exercise.

4. Discussion

The main findings of this study were related to improved glycemic control and reduced
predisposition to atherosclerosis in animals subjected to both exercise beta-glucan consumption.
Moreover, circulating lipoproteins levels, such as total cholesterol, LDL-C, and HDL-C, were improved
in animals consuming beta-glucan, independently of physical exercise.

The effects of physical exercise on the improvement of glycemic control in diabetic patients
(decrease in HbA1c and fasting glucose) are frequently reported [32–34]. Generally, this effect is due
to the increased glucose uptake by skeletal muscle during exercise and increased insulin sensitivity
for some hours after physical activity [35]. A beneficial effect in the glycemic control, in our study,
was also observed after beta-glucan ingestion, as reported elsewhere in both animal [10] and in human
studies [36]. Blood glucose control by beta-glucan consumption is probably due to the fact that these
fibers form a gelatinous barrier in the intestinal lumen, hindering the absorption of carbohydrates
and lipids by enterocytes [10,37,38]. In this sense, the same mechanism can be used to justify a
reduction in circulating levels of total cholesterol, LDL-C and TAG found in groups treated with
beta-glucan, with and without exercise. The improvement of the lipid profile, despite the consumption
of beta-glucan, was a feature also observed in previous studies from our group [10,17]. The lower lipid
absorption in the intestine favors the use of excessive cholesterol to the formation of bile salts in the
liver, causing decreased blood concentrations of total cholesterol and LDL-C [39]. This mechanism is
generally used to explain the anti-hypercholesterolemic effect of dietary fibers [39].

Among the possible beta-glucan’s action, we can highlight the stimulation of intestinal motility,
as well as changes in the microbiota and modulation of hormones secretion in the intestine [27,40,41].
Intestinal motility can be stimulated by the increase in the viscosity of the digesta in the lumen, due to
the formation of a gelatinous layer [42,43]. In addition, beta-glucan decreases carbohydrates and
lipid absorption [42], and consequently decreasing constipation problems [11]. High molecular weight
beta-glucans (1,3/1,6) can also serve as a substrate for symbiotic microorganisms present in the
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intestine, increasing IgA and lysozyme secretion, and, as a consequence, immune resistance [40].
Another mechanism related to the functional effect of beta-glucans is satiety, mediated by
gastrointestinal hormones [41]. Beta-glucans modulate the secretion of ghrelin and peptide YY, in order
to inhibit hunger, acting indirectly in glycemic and lipidemic control [44].

In this study, we did not observe reduction of circulating lipids in trained animals. This may
be related to the training time or duration of exercise sessions. Moura et al. [45] also found similar
levels of HDL-C, LDL-C and TAG in diabetic rats (induced by alloxan) and subjected to 44 days of
training, compared to sedentary diabetic rats. Another study demonstrated that twelve weeks of
aquatic training decreased cholesterol levels and TAG in diabetic Zucker rats [46]. However, in the
present study, no significant differences were observed in circulating lipids in animals submitted to
physical training, and the atherosclerotic plasma index was reduced when there was an association of
exercise and beta-glucan consumption. This additive effect may be related to improvement of the lipid
profile provided by the dietary fiber [47], and to the recognized cardiovascular benefits of exercise [48].

Liver and renal lesions observed in all groups are consistent with those observed in type 2 diabetes,
where circulating lipid levels promote increased fat deposition both in the liver and kidney [49,50].
However, even with the benefits observed with beta-glucan consumption or exercise, no changes
were found in the degree of steatosis in any treatment. Beta-glucan consumption did not significantly
alter steatosis either in a recent study of our group that investigated the effects of these fibers in rats
submitted to high-fat diet [18]. On the other hand, it was observed that, in Sprague–Dawley rats,
hepatic steatosis was reversed after eight weeks of treadmill exercise associated with restrictive diet
(low-fat) [51]. Thus, it is possible that, in this study, steatosis was not attenuated because the animals
were consuming a high-fat diet throughout the experimental period.

Regarding the effects of exercise, with or without the beta-glucan on the attenuation of renal
lesions, it can be considered two mechanisms. The first one involves the reduction in lipotoxicity
against moderate exercise [52], since the oxidative stress observed in diabetic patients is one of the
factors that predispose to kidney damage [53]. The second one, more likely to explain the results of
the present study, is the fact that exercise in moderate intensity promotes improvement in glycemic
control, which consequently reduces the generation of advanced glycation-end products (AGE) [54].
Thus, the higher the blood glucose levels, the higher the formation of AGE that attack the kidney tissue
and cause diabetic nephropathy [55].

Results of the present research show very promising effects of beta-glucan ingestion for glucose
control. Complimentary studies are encouraged, evaluating insulin/leptin levels and inflammatory
and cardiovascular parameters as well. The improvement of metabolic parameters in animals that
consumed beta-glucans may be related to a decrease in the absorption of nutrients that increase plasma
levels of glucose and lipids [37,39]. These changes were not as evident in animals subjected to exercise,
possibly due to high-fat diet maintenance for the entire period.

5. Conclusions

Both exercise and beta-glucan consumption alone improved glycemic control in diabetic rats.
In the present study, the combination of exercise and beta-glucans improved the atherosclerotic index
and decreased renal lesions when compared to the isolated use of the treatments.
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Abstract: Fiber and fiber-rich foods have been inversely associated with cardiovascular disease
(CVD), but the evidence is scarce in young and Mediterranean cohorts. We used Cox regression
models to assess the association between quintiles of total fiber and fiber from different sources,
and the risk of CVD adjusted for the principal confounding factors in a Mediterranean cohort of
young adults, the SUN (Seguimiento Universidad de Navarra, Follow-up) cohort. After a median
follow-up of 10.3 years, we observed 112 cases of CVD among 17,007 participants (61% female,
mean age 38 years). We observed an inverse association between fiber intake and CVD events
(p for trend = 0.024) and also between the highest quintile of fruit consumption (hazard ratio (HR)
0.51, 95% confidence interval (CI) 0.27–0.95) or whole grains consumption (HR 0.43 95% CI 0.20–0.93)
and CVD compared to the lowest quintile, and also a HR of 0.58 (95% CI 0.37–0.90) for the participants
who ate at least 175 g/day of fruit. Only the participants in the highest quintile of fruit-derived
fiber intake had a significantly lower risk of CVD (HR 0.52, 95% CI 0.28–0.97). The participants who
ate at least one serving per week of cruciferous vegetables had a lower risk than those who did
not (HR 0.52, 95% CI 0.30–0.89). In conclusion, high fruit consumption, whole grain consumption,
or consumption of at least one serving/week of cruciferous vegetables may be protective against
CVD in young Mediterranean populations.

Keywords: fiber; fruit; vegetables; cardiovascular disease; legumes; whole grains

1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in developed
countries [1,2] and its prevalence is increasing in developing countries. Lifestyles are the most
important determinants of CVD, among which nutritional habits play an important role.

Higher dietary fiber intake has been recognized to be inversely associated with coronary heart
disease (CHD) [3] and stroke [4]. Nevertheless, studies that have assessed the association between fiber
intake and CVD in Mediterranean countries are scarce. It is also noteworthy that the foods that mainly
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contribute to the high intake of fiber—namely fruits, vegetables, legumes, and whole grains—have
other micronutrients that have been postulated to be even more important for the prevention of
CVD [5,6].

Fruits and vegetables are a heterogeneous food group with different contents of vitamins,
minerals, and other bioactive phytochemicals [7]. There are not many studies that have evaluated the
association between specific fruits or vegetables or groups of them, and it is unclear which fruit or
vegetable subgroup may be the most protective against CVD. Also, fruits and vegetables consumed in
different regions differ, and this could explain the differences observed in their reported effects [8].

Epidemiologic studies that have analyzed the relationship between fruit and vegetable
consumption, which represent the principal source of fiber in Mediterranean countries, and CHD
found inconsistent results. A meta-analysis published in 2015 [8], that analyzed 23 studies assessing
this relationship, found an inverse association but showed heterogeneity with geographical differences.
Concretely, an inverse association between fruit and vegetable consumption and CHD was observed
only in Western countries. In addition, only one of the included studies had been conducted in a
Mediterranean country [9] and this latter study found no significant association of fruit and vegetable
consumption with the risk of CHD. More recently, two studies [10,11] conducted within the PREDIMED
trial (PREvención con DIeta MEDiterránea) that recruited older participants in the Mediterranean area
found an inverse association between fruit consumption and cardiovascular mortality, but not with
non-fatal CVD. Albeit there are cohort studies and even a meta-analysis [12] that have observed an
inverse association between fruits and vegetables and stroke, none of the included studies had been
conducted in Mediterranean countries.

On the other hand, legumes and whole grains are also good sources of dietary fiber, and both
have been suggested to be protective against CVD [13–15]. There is a wide body of evidence regarding
the inverse association between whole grains and the risk of cardiovascular risk factors, such as type 2
diabetes [16,17], dyslipidaemia [18,19], high blood pressure [20], and obesity [17], but the research on
their association with CVD clinical hard end-points is not large. A meta-analysis [21] included only
nine publications that assessed the relationship between whole grains and CVD and found an inverse
association. Six out of the nine studies had been conducted in the US, and only one in a Mediterranean
country, and this latter study only reported on cardiovascular mortality. Even less are the studies which
have assessed the relationship between legume consumption and the risk of CVD events [19,22,23].

Additionally, most of the studies have been conducted in aged adults and older people, and none
in young adults. Therefore, we analyzed the association between fiber-rich foods and CVD in a
Mediterranean cohort of young adults in order to advance in the knowledge of this relationship.

2. Materials and Methods

The SUN (Seguimiento Universidad de Navarra, Follow-up) project is a prospective,
multipurpose, dynamic cohort of university graduates conducted in Spain. As a dynamic cohort,
the recruitment of the participants is permanently open. Methodological aspects of this cohort
have been published in detail previously [24]. Briefly, the cohort began in December 1999 and
the recruitment of participants is permanently open. Information is gathered biennially by mailed
questionnaires. Several validation studies of this self-reported information have been conducted,
including anthropometric data [25], physical activity [26], the diagnosis of hypertension [27] and the
specific criteria used for metabolic syndrome definition [28], all of them supporting the quality of the
collected information.

For the present study, we included 22,476 subjects recruited before March 2013, so that they
could have at least one follow-up questionnaire by the time of the last update of the dataset
(December 2015). For the current analysis, we excluded 2113 participants with an energy intake
out of sex specific predefined limits (>4000 kcal/day and <800 kcal/day for men and >3500 kcal/day
and <500 kcal/day for women) [29]. We also excluded 947 participants who had prevalent
cardiovascular disease at baseline and 2409 subjects with no follow-up information. After exclusions,

305



Nutrients 2017, 9, 295

the final sample population included a total of 17,007 participants. The retention in the cohort
was 88%.

The study was approved by the Institutional Review Board of the University of Navarra
on 30 August 2001. Voluntary completion of the first questionnaire was considered to imply
informed consent.

Dietary intake was assessed through a validated 136-item semi-quantitative food-frequency
questionnaire [30,31], which showed an intra-class correlation coefficient of 0.71 for fruits and 0.82
for vegetables.

Each item in the questionnaire included a typical portion size. Daily food consumption was estimated
by multiplying the portion size by the consumption frequency for each item (nine options ranging
from never or almost never to six times per day). Nutrient intake was estimated using Spanish food
composition tables. We defined moderate alcohol consumption between 5 and 25 g/day for women and
between 10 and 50 g/day for men. Based on the dietary information collected with the food-frequency
questionnaire we calculated a score of adherence to the traditional Mediterranean diet [13].

Incidence of cardiovascular events, defined as non-fatal myocardial infarction, non-fatal stroke
reported by participants on a follow-up questionnaire, or deaths due to cardiovascular disease, was the
primary endpoint. An expert panel of physicians, blinded to the information on diet, anthropometric
indexes, and risk factors, reviewed medical records of participants and adjudicated events applying
universal criteria for myocardial infarction and clinical criteria for the other outcomes. A non-fatal
stroke was defined as a focal neurological deficit of sudden onset and vascular mechanism lasting >24 h.
Cases of fatal stroke were documented if there was evidence of a cerebrovascular mechanism. Deaths
were reported to our research team by the participants’ next of kin, work associates, and postal
authorities. For participants lost to follow-up, we consulted the National Death Index every six
months to identify deceased cohort members and to obtain their cause of death. Cases of fatal CHD or
stroke reported by families or postal authorities were confirmed by a review of medical records with
permission of the next of kin.

Statistical Analysis

Participants were categorized in quintiles of fiber, fruits, vegetables, legumes, or whole grain
consumption. We used the residuals method to adjust the assessed foods for total energy intake.

Baseline characteristics are presented according to quintiles of baseline consumption of fruit and
vegetables, as mean (SD) for quantitative traits, and percentage for categorical variables.

We used Cox regression models to assess the relationship between quintiles of baseline fiber,
fruit, vegetables, legumes, or whole grains consumption and the subsequent incidence of CVD during
follow-up. Hazard ratios (HRs) and their 95% confidence intervals (95% CIs) were calculated using the
first quintile as the reference category. We used age as the underlying time variable. Entry time was
defined as the date of completion of the first questionnaire and exit time as the date of CVD, the date
of the completion of the last questionnaire, or date of death, whichever occurred first.

In addition, we analyzed specific subgroups of fruit and vegetables. The definition of composite
groups was based on a report by Joshipura et al. [32] which we adapted to our Food Frequency
Questionnaire (FFQ) and to the usual habits of the Spanish population. The fruits and vegetables
included in each subgroup are presented in Table 1.

Three multivariable models were constructed to adjust for the known or suspected predictors
of CVD. First, we adjusted only for sex. In the second model, we adjusted additionally for
marital status (married, single, widowed, separated, others), highest attained educational level
(five categories), family history of CHD (dichotomous), type 2 diabetes (dichotomous), high blood
pressure (dichotomous), dyslipidemia (dichotomous), smoking status (four categories), total energy
intake (kcal/day), body mass index (kg/m2), alcohol intake (three categories), and use of
cholesterol-lowering drugs. We also fitted a third model with additional adjustments for nutritional
variables: olive oil (g/day) for all the groups and vegetables (g/day), legumes (g/day), and whole
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grains (g/day) in the analysis of fruit consumption; fruits (g/day), legumes (g/day), and whole
grains (g/day) in an analysis that assessed vegetable consumption; fruits (g/day), vegetables (g/day),
and whole grains (g/day) consumption in the analysis of legumes and fruits (g/day), vegetables (g/day),
and legumes (g/day) consumption in the analysis that assessed whole grains consumption.
All the models were also stratified by age in decades.

Table 1. Definitions for various fruit and vegetable subgroups.

Subgroups Individual Foods

Orange group Orange, tangerine, grapefruit
Apple/pear group Apple/pear

Green leafy vegetables Spinach, lettuce, chard greens
Cruciferous vegetables Broccoli, cabbage, cauliflower, Brussels sprouts

β-carotene-rich fruits and vegetables Carrots, spinach, pumpkin, chard greens
Lutein-rich fruits and vegetables Spinach, chard greens

Lycopene-rich fruits and vegetables Tomatoes, tomato sauce, “gazpacho” *
Vitamin C-rich fruits and vegetables Orange, tangerine, grapefruit, peppers

* Cold tomato-based soup with pepper, cucumber, garlic, and onion.

Tests for linear trend were conducted by assigning the quintile specific median value of
consumption of each food item or nutrient and regressing the risk of CVD on the resulting variable,
which was treated as a continuous variable.

For some foods for which the point estimates obtained with the quintiles suggested a threshold
effect, we generated a new dichotomous variable and assessed the relationship between this new
variable and CVD with the same multivariable models.

Statistical tests were two-sided, and p values of less than 0.05 were considered to indicate
statistical significance.

3. Results

The final sample comprised 17,007 participants, of whom 61% were women and the mean age was
38 years. The median follow-up was 10.3 years (mean = 9.6 years). We observed 112 confirmed cases
of CVD during this follow-up period (56 myocardial infarctions, 32 strokes, and 33 cardiovascular
deaths). The mean consumption of fruits, vegetables, legumes, and whole grains was 343 g/day,
525 g/day, 23 g/day, and 12 g/day, respectively. The most consumed fruit was oranges and the most
consumed vegetables were tomatoes and lettuce. The main sources of fiber were mostly vegetables
(10.4 g/day) and fruits (6 g/day).

Table 2 presents the baseline characteristics of the study participants according to quintiles of
baseline fiber consumption. Participants in the highest quintile were older, and more likely to be
diagnosed with dyslipidemia, type 2 diabetes, and high blood pressure. As expected, participants in
the higher quintiles consumed more fruits, vegetables, legumes, and whole grains, and of all the items
of the fruits and vegetables groups. Also, participants with the highest fiber intake showed a higher
adherence to the traditional Mediterranean diet.

When we compared the highest quintile of fruit or whole grains consumption with the lowest
quintile, we observed an inverse association between them and CVD in the fully adjusted model,
and also a significant inverse trend for fiber intake. Table 3 shows the association of fiber intake,
fruits, vegetables, legumes, or whole grains consumption at baseline with the incidence of CVD.
When we compared the participants who consumed at least 160 g/day of fruit (two servings) with
those with a lower consumption we found a HR of CVD of 0.62 (95% CI 0.39–0.99, p = 0.045) and HR
of 0.58 (95% CI 0.37–0.90; p = 0.015) for the participants who consumed at least 175 g/day compared
with those with a lower consumption. We observed no threshold for vegetables consumption.
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Table 2. Baseline characteristics * of the study participants according to baseline quintiles of fiber
intake, SUN (Seguimiento Universidad de Navarra, Follow-up) Project 1999–2013.

Quintiles of Fiber Intake

Q1 Q2 Q3 Q4 Q5

Age (years) 34 (10) 36 (11) 38 (12) 40 (12) 42 (13)
Sex (% women) 60.6 60.6 60.6 60.6 60.6

Marital Status, %
Single 55.3 47.4 42.9 40.6 37.9

Married 41.8 48.9 52.6 53.8 55.6
Others 2.9 3.8 4.6 5.6 6.5

Highest attained educational level
Degree or licenciate degree, % 56 53 53 52 53

Master’s degree, % 7 8 8 8 8
Doctoral degree, % 7 9 11 11 11

Family history of CHD, % 11 12 14 14 16
Use of lipid-lowering drugs, % 1.2 1.5 3.0 3.1 4.0

Type 2 diabetes, % 0.7 0.9 1.7 2.2 3.0
Body mass index (Kg/m2) 23 (11) 23 (3.3) 24 (3.5) 24 (3.5) 24 (3.5)

Hypertension, % 3.7 4.9 6.7 7.9 9.3
Dyslipidemia, % 11.7 14.9 16.9 16.2 20.1

Smoking status, %
Current smoker 28.5 23.4 21.6 18.6 16.1
Former smoker 22.5 26.5 28.0 32.6 33.3

Carbohydrate intake (% of total energy) 40 (7) 42 (7) 43 (7) 44 (7) 48 (7)
Protein intake (% of total energy) 17 (4) 18 (3) 18 (3) 19 (3) 19 (3)

Fat intake (% of total energy) 40 (7) 38 (6) 37 (6) 36 (6) 32 (6)
Olive oil consumption (g/day) ** 18 (14) 18 (14) 19 (13) 19 (13) 18 (13)

Fiber intake (g/day) ** 16 (3.4) 22 (1.5) 26 (1.6) 31 (2.1) 44 (10.0)
Fruit consumption (g/day) ** 144 (116) 246 (143) 312 (159) 407 (219) 604 (419)

Vegetable consumption (g/day) ** 271 (138) 397 (151) 493 (176) 601 (218) 863 (458)
Legume consumption (g/day) ** 16 (9) 20 (10) 22 (12) 24 (14) 31 (29)

Whole grains (g/day) ** 2 (10) 6 (15) 10 (21) 16 (29) 32 (52)
Orange group (portions/week) ** 1.8 (2.7) 3.3 (3.5) 4.5 (4.4) 5.7 (5.3) 8.2 (7.7)
Apples/pear (portions/week) ** 1.1 (1.5) 1.9 (2.0) 2.5 (2.6) 3.3 (3.4) 5.2 (5.8)

Lutein-rich fruits and vegetables (portions/week) ** 0.4 (0.4) 0.6 (0.6) 0.8 (0.7) 1.0 (1.0) 1.7 (1.9)
Cruciferous (portions/week) ** 0.3 (0.4) 0.5 (0.5) 0.6 (0.6) 0.8 (0.9) 1.2 (1.6)

Green-leafy vegetables (portions/week) ** 2.5 (1.9) 3.6 (2.3) 4.5 (2.5) 5.5 (3.1) 7.8 (5.6)
Lycopene-rich fruits and vegetables (portions/week) ** 2.0 (2.1) 3.7 (2.3) 3.7 (2.8) 4.5 (3.1) 6.2 (5.5)
Carotene-rich fruits and vegetables (portions/week) ** 1.0 (1.0) 1.7 (1.2) 2.3 (1.5) 3.0 (1.9) 5.1 (4.1)

Vitamin C-rich fruits and vegetables (portions/week) ** 3.1 (3.0) 5.0 (3.8) 6.5 (4.6) 8.1 (5.6) 11.5 (8.7)
Alcohol consumption (g/day) ** 6.1 (11.7) 5.0 (7.8) 4.3 (6.8) 4.2 (12.9) 3.5 (6.0)

Moderate alcohol consumption (%) ** 24.6 22.38 19.43 18.32 15.08
Physical activity (METs-h/week) ** 21.6 (19.0) 21.6 (19.0) 22.4 (19.4) 23.3 (20.0) 24.3 (20.0)
Total energy intake (Kcal/day) ** 2525 (616) 2283 (591) 2223 (595) 2237 (610) 2420 (610)

MDS (0–9 items) *** 2.7 (1.4) 3.5 (1.5) 4.1 (1.4) 4.8 (1.4) 5.6 (1.4)

* Mean (SD) unless otherwise stated; ** Adjusted for total energy intake by the residual method;
*** MDS, Mediterranean diet score [13]; CHD, coronary heart disease; METs, metabolic equivalent of task.

Table 3. Hazard ratios (HRs) (95% confidence intervals) of cardiovascular disease (CVD) according to
baseline quintiles (Q) of fiber, fruit, vegetables, pulses, or whole-grain consumption.

Quintiles of Fiber Intake

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 33,643 33,107 32,496 32,132 31,381

# of cases 18 24 22 22 26
Median g/day 16.76 22.06 26.09 31.12 40.88
Sex adjusted 1 (ref) 1.24 (0.66–2.30) 0.77 (0.41–1.45) 0.67 (0.36–1.28) 0.57 (0.31–1.06) 0.015

Multivariable adjusted 1 1 (ref) 1.31 (0.70–2.49) 0.81 (0.42–1.57) 0.70 (0.37–1.35) 0.61 (0.32–1.16) 0.025
Multivariable adjusted 2 1 (ref) 1.32 (0.70–2.49) 0.81 (0.42–1.56) 0.70 (0.36–1.35) 0.60 (0.32–1.15) 0.024

Quintiles of Fruit Consumption

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 33,824 32,929 32,684 31,714 31,608

# of cases 23 19 17 25 28
Median g/day 90 192 280 398 653
Sex adjusted 1 (ref) 0.60 (0.32–1.11) 0.45 (0.24–0.85) 0.49 (0.28–0.88) 0.45 (0.25–0.81) 0.036

Multivariable adjusted 1 1 (ref) 0.61 (0.32–1.17) 0.48 (0.24–0.94) 0.51 (0.27–0.94) 0.48 (0.26–0.87) 0.057
Multivariable adjusted 3 1 (ref) 0.62 (0.32–1.18) 0.50 (0.26–0.98) 0.54 (0.29–1.00) 0.51 (0.27–0.95) 0.114

Quintiles of Vegetable Consumption

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 33,695 32,816 32,870 32,100 31,278

# of cases 20 24 25 18 25
Median g/day 209 348 468 609 884
Sex adjusted 1 (ref) 1.18 (0.65–2.15) 1.06 (0.58–1.92) 0.71 (0.37–1.35) 0.80 (0.44–1.47) 0.191

Multivariable adjusted 1 1 (ref) 1.29 (0.70–2.38) 1.07 (0.58–1.96) 0.77 (0.40–1.48) 0.81 (0.44–1.49) 0.180
Multivariable adjusted 4 1 (ref) 1.37 (0.74–2.54) 1.14 (0.62–2.11) 0.86 (0.44–1.67) 0.96 (0.51–1.82) 0.458
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Table 3. Cont.

Quintiles of Legumes Consumption

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 32,311 32,682 32,726 33,244 31,796

# of cases 26 24 20 15 27
Median g/day 8.4 15.2 20 25 36
Sex adjusted 1 (ref) 0.91 (0.52–1.60) 0.78 (0.43–1.40) 0.58 (0.30–1.10) 0.96 (0.59–1.65) 0.674

Multivariable adjusted 1 1 (ref) 0.92 (0.52–1.62) 0.80 (0.44–1.45) 0.58 (0.30–1.11) 0.92 (0.53–1.59) 0.559
Multivariable adjusted 5 1 (ref) 0.95 (0.54–1.68) 0.83 (0.46–1.52) 0.59 (0.31–1.15) 0.95 (0.54–1.66) 0.622

Quintiles of Whole Grains Consumption

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 34,089 34,090 33,207 32,620 31,255

# of cases 26 17 25 28 16
Median g/day 0 0 1.9 5.7 54.7
Sex adjusted 1 (ref) 0.59 (0.31–1.10) 0.79 (0.45–1.37) 0.71 (0.41–1.22) 0.51 (0.27–0.95) 0.110

Multivariable adjusted 1 1 (ref) 0.49 (0.24–0.99) 0.62 (0.29–1.31) 0.48 (0.20–1.15) 0.40 (0.19–0.86) 0.102
Multivariable adjusted 6 1 (ref) 0.51 (0.25–1.02) 0.64 (0.30–1.36) 0.49 (0.20–1.18) 0.43 (0.20–0.93) 0.149

Note: Multivariable adjusted 1: sex, marital status (five categories), highest attained educational level
(five categories), family history of CHD (yes/no), type 2 diabetes (yes/no), high blood pressure (yes/no),
dyslipidaemia (yes/no), smoking status (four categories), total energy intake (kcal/day), body mass index, physical
activity (METs-h/day), alcohol intake (three categories) and use of lipid-lowering drugs, and stratified by age
in decades. Age as underlying time variable. Multivariable adjusted 2: additionally adjusted for and olive
oil consumption (g/day). Multivariable adjusted 3: additionally adjusted for olive oil (g/day), vegetables,
legumes (g/day), and whole-grains (g/day) consumption. Multivariable adjusted 4: additionally adjusted
for olive oil (g/day), fruits (g/day), legumes (g/day), and whole-grains (g/day) consumption. Multivariable
adjusted 5: additionally adjusted for olive oil (g/day), fruits (g/day), vegetables (g/day), and whole-grains
(g/day) consumption. Multivariable adjusted 6: additionally adjusted for olive oil (g/day), fruits (g/day),
vegetables (g/day), and legumes (g/day) consumption.

When we analyzed fiber intake according to its source as exposure, participants in the highest
quintile of fruit fiber consumption had the lowest risk of CVD, which was significantly lower than the
risk of those in the first quintile (HR 0.52, 95% CI 0.28–0.97). No statistically significant differences
were found for other fiber sources.

We found no significant association between legume consumption and CVD.
When we analyzed specific groups of fruits and vegetables, only higher intakes of cruciferous

vegetables were associated with CVD with a HR of 0.52 (95% CI 0.30–0.89, p = 0.16) for the participants
who ate at least one serving/week in comparison with those who did not. We also observed an inverse
significant trend in the association between cruciferous vegetable consumption and CVD (Table 4).

Table 4. Hazard ratios (HRs) of CVD according to baseline quintiles (Q) of specific groups of fruits and
vegetables consumption. (HR and 95% confidence intervals).

Orange Group

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 32,607 32,155 32,253 32,686 33,057

# of cases 21 22 21 21 27
Median (servings/week) 0.23 1.58 3.09 5.64 15.34

Sex adjusted 1 (ref) 0.80 (0.43–1.46) 0.73 (0.40–1.34) 0.53 (0.29–0.98) 0.60 (0.34–1.08) 0.166
Multivariable adjusted 1 1 (ref) 0.81 (0.43–1.55) 0.79 (0.42–1.50) 0.56 (0.30–1.05) 0.65 (0.35–1.19) 0.234
Multivariable adjusted 2 1 (ref) 0.81 (0.43–1.56) 0.80 (0.42–1.52) 0.56 (0.30–1.07) 0.65 (0.35–1.20) 0.267

Apple/Pear Group

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 33,274 32,993 32,058 31,793 32,641

# of cases 24 16 17 25 30
Median (servings/week) 0.16 0.79 1.55 3.12 6.68

Sex adjusted 1 (ref) 0.51 (0.27–0.97) 0.47 (0.25–0.89) 0.75 (0.42–1.32) 0.61 (0.35–1.06) 0.715
Multivariable adjusted 1 1 (ref) 0.46 (0.23–0.92) 0.44 (0.22–0.88) 0.74 (0.41–1.35) 0.61 (0.34–1.08) 0.816
Multivariable adjusted 2 1 (ref) 0.47 (0.24–0.93) 0.45 (0.23–0.91) 0.79 (0.44–1.44) 0.65 (0.37–1.16) 0.997

309



Nutrients 2017, 9, 295

Table 4. Cont.

Green Leafy Group

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 32,830 32,494 32,226 32,498 32,711

# of cases 19 23 25 22 23
Median (servings/week) 1.14 2.81 3.99 6.16 8.21

Sex adjusted 1 (ref) 1.47 (0.79–2.72) 1.42 (0.77–2.59) 0.90 (0.48–1.66) 0.92 (0.50–1.71) 0.268
Multivariable adjusted 1 1 (ref) 1.48 (0.79–2.77) 1.57 (0.85–2.91) 0.90 (0.48–1.68) 0.97 (0.52–1.80) 0.298
Multivariable adjusted 2 1 (ref) 1.54 (0.82–2.89) 1.61 (0.87–2.99) 0.93 (0.49–1.75) 1.05 (0.56–1.96) 0.431

Cruciferous Group

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 32,604 32,972 32,488 32,817 31,878

# of cases 19 26 27 21 19
Median (servings/week) 0 0.37 0.48 0.93 1.07

Sex adjusted 1 (ref) 1.03 (0.56–1.88) 1.25 (0.69–2.27) 0.81 (0.43–1.51) 0.56 (0.30–1.08) 0.035
Multivariable adjusted 1 1 (ref) 0.97 (0.52–1.79) 1.35 (0.73–2.47) 0.82 (0.43–1.55) 0.54 (0.28–1.04) 0.033
Multivariable adjusted 2 1 (ref) 0.98 (0.53–1.81) 1.37 (0.75–2.52) 0.83 (0.44–1.58) 0.56 (0.29–1.09) 0.046

Carotene-Rich Fruits and Vegetables

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 33,385 33,226 32,328 32,002 31,817

# of cases 25 19 24 20 24
Median (servings/week) 0.44 1.16 1.78 3–28 5.92

Sex adjusted 1 (ref) 0.69 (0.38–1.26) 0.82 (0.47–1.45) 0.62 (0.34–1.14) 0.60 (0.33–1.06) 0.111
Multivariable adjusted 1 1 (ref) 0.74 (0.40–1.38) 0.90 (0.50–1.62) 0.67 (0.36–1.24) 0.64 (0.35–1.14) 0.142
Multivariable adjusted 2 1 (ref) 0.77 (0.41–1.43) 0.92 (0.51–1.67) 0.71 (0.38–1.31) 0.68 (0.38–1.23) 0.218

Lutein-Rich Fruits and Vegetables

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 32,106 32,994 32,316 32,995 32,408

# of cases 21 23 22 18 27
Median (servings/week) 0 0.4 0.58 0.98 2.88

Sex adjusted 1 (ref) 0.90 (0.49–1.65) 0.90 (0.49–1.65) 0.76 (0.40–1.43) 0.76 (0.43–1.36) 0.381
Multivariable adjusted 1 1 (ref) 1.07 (0.58–1.99) 1.0 (0.54–1.87) 0.82 (0.43–1.56) 0.81 (0.45–1.48) 0.354
Multivariable adjusted 2 1 (ref) 1.10 (0.59–2.05) 1.03 (0.56–1.93) 0.84 (0.44–1.60) 0.86 (0.47–1.55) 0.439

Lycopene-Rich Fruits and Vegetables

Q1 Q2 Q3 Q4 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 34,332 33,347 32,602 31,537 31,041

# of cases 23 26 19 23 21
Median (servings/week) 0.44 1.91 3.24 4.87 7.23

Sex adjusted 1 (ref) 1.04 (0.59–1.84) 0.81 (0.44–1.50) 0.78 (0.43–1.39) 0.70 (0.38–1.27) 0.137
Multivariable adjusted 1 1 (ref) 0.98 (0.54–1.76) 0.80 (0.43–1.49) 0.81 (0.44–1.47) 0.69 (0.38–1.28) 0.181
Multivariable adjusted 2 1 (ref) 1.0 (0.55–1.79) 0.8 (0.43–1.49) 0.84 (0.46–1.53) 0.73 (0.40–1.35) 0.249

Vitamin C-rich fruits and vegetables

Q1 Q2 Q3 Q3 Q5 p for Trend

N 3402 3401 3402 3401 3401
Time at risk 32,746 32,672 32,371 32,628 32,341

# of cases 20 21 25 19 27
Median (servings/week) 1.46 3.4 5.33 7.84 16.41

Sex adjusted 1 (ref) 0.78 (0.42–1.46) 0.91 (0.50–1.65) 0.55 (0.29–1.03) 0.61 (0.33–1.11) 0.103
Multivariable adjusted 1 1 (ref) 0.79 (0.42–1.53) 0.99 (0.54–1.84) 0.56 (0.29–1.07) 0.66 (0.38–1.22) 0.171
Multivariable adjusted 2 1 (ref) 0.83 (0.43–1.61) 1.00 (0.54–1.86) 0.58 (0.30–1.11) 0.68 (0.37–1.27) 0.191

Note: Multivariable adjusted 1: sex, marital status (five categories), studies (five categories), family history of
CHD (yes/no), type 2 diabetes (yes/no), high blood pressure (yes/no), dyslipidemia (yes/no), smoking status
(four categories), total energy intake (kc/day), body mass index, physical activity (METs-h/day), alcohol intake
(three categories), stratified by age in decades. Age as underlying time variable. Multivariable adjusted 2:
additionally adjusted for legumes (g/day), whole-grains (g/day), and olive oil consumption (g/day).

4. Discussion

In this young, highly educated, Mediterranean cohort, we found an inverse association between
fiber intake and CVD. This observed association was consistent with previous studies [3,33,34],
but the results for fruit and vegetables subtypes, for the different fiber sources, or for rich-fiber
foods remain unclear.

We also found an inverse association between fruit consumption and fruit fiber and CVD.
Our findings are consistent with various meta-analyses [12,33–37], even though the individual studies
seldom reached statistical significance. In a previous work with participants of an old Mediterranean
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cohort [11], our results suggested that higher fruit consumption was likely to be inversely associated
with the future occurrence of CVD, but the results were no longer statistically significant in the
multivariable analysis. The EPIC study (European Prospective Investigation into Cancer and Nutrition)
that included participants from several Mediterranean countries did not find an association between
fruit consumption and cardiovascular mortality either [38]. A meta-analysis [33] found a marginally
significant inverse association for each 4 g/day greater intake of fiber fruit with CVD (HR 0.96
(95% CI 0.93–1.00)), but another meta-analysis that included one further publication [3] found a clearly
decreased risk of 8% (95% CI 2%–14%) for CHD. None of these meta-analyses included studies with
Mediterranean populations. In our work, we also found that consumptions of at least two portions a
day of fruit (160 g/day) could be protective against CVD, and higher consumptions did not appear to
provide additional protection.

We found no significant association with vegetable consumption nor with fiber from vegetables.
Similarly, a recent meta-analysis [3] did not find a statistically significant association between vegetable
fiber and CVD. It is also noteworthy that in our study vegetable consumption was very high
(mean 525 g/day) and the median of the first quintile was already 209 g/day. Lack of variability in a
lower range of vegetable consumption may have precluded us from finding significant associations.
In addition, the number of observed cases was low, as expected in this educated, slim, and young
Mediterranean cohort. The statistical power of our study would be sufficient only to detect relative
risks between extreme quintiles in the range of 0.40–0.55, but not other relative risks closer to the
null. However, we expected to find strong associations, on the basis of a previous case-control study
conducted by our group [39].

Fruit and vegetables are rich sources of fiber, but they also provide antioxidants, vitamin K, folate,
and other phytochemicals—some of them have other micronutrients, thus leading to heterogeneity
between the different types. Therefore, some classifications have been suggested according these
differences. Nevertheless, studies that have assessed the association between a food or group and
CVD are scarce. Oude Griep et al. [40] found no significant association between different varieties of
fruits and vegetables and CHD or stroke, but found a strong correlation between the different fruit
varieties and total fruit intake (0.72), and a less strong correlation between the different vegetables
varieties and total vegetable consumption (0.53). Their results suggest that the quantity of fruit
and vegetable consumption may be more relevant than their variety for the prevention of CVD.
In a different classification according to the color of vegetables, the same authors [41,42] found a
significant protective association with stroke only for white fruits and vegetables; no significant
association was observed for CHD. In our analysis, we found an inverse association between
cruciferous vegetable consumption and CVD, where eating at least one serving of cruciferous
vegetables per week could reduce the risk of CVD by 48%. Our results differ from other studies that
found no association between cruciferous vegetables and stroke [12] or CHD [32,43], but are consistent
with our results from a previous study on an old Mediterranean cohort [11]. Bendinelli [9] analyzed
the association between fruit and vegetable consumption and CHD in a Mediterranean cohort of
women, and found an inverse association with green leafy vegetables, which was consistent with other
studies [32,44,45], but did not report the results for cruciferous vegetables alone. Cruciferous vegetables
contain sulforaphane [7], the most widely studied and best characterized isothiocyanate [46] which is
a long-acting antioxidant, but also has anti-inflammatory activity by inhibition of cytokine production.
The relationship between sulforaphane and the atherosclerosis process seems to be clear [46]. In animal
models, sulforaphane has shown an inverse association with hypertension, diabetes, and diabetes
complications [47,48].

A higher consumption of legumes did not have any association with the risk of CVD in our cohort.
Legumes are high in vegetable proteins and dietary fiber, and have a low glycemic index. To our
knowledge, only Bazzano et al. [49] and Wang et al. [50] reported an inverse association between the
consumption of legumes and CVD, with tangible benefits observed for the consumption of legumes
at least four times per week. A recently published meta-analysis [51] found an inverse association
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between legume consumption and CHD (HR 0.90 CI 95% 0.84–0.97). Additionally, the authors of this
latter meta-analysis also found a marginally significant association between legume consumption and
CVD (HR 0.94 CI 95% 0.89–1.00). Our participants had a high legume consumption (median in the
fifth quintile: 36 g/day) and a priori we expected to find a risk reduction. Legumes are an important
food in the Mediterranean diet and Trichopoulou et al. [13] found that the observed inverse association
between adherence to the Mediterranean diet and cardiovascular mortality was toned down when
legumes were taken out from their score. Another meta-analysis [52] conducted with 20 studies that
analyzed the association between adherence to the Mediterranean diet or its individual components
and CVD also found an inverse association between legume consumption and CVD (HR 0.90 CI 95%
0.83–0.98). Our results are similar in the magnitude and the direction of the association, but we
did not achieve statistical significance. Again, the low number of cases could explain this result.
Moreover, there are important differences in composition across legumes in macronutrients [53]
(specifically in their protein content), fiber content, micronutrients, and phytochemicals, which could
also explain the differences across different cohorts. Additionally, there are differences in the way they
are cooked in the different Mediterranean countries, which could also contribute to the diverse results
in the different studies.

We found an inverse association between whole grain consumption and risk of CVD (HR for
the fifth vs. first quintile of 0.43 (95% CI 0.20–0.93)). Our study is consistent with a meta-analysis
of ten cohort studies [21] that found an inverse association between whole grain consumption and
risk of CHD, stroke, and CVD, with no evidence of linearity and with a stronger risk reduction from
no consumption up to 50 g/day than with higher intakes. Most of the studies included in the last
meta-analysis were from USA, only one of the included cohorts originating from a Mediterranean
setting, and even then, only cardiovascular mortality was assessed. We found no association between
whole grain consumption and CVD in a cohort with older Mediterranean participants [11].

Different plant foods, including fruits, vegetables, and whole grains among others, have their
distinctive phytochemical contents. These distinctive phytochemicals have different biochemical
properties, such as molecular size and solubility [5]. All these properties will affect the interactions between
the various biochemicals and thus their antioxidant or anti-inflammatory effect. Also, different plant-based
foods contain different fiber types. Eating a wide variety of fruits, vegetables, whole grains, and other
plant foods and following a health dietary pattern—like the Mediterranean diet—has been postulated as
being more important for CVD prevention than eating isolated food items [54]. A recent meta-analysis
has shed light on this association [52], finding that some of the individual components did not achieve
significance, but that the overall diet decreased CVD disease rates.

We acknowledge that our study may have some limitations. First, our participants have a high
educational level, and are young and predominantly females, potentially limiting the generalizability
of our results. However, the high educational level of our participants enhances the quality of
their self-reported information and increases the internal validity of our results. In addition, lack of
representativeness does not preclude from finding associations valid for other populations [55]. In fact,
there are no biological mechanisms that suggest that our observed associations may no longer hold
for other populations. Finally, literature on the covered topic in middle-aged cohort was previously
absent. Second, the use of a validated FFQ does not rule out the existence of an information bias,
but it has good or reasonable correlation coefficients for the considered exposures. Since the possible
measurement error in the assessment of diet is expected to be non-differential, it would presumably
bias our results towards the null value. Third, the absence of repeated measurements may have
also led to a misclassification bias, because our participants may have experienced changes in their
consumption along the follow-up. Fourth, we might have missed some CVD events. Nevertheless,
all of our participants are university graduates, who are highly educated and highly motivated,
and more than half of them are health professionals, thereby reducing the risk of underreporting.
Additionally, we regularly consulted the National Death Index. Fifth, the incidence of CVD was low
in our cohort. Thus, we may have low statistical power to assess associations, especially in adjusted
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models. Nevertheless, it is noteworthy that the point estimates hardly changed with successive
adjustment and that the point estimates point towards the a priori expected association based on
the available literature. Finally, observing significant associations may have been hindered by a
considerably high consumption of healthy foods in the lowest quintiles, compared to other available
studies. High consumption of the considered food items may show protective effects when compared
to really low consumptions, but may show no additional protection beyond moderate consumptions.

The major strengths of the current study include its prospective design, its relatively large sample
and long-term follow-up, and its high retention rate. Another potential strength is the use of a validated
FFQ, with good correlations with the analyzed foods. Moreover, we adjusted the models for a wide
array of potential confounders, in an attempt to control for potential confounders.

In conclusion, consumptions of at least two servings/day of fruit, and one serving/week
of cruciferous vegetables or whole grains may be protective against CVD in young
Mediterranean populations.
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Abstract: Short chain fatty acids (SCFAs) are produced following the fermentation of soluble fibre by
gut bacteria. In animal models, both dietary fibre and SCFAs have demonstrated anti-inflammatory
effects via the activation of free fatty acid receptors, such as G protein-coupled receptor 41 and 43
(GPR41 and GPR43). This pilot study examined the acute effect of a single dose of soluble fibre
on airway inflammation—including changes in gene expression of free fatty acid receptors—in
asthma. Adults with stable asthma consumed a soluble fibre meal (n = 17) containing 3.5 g inulin
and probiotics, or a control meal (n = 12) of simple carbohydrates. Exhaled nitric oxide (eNO) was
measured and induced sputum was collected at 0 and 4 h for differential cell counts, measurement
of interleukin-8 (IL-8) protein concentration, and GPR41 and GPR43 gene expression. At 4 h after
meal consumption, airway inflammation biomarkers, including sputum total cell count, neutrophils,
macrophages, lymphocytes, sputum IL-8, and eNO significantly decreased compared to baseline
in the soluble fibre group only. This corresponded with upregulated GPR41 and GPR43 sputum
gene expression and improved lung function in the soluble fibre group alone. Soluble fibre has
acute anti-inflammatory effects in asthmatic airways. Long-term effects of soluble fibre as an
anti-inflammatory therapy in asthma warrants further investigation.

Keywords: asthma; prebiotics; G-protein coupled receptor; inflammation; short chain fatty acids

1. Introduction

Asthma is a chronic inflammatory disease of the airways, affecting approximately 300 million
people worldwide [1]. In Australia, over two million people are affected [2]. Glucocorticoids are the
mainstay of asthma management [3]. However, treatment can predispose individuals to long-term
side effects (e.g., osteoporosis, hypertension, insulin resistance, neuropsychiatric effects), and some
patients respond poorly [3]. Thus, new ways to treat inflammation in asthma are urgently needed.

While asthma has a significant genetic component, environmental factors also play a role.
Epidemiological studies report increased asthma risk with consumption of westernized diets [4–7],
which are often high in fat and processed foods, and low in fibre. Dietary fibres are complex
carbohydrates found in plant-based foods and are classified based on their solubility in water [8].
Insoluble fibres (e.g., cellulose) are biologically inert substances that assist in the alleviation of
constipation by promoting bowel movements [8]. Soluble fibres such as oligosaccharides and
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fructans (e.g., inulin) act as substrates for fermentation by intestinal microbes [9]. Partial digestion of
soluble fibre produces short chain fatty acids (SCFAs), primarily acetate, propionate and butyrate [9].
Butyrate is the preferred fuel source for colonocytes, propionate is mainly metabolized by the liver,
while acetate is the main SCFA to enter the circulation where it can act on immune cells and peripheral
tissues and potentially elicit anti-inflammatory effects [9,10].

Recently, we reported that fibre intake was inversely associated with lung function and
eosinophilic airway inflammation [11,12]. One mechanism potentially linking dietary fibre intake and
inflammatory responses, involves the activation of the free fatty acid receptors, G protein-coupled
receptor 41 and 43 (GPR41 and GPR43). These are cell surface receptors that are activated by SCFAs
on cells of the gastrointestinal tract, as well as immune cells (e.g., eosinophils and neutrophils) and
adipocytes [13]. To date, there are no human intervention trials that have assessed how dietary fibre—in
particular soluble fibre—can impact airway inflammation. Airway inflammation can be assessed in
subjects with asthma by collecting induced sputum (which enables quantification of inflammatory cells)
and the use of molecular techniques to measure gene expression to examine mechanistic pathways [14].
Furthermore, sputum can be induced serially, in a safe manner to assess changes in inflammation [15].

We hypothesised that increased intake of soluble fibre would reduce airway inflammation in
asthma via activation of free fatty acid receptors. Therefore, in this pilot study, we aimed to investigate
the effects of an acute soluble fibre challenge on airway inflammation and free fatty acid receptor
activity in asthma.

2. Materials and Methods

2.1. Subjects

Twenty-nine subjects with stable asthma, aged ≥18 years and with a body mass index (BMI)
between 18 and 30 kg/m2 were recruited from the John Hunter Hospital Asthma Clinic, NSW, Australia,
from existing study volunteer databases and by advertisement. A subset of data from these participants
has previously been reported [16]. Asthma stability was confirmed, defined as no exacerbation,
respiratory tract infection, or oral corticosteroids in the past four weeks. Asthma control was
assessed using the seven-item Asthma Control Questionnaire (ACQ-7) [17]. Clinical asthma pattern
(intermittent, mild, moderate, or severe persistent) was determined according to the Global Initiative
for Asthma (GINA) guidelines [18]. Subjects were excluded from the study if they were current smokers
or had any respiratory-related illness other than asthma on presentation. This trial was conducted at
the Hunter Medical Research Institute, Newcastle, Australia according to the guidelines laid down
in the Declaration of Helsinki, and all procedures involving human subjects were approved by the
Hunter New England Human Research Ethics Committee (HREC) (06/10/25/5.03, 11/06/15/4.02)
and registered with the University of Newcastle HREC. Written informed consent was obtained from
all subjects. The trial was registered with the Australian and New Zealand Clinical Trials Registry
(number ACTRN12607000236493) prior to the study commencing.

2.2. Study Design

All subjects fasted for 12 h, withheld short acting β2-agonist medications (for 12 h) and long acting
β2-agonist medications (for 24 h), and underwent exhaled nitric oxide (eNO, Ecomedics CLD 88sp,
Ecomedics, Duernten, Switzerland), spirometry, and hypertonic saline challenge with combined
sputum induction, and then consumed the study meal (soluble fibre n = 17, control n = 12)
within 15 min. Four hours after meal consumption, eNO, spirometry, and sputum induction were
repeated. The soluble fibre meal consisted of commercial probiotic yoghurt (Vaalia, low fat, 175 g),
containing 806 kJ, the soluble fibre inulin (3.5 g), and the probiotics Lactobacillus acidophilus strain
LA5, Bifidobacterium lactis strain Bb12, and Lactobacillus rhamnosus strain GG, each at a concentration
of ≥108 colony forming units. The control meal consisted of an isocaloric meal of 200 g plain
mashed potato.
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2.3. Hypertonic Saline Challenge

Baseline spirometry (Minato Autospiro AS-600; Minato Medical Science, Osaka, Japan) was
performed to measure lung function, and predicted values for forced expiratory volume in one second
(FEV1) and forced vital capacity (FVC) were calculated using NHANES (National Health and Nutrition
Examination Survey) III data, which accounts for gender, age, and height [19]. Using predicted
values for FEV1 and FVC allows for interpretation of actual lung function values (L) as a percent
of expected values developed from reference data in healthy populations [20]. Combined bronchial
provocation and sputum induction with nebulized (ULTRA-NEBTM ultrasonic nebulizer, Model 2000;
DeVilbiss, Tipton, West Midlands, United Kingdom) hypertonic saline (4.5%) were performed as
previously described [21]. If FEV1 dropped below 15% of baseline, subjects were considered to have
airway hyperresponsiveness (AHR). The response of all subjects to hypertonic saline was also described
by the dose response slope (DRS, the percent decline in FEV1 per mL hypertonic saline).

2.4. Sputum Processing

Sputum was selected from saliva [21,22], dispersed with dithiothreitol, and a total cell count of
leukocytes and viability were performed. Cytospins were prepared, stained (May-Grunwald Geimsa),
and a differential cell count obtained from 400 non-squamous cells. The remaining solution was
centrifuged (400× g, 10 min, 4 ◦C) and the cell-free supernatant was aspirated and stored at −80 ◦C.
For GPR41 and GPR43 gene expression analysis, 100 μL of selected sputum was added to Buffer RLT
(Qiagen, Hilden, Germany) and stored at −80 ◦C until RNA extraction.

2.5. Sputum Supernatant Measurements

The concentration of interleukin 8 (IL-8) was determined by Enzyme-linked Immunosorbent
Assay (ELISA) using R&D Systems Human CXCL8/IL-8 DuoSet Ancillary Reagent ELISA kit (R&D
Systems, Minneapolis, MN, USA). IL-8 has been previously validated for assessment in induced
sputum [23,24].

2.6. RNA Extraction and cDNA Synthesis

Total RNA was extracted from sputum samples stored in Buffer RLT using the RNeasy Mini Kit
(Qiagen) as per kit instructions. Sputum RNA was quantitated using the Quant-iT RiboGreen RNA
Assay Kit (Invitrogen, Eugene, OR, USA), whereby fluorescence was measured by FLUOstar OPTIMA
spectrometer (BMG LabTech, Ortenberg, Germany). Genomic DNA was removed via treatment with
DNase I (Life Technologies, Scoresby, Australia) and cDNA was generated via reverse transcription
from 200ng of RNA using the High Capacity cDNA Reverse Transcription Kit, as per kit instructions
(Applied Biosystems, Forster City, CA, USA).

2.7. mRNA Quantification by Real-Time qRT-PCR

Taqman gene expression assays for GPR41 and GPR43 were purchased as proprietary
pre-optimised reagents (Applied Biosystems) and combined with cDNA and Taqman master mix in
duplicate singleplex quantitative real-time polymerase chain reactions (qRT-PCR) (ABI 7500 Real time
PCR system). 18S ribosomal RNA was utilised as the housekeeping reference gene. Relative fold
change in gene expression after the soluble fibre and control meal challenge was calculated using
2−ΔΔCt relative to the housekeeping gene 18S rRNA (ΔCt) and the baseline (ΔΔCt).

2.8. Statistical Analysis

Data were analysed with STATA 11 (StataCorp, College Station, TX, USA) and reported as
mean ± standard error of mean (SEM) for parametric and median (interquartile range, IQR) for
nonparametric data. Data was tested for normality using the D’Agostino–Pearson omnibus normality
test. To compare baseline characteristics between groups, normally distributed variables were analysed
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using Students t-tests, and non-parametric variables were analysed using the Wilcoxon rank sum test.
Categorical variables were analysed by Fisher’s exact test. Within-group changes were compared
using Wilcoxon matched-pairs signed rank test, and between group changes were analysed using the
Wilcoxon rank sum test. Significance was accepted if p < 0.05.

3. Results

3.1. Baseline Characteristics

Twenty-nine subjects with stable asthma were included in the study, allocated to the soluble fibre
(n = 17) or control group (n = 12). The clinical characteristics at baseline were similar between the
two groups (Table 1).

Table 1. Baseline clinical characteristics.

Clinical Characteristic Soluble Fibre Group (n = 17) Control Group (n = 12) p *

Gender Male n (%) 7 (41) 6 (50) 0.716
Female n (%) 10 (59) 6 (50)
Age (years) 42.1 ± 3.4 40.4 ±4.6 0.770

BMI (kg/m2) 24.9 ± 0.7 26.6 ± 0.7 0.099
Ex-smokers n (%) 6 (35) 3 (25) 0.694

ACQ-7 (units) 0.7 ± 0.1 0.7 ± 0.2 0.941
Atopy n (%) 14 (82) 8 (67) 0.403
AHR n (%) 10 (59] 5 (41.7) 0.462

DRS (%ΔFEV1/mL), med [IQR] 2.2 [0.4, 6.4] 0.6 [0.2, 2.4] 0.109
ICS dose † (μg/day), med [IQR] 1000 [400, 1000] 1000 [563, 1000] 0.679

Data are means ± SEM unless otherwise stated. BMI: body mass index; ACQ: 7-item asthma control
questionnaire; AHR: airway hyperresponsiveness; DRS: dose–response slope (% fall in forced expiratory
volume in one second (FEV1)/mL saline); ICS: inhaled corticosteroids. * Difference between soluble fibre and
control groups. † Beclomethasone equivalents.

3.2. Airway Inflammatory Markers

There was no difference in airway inflammation at baseline between groups; however, the response
to the soluble fibre and control meals was different (Table 2, Figure 1). Following the control meal,
there were no changes in airway inflammation. Within the soluble fibre group, there was a significant
decrease in sputum total cell count which was significantly different to the control group (Figure 1a).
Sputum neutrophils (Figure 1b), macrophages (Figure 1d), lymphocytes, sputum IL-8 (Figure 1c),
and eNO (Figure 1f) also decreased significantly in the soluble fibre group at 4 h compared to baseline,
though these changes were not significantly different between the control and intervention groups.
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Figure 1. Change in airway inflammatory markers: (a) sputum total cell count; (b) sputum neutrophils;
(c) sputum interleukin 8 (IL-8); (d) sputum macrophages; (e) sputum eosinophils; (f) exhaled nitric oxide
4 h following soluble fibre challenge (soluble fibre group) or control meal challenge (control group).
Data expressed as median (IQR) and analyzed by Wilcoxon matched pairs signed-rank for within
group and Wilcoxon rank-sum for between group comparisons. * p < 0.05.

3.3. GPR41 and GPR43 Sputum Gene Expression

GPR41 and GPR43 gene expression fold change in sputum was compared between the two groups
after the soluble fibre and the control meals. Both GPR43 and GPR41 expression were significantly
upregulated following the soluble fibre meal compared to the control meal (Table 3, Figure 2).

Figure 2. Change in sputum (a) GPR43 and (b) GPR41 gene expression 4 h following soluble fibre
challenge (soluble fibre group n = 8) or control meal challenge (control group n = 4). Data expressed as
median (IQR) and analyzed by Wilcoxon rank-sum test.* p < 0.05.

3.4. Lung Function

At baseline, forced vital capacity (FVC % predicted) was lower in the control group, but both
groups were within normal range (80–120) of percentage predicted FVC [25]. FEV1 and FEV1/FVC
improved 4 h following the soluble fibre meal, while no changes in lung function were seen following
the control meal (Table 4, Figure 3). There were no significant differences in lung function changes
between groups.
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Table 4. Lung function at baseline and change at 4 h following soluble fibre or control meal challenge.

Lung Function
Soluble Fibre Group

p † Control Group
p † p *

0 h Δ4 h 0 h Δ4 h

(n) 17 17 12 12
FEV1 (L) ˆ 2.7 [2.2, 3.6] 0.1 [0.0, 0.2] 0.022 2.9 [2.0, 3.5] 0.1 [−0.1, 0.2] 0.347 0.341

FEV1 (% predicted) # 82.4 ± 4.4 4.0 ± 1.6 0.024 77.7 ± 6.8 1.0 ± 1.4 0.506 0.190
FVC (L) ˆ 4.1 [3.4, 4.7] 0.0 [−0.1, 0.1] 0.331 4.0 [3.5, 4.9] 0.01 [−0.04, 0.1] 0.503 0.595

FVC (% predicted) # 98.9 ± 3.4 § 1.6 ± 1.2 0.193 86.9 ± 4.5 −0.2 ± 1.0 0.859 0.285
FEV1/FVC (%) # 69.2 ± 2.5 3.8 ± 1.1 0.002 71.9 ± 4.6 1.2 ± 0.7 0.101 0.070

FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity. ˆ Data are nonparametric, presented as
median [quartile 1, quartile 3], within-group changes analyzed by Wilcoxon matched pairs signed-rank test and
group comparison performed using Wilcoxon rank-sum test. # Data are normally distributed and presented
as means ± SEMs, within group changes analyzed by paired t-test and group comparison performed using
two-sample t-test. § p < 0.05 versus control group at baseline. † Difference in change from 0 to 4 h within group.
* Difference in change from 0 to 4 h between the soluble fibre and control group.

Figure 3. Change in lung function (a) FEV1% predicted and (b) FEV1/FVC % 4 h following soluble
fibre challenge (soluble fibre group) or control meal challenge (control group). Data expressed as mean
± SEMs and analyzed by two-sample t-test. * p < 0.05.

4. Discussion

To gain a better understanding of the effects of soluble fibre on airway inflammation in people
with asthma, this pilot study examined changes in airway inflammatory biomarkers at 4 h versus
baseline (0 h), following a soluble fibre or control meal. We observed significant reductions in
airway inflammation four hours after the consumption of a single dose of soluble fibre (3.5 g inulin).
This was characterised by decreases in sputum total cell count, neutrophils, macrophages, lymphocytes,
sputum IL-8 and eNO. When compared to the control subjects, we also found significantly upregulated
GPR41 and GPR43 sputum cell gene expression in the soluble fibre group. We also observed an
improvement in lung function (FEV1 and FEV1/FVC) in the soluble fibre group.

Several studies in the general population have reported an inverse relationship between dietary
fibre intake and systemic inflammation [26,27]. We have previously extended these observations by
demonstrating that dietary fibre is also inversely associated with eosinophilic airway inflammation in
asthma [12]. The current study suggests that a key mechanism driving the anti-inflammatory actions of
soluble fibre is the activation of free fatty acid receptors. The soluble fibre inulin is partially fermented
by commensal bacteria in the colon, providing the substrate for production of physiologically active
by-products, including the SCFAs: acetate, propionate, and butyrate. Our observations suggest that
fermentation of inulin leads to activation of GPR41 and GPR43 in immune cells in the airways, which
results in a reduction in airway inflammation. While we did not observe a reduction in airway
eosinophils in the current study, we did observe a decrease in eNO, which is a marker of eosinophilic
inflammation [28].

Our observations support findings from animal models, which have shown that GPR43/41
stimulation by SCFAs is necessary for the resolution of airway inflammation. In an allergic airways
model, GPR43-deficient mice showed more severe inflammation, with increased inflammatory
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cell numbers in the lung lining fluid and higher levels of eosinophil peroxidase activity and
inflammatory cells in lung tissue [29]. In another study in mice with allergic airways disease [30],
a fibre-rich diet changed the composition of the gut microbiota by increasing proportions of the
Bacteroidaceae and Bifidobacteriaceae families, which are potent fermenters of soluble fibre into
SCFA. Increased circulating SCFA levels were observed and airway inflammation was attenuated,
with dendritic cells having an impaired ability to activate Th2 effector cells in the lung [30].
Consequently, in mice fed either a high fibre diet or directly administered with acetate or propionate
in their drinking water, airway inflammation could not be sustained; after an allergen challenge,
cellular infiltration (eosinophils), IL-4, IL-5, IL-13, and IL-17A levels were reduced in the lungs and
AHR improved. The effects were dependent on GPR41, but not GPR43. This highlights the importance
of measuring both free fatty acid receptors in order to understand their anti-inflammatory actions.

This is the first study to examine the effects of SCFAs on inflammation in human airways.
The majority of previous studies in humans that have looked at the role of SCFAs have examined gut
inflammation, predominantly ulcerative colitis where sodium butyrate is administered either orally
(using capsules with slow release coating to release butyrate into the colon), or through enemas [10].
We are interested in the effects of SCFAs on inflammation in peripheral tissues, in particular the
lungs [31]. Certainly, it has previously been shown that soluble fibre can affect inflammation in the
circulation. In a randomized, double-blind, placebo-controlled crossover study on inflammation
and gut microbiota following soluble fibre supplementation, improvements in the composition and
metabolic activity of gut microbiota—such as increased production of butyrate—was seen after two
and four weeks [32]. In addition, significant reductions in circulating pro-inflammatory mediators
such as tumour necrosis factor-alpha (TNF-α), IL-6, and IL-8 were observed [32]. We sought to extend
our investigations to the airways, and have shown that a single dose of soluble fibre can modulate
airway inflammation. This was associated with an improvement in lung function, and hence appears
to be clinically important.

The single meal challenge design that we employed mimics many previous studies that
have shown that a single meal high in carbohydrates and/or fat causes postprandial systemic
inflammation [33]. We have also previously shown that a single high fat mixed meal increases
airway inflammation within 4 h [16]. This is biologically plausible, as it is known that at 4 h after
the consumption of inulin, the SCFAs acetate, propionate, and butyrate are all elevated compared to
baseline in plasma [34]. Nonetheless, a clinical trial of longer duration is warranted to determine what
clinical effects would occur with chronic supplementation.

As the importance of SCFAs in human health is being increasingly recognized, further research
is required to assess changes that occur in circulating SCFA levels and inflammation following the
intake of various types of soluble fibres. In addition, research is also needed to determine the optimal
delivery form for increasing circulating SCFAs. In animal studies, SCFAs are often administered
directly through the drinking water of animals, however oral delivery of SCFA is not optimal for
humans, as the majority of acetate delivered orally is oxidized, with plasma levels only remaining
elevated for 60 min [35]. Hence, supplementation with soluble fibre (as we have done in this study) is
a useful strategy to increase circulating SCFA levels [34].

From our study, we are unable to determine whether SCFA reach the lungs, and this is
an important area for future research. Previous animal studies have shown that SCFA are not detectable
in lung tissue following soluble fibre supplementation [30]. Hence, it appears likely that effects of SCFA
on immune function initially occur systemically. Supporting this hypothesis, it has been reported that
mice treated with propionate have altered haematopoiesis in bone marrow, characterised by changes
in the types of dendritic cell (DC) precursors generated, which have greater phagocytic ability but
reduced ability to promote Th2 responses once in the lungs [30].

A limitation of this study is the small sample size; however, this was adequate for us to
demonstrate, for the first time, that soluble fibre can reduce airway inflammation in people with
asthma. Another potential limitation is the short duration of the study, as the soluble fibre was
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delivered as a single meal. Nonetheless, the chronic effects of soluble fibre on airway inflammation in
asthma are likely to be even greater, as in addition to activation of free fatty acid receptors, gut microbial
changes will also be induced, which further enhance SCFA production [36]. Hence, long-term studies
of soluble fibre supplementation are warranted.

5. Conclusions

In summary, we have shown that a single dose of soluble fibre was able to significantly reduce
airway inflammation in stable asthma. The long-term benefits of increasing soluble fibre intake
are likely to have a greater impact on inflammation, as soluble fibre also enhances the growth
of SCFA-producing gut bacteria, which will further enhance the production of beneficial SCFAs.
Supplementing with a prebiotic such as inulin has the potential to be widely accepted and adopted,
and could potentially reduce the amount of inhaled glucocorticoids required for treatment. As such,
this approach provides a less costly strategy for managing asthma, as well as lowering the risk of
asthma patients experiencing adverse side effects due to pharmacological treatment.
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Abstract: Low dietary fibre intake has been associated with poorer health outcomes, therefore having
the ability to be able to quickly assess an individual’s dietary fibre intake would prove useful
in clinical practice and for research purposes. Current dietary assessment methods such as food
records and food frequency questionnaires are time-consuming and burdensome, and there are
presently no published short dietary fibre intake questionnaires that can quantify an individual’s
total habitual dietary fibre intake and classify individuals as low, moderate or high habitual dietary
fibre consumers. Therefore, we aimed to develop and validate a habitual dietary fibre intake short
food frequency questionnaire (DFI-FFQ) which can quickly and accurately classify individuals
based on their habitual dietary fibre intake. In this study the DFI-FFQ was validated against the
Monash University comprehensive nutrition assessment questionnaire (CNAQ). Fifty-two healthy,
normal weight male (n = 17) and female (n = 35) participants, aged between 21 and 61 years,
completed the DFI-FFQ twice and the CNAQ once. All eligible participants completed the study,
however the data from 46% of the participants were excluded from analysis secondary to misreporting.
The DFI-FFQ cannot accurately quantify total habitual dietary fibre intakes, however, it is a quick,
valid and reproducible tool in classifying individuals based on their habitual dietary fibre intakes.

Keywords: dietary fibre; short food frequency questionnaire; validation

1. Introduction

Dietary fibre are non-digestible plant polysaccharides found in high amounts in fruits,
vegetables, breads and cereals, legumes and nuts and seeds. Dietary fibre has been shown to
have important implications on human health, including preventing and alleviating constipation,
reducing gastrointestinal cancer incidence and blood glucose levels, lowering blood cholesterol levels
and blood pressure, and beneficially modulating gut microbiota [1]. It is also possible that the efficacy
of a dietary intervention is altered as a result of the influence habitual dietary fibre intake has on gut
microbiota responsiveness and host outcomes. Therefore, being able to quickly assess an individual’s
habitual dietary fibre intake and classify individuals based on their dietary fibre intakes will prove
useful in clinical practice and in nutrition and health research. Dietary assessment methods such
as diet records and food frequency questionnaires have inherent limitations such as being difficult
to complete accurately, time-consuming and may not accurately assess a person’s habitual diet [2].
A small number of dietary fibre assessment questionnaires have been developed, however these
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questionnaires assess general dietary behaviours, do not estimate total dietary fibre amounts, and/or
do not classify individuals based on habitual dietary fibre intakes [3–6]. Therefore, the primary aim
of this study was to determine whether a newly developed dietary fibre intake short food frequency
questionnaire (DFI-FFQ) can accurately classify individuals based on their habitual dietary fibre intake
and the secondary aim of the study was to determine whether the DFI-FFQ can accurately quantify
total habitual dietary fibre intakes.

2. Methods

2.1. Subjects

Participants were recruited via email and poster advertisement in multiple locations around
Palmerston North, New Zealand. A diverse cross-section of the population was targeted to help
ensure a good representation of the New Zealand population was recruited. Sixty-eight individuals
provided informed consent to participate in this study, of which fifty-two healthy participants met
the inclusion criteria (aged >19 and <65 years, healthy, BMI >18.5 and <30 kg/m2, no significant
weight loss or weight gain within the past year, no significant dietary change within the past
year, not pregnant or breastfeeding, no food intolerances which cause gastrointestinal symptoms
(i.e., lactose intolerance, gluten sensitivity), no adverse gastrointestinal symptoms, non-smoker and
not high alcohol consumers). Participants completed the DFI-FFQ twice, at least 2 weeks apart, and the
comprehensive nutrition assessment questionnaire (CNAQ) once. The DFI-FFQ was completed initially,
followed by the CNAQ, and lastly the repeated DFI-FFQ was completed. The CNAQ and DFI-FFQ
were both completed online. An energy intake: basal metabolic rate (EI:BMR) of <1.1 and >2.19 was
used to exclude participants who appeared to have over- or under-reported using the CNAQ [7].
Ethical approval was obtained from the Massey University Human Ethics Committee (Southern A,
Application 15/34).

2.2. Development of the DFI-FFQ

The DFI-FFQ (Figure S1) was designed to quickly and accurately classify individuals as low,
moderate or high habitual dietary fibre consumers and quantify an individual’s habitual dietary
fibre intake (g/day). The DFI-FFQ consists of five high dietary fibre containing food groups
(vegetables, fruits, breads and cereals, nuts and seeds and legumes) which account for 73.5% of
the dietary fibre in a typical New Zealand diet [8]. Examples of what one serve is equivalent to, for each
food group, is detailed within the DFI-FFQ. The frequency of consumption for the average number of
serves consumed over the past year, was given as follows: Never, <1/month, 1–3/month, 1/week,
2–4/week, 5–6/week, 1/day, 2/day, 3/day, 4/day, 5/day and 6+/day.

2.3. DFI-FFQ Scoring Sheet

A scoring sheet was developed to quantify the amount of dietary fibre consumed and to
classify individuals as low, moderate and high dietary fibre consumers. FoodWorks version 7.0.3016
(Xyris Software Pty Ltd., Brisbane, Queensland, Australia) was used to quantify the average amount of
dietary fibre provided by the five food groups for each frequency of consumption. An individual’s total
dietary fibre intake was calculated by adding together the average amount of dietary fibre consumed
from each food group in relation to the number of serves consumed.

2.4. Dietary Fibre Classification

The cut-offs used to classify individuals based on their dietary fibre intakes are outlined in Table 1.
The high dietary fibre intake cut-offs were selected to reflect the New Zealand Ministry of Health
recommended dietary fibre intake guidelines; >25 g/day for females and >30 g/day for males [9].
The low dietary fibre intake cut-offs were selected as the median dietary fibre intake in New Zealand
was 17.5 g/day for females and 22.1 g/day for males, which are below recommended amounts [8].
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Similar cut-offs have been used previously however the specific cut-offs used in this study were
modified to be applicable to a New Zealand population [3].

Table 1. The dietary fibre intake cut-offs used to classify individuals as low, moderate and high dietary
fibre consumers.

Females Males

Low <18 g/day <22 g/day
Moderate 18–24.9 g/day 22–29.9 g/day

High ≥25 g/day ≥30 g/day

2.5. Dietary Assessment Method Used for Comparison

The Monash University online CNAQ was used for comparison with the DFI-FFQ. The 297-item
food frequency questionnaire has been shown to be valid in assessing habitual dietary intakes when
compared to four 7-day food records, each completed three months apart [10].

2.6. Statistical Analysis

We aimed to recruit enough participants to ensure that correlations over 0.7 would be statistically
significant and that the assumptions of chi-squared tests would not be over stretched. The relationship
between results of the DFI-FFQ when compared to the CNAQ was determined using Spearman
correlation, Pearson correlation, Bland-Altman plot, chi-squared test and linear weighted kappa
score. Test-retest repeatability was assessed using Pearson correlation, Bland-Altman plot and
Cronbach’s alpha. T-tests were used to determine whether there were any differences in dietary
fibre intakes between the DFI-FFQ and CNAQ and the repeated DFI-FFQ. A p value of < 0.05 is
considered significant. Statistical analysis was carried out using GenStat 17th edition (VSNi Ltd., Hemel
Hempstead, UK), Minitab 16th edition (Cronbach’s alpha) (Minitab Inc., State College, PA, USA) and
the calculator at http://vassarstats.net/kappa.html (kappa score) [11].

3. Results

All eligible participants (n = 52) completed the study. The data from 28 participants (54%) were
used as the data from 24 participants (46%) were excluded from the analysis secondary to likely
misreporting on the CNAQ; with 18 participants (34.5%) having over-reported and six participants
(11.5%) having under-reported their energy intakes. The group mean EI:BMR was 2.8 (SD 4.7) prior
to exclusion and reduced to 1.6 (SD 0.3) after exclusion. Participant characteristics, total dietary
fibre intakes and classifications determined by the DFI-FFQ and CNAQ are summarised in Table 2.
The median dietary fibre intake in New Zealand (20.3 g/day) [8] is similar to the average dietary fibre
intake of the study cohort, with dietary fibre intakes from both groups being below the New Zealand
recommended dietary fibre intake guidelines [9]. The DFI-FFQ took on average 3.5 min to complete in
comparison to the estimated completion time of 20–40 min for the CNAQ.

When comparing the DFI-FFQ to the CNAQ for dietary fibre classification, exact agreement
occurred 79% of the time and gross misclassification occurred 7% of the time (Table 3). There was a
significant difference in dietary fibre intakes between the DFI-FFQ and CNAQ (CNAQ was on average
5 g/day higher than the DFI-FFQ). The two dietary assessment methods were however correlated
(Pearson correlation 0.65, Spearman correlation 0.53). A chi-squared test indicated an association
between the classifications based on the DFI-FFQ and CNAQ (p = 0.002) and the linear weighted
kappa score showed good agreement [12] (Table 4). The Bland-Altman plot is available within the
Supplementary information (Figure S2A).
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Table 2. Characteristics, dietary fibre intakes and classifications for the study participants.

Mean (SD) Male (n = 8) Female (n = 20) Total (n = 28)

Participant characteristics
Age (years) 40 (11.02) 38 (9.37) 39 (9.91)

BMI (kg/m2) 24 (1.9) 23 (3.1) 24 (2.82)
Ethnicity (No.)

New Zealand European 4 14 18
Asian 3 0 3
Maori 0 2 2
Other 1 4 5

Dietary fibre intakes and classifications
DFI-FFQ

Dietary fibre intake (g/day) 27 (11.77) 23 (10.33) 24 (10.85)
Dietary fibre classification (No.)

Low 2 5 7
Moderate 2 4 6

High 4 11 15
Monash CNAQ

Dietary fibre intake (g/day) 31 (11.35) 29 (9.43) 29 (10.09)
Dietary fibre classification (No.)

Low 1 4 5
Moderate 3 1 4

High 4 15 19

DFI-FFQ: dietary fibre intake short food frequency questionnaire; CNAQ: comprehensive nutrition assessment
questionnaire; SD: standard deviation.

Table 3. Comparison in dietary fibre classification between the comprehensive nutrition assessment
questionnaire (CNAQ) and the dietary fibre intake food frequency questionnaire (DFI-FFQ).

CNAQ
Total

Low Moderate High

DFI-FFQ
Low 5 (18%) 0 (0%) 2 (7%) 7 (25%)
Moderate 0 (0%) 3 (11%) 3 (11%) 6 (21%)
High 0 (0%) 1 (3%) 14 (50%) 15 (54%)

Total 5 (18%) 4 (14%) 19 (68%) 28 (100%)

Table 4. Correlation and test-retest repeatability statistical analysis.

Correlation between DFI-FFQ and CNAQ p Value

Pearson correlation 0.65 <0.001
Spearman correlation 0.53 0.001
Chi-square test 9.6 0.002
Linear weighted kappa * 0.68
Standard error 0.14
Magnitude of agreement Good
Bland-Altman plot
Limits of agreement (g/day) −12.5–22.6
Standard error 1.7
Mean difference (g/day) 5 0.007

Test-Retest Repeatability p value

Pearson correlation 0.94 <0.001
Cronbach’s alpha 0.97
Bland-Altman plot
Limits of agreement (g/day) −6.0–9.6
Standard error 0.72
Mean difference (g/day) 1.8 0.019

CNAQ: comprehensive nutrition assessment questionnaire; DFI-FFQ: dietary fibre intake short food frequency
questionnaire; * One category disagreement had a weight of 3/4 .
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Pearson correlation (0.94) and Cronbach’s alpha (0.97) showed that the repeated DFI-FFQ
correlated. The estimated dietary fibre intake from the second DFI-FFQ was significantly lower than
the first DFI-FFQ by 1.8 g/day (Table 4). The Bland-Altman plot is available within the Supplementary
information (Figure S2B).

4. Discussion

Presently, there are no known short dietary fibre intake questionnaires that are able to classify
individuals based on their habitual dietary fibre intake. Having the ability to be able to quickly and
accurately classify an individual based on their dietary fibre intake will prove useful as low dietary
fibre intakes have been associated with poorer health outcomes [13]. This study has shown that the
DFI-FFQ can accurately classifying individuals based on their habitual dietary fibre intakes.

There was however, a significant difference in habitual dietary fibre intakes between the repeated
DFI-FFQs and the DFI-FFQ and CNAQ, which suggests the DFI-FFQ might not accurately quantify
total habitual dietary fibre intakes. Research has shown that large food item FFQs overestimate fruit
and vegetable consumption, which may help explain the higher dietary fibre intakes determined
from the CNAQ [14]. The addition of other dietary fibre contributing food groups, such as cakes and
muffins, pies and pastries and biscuits, to the DFI-FFQ may have helped to improve the questionnaire’s
accuracy in quantifying total habitual dietary fibre intakes as these food groups collectively contribute
6.3% of the dietary fibre in a typical New Zealand diet [8]. Another reason why the DFI-FFQ may not
have been able to accurately quantify total habitual dietary fibre intakes may be related to the serving
size examples provided. The examples provided did not include all possible foods within a particular
food group and relied on participants to use their own judgement regarding the number of serves
consumed for foods that were not specifically listed.

There are a handful of short questionnaires that have been developed to assess dietary fibre intakes
however these questionnaires assess general dietary behaviours [4–6], do not estimate total dietary
fibre amounts [4–6], and/or do not classify individuals based on habitual dietary fibre intakes [3–6].
The DFI-FFQ is novel as it can accurately classify individuals based on habitual dietary fibre intake.
Unlike previously developed questionnaires, the DFI-FFQ was validated against an FFQ which assesses
dietary intake over the past year, providing a more accurate account of long term rather than current
dietary fibre intakes. Additionally, some of the questionnaires were validated using fairly homogenous
populations, such as factory workers [3] and patients [5], making these questionnaires less useful in
more diverse populations, such as in this study.

When comparing the study cohorts average dietary fibre intake to the Adult Nutrition Survey
data [8] it appeared the study cohort has a similar dietary fibre intake to the New Zealand population.
Therefore, the DFI-FFQ is a valid tool for classifying individuals based on their habitual dietary
fibre intakes in New Zealand. In countries where dietary fibre intakes are distinctly different from
New Zealand, the DFI-FFQ may need to be re-validated in these populations.

Forty-six percent of participants were excluded from the study secondary to misreporting on
the CNAQ, which reduced the data available for analysis. A known limitation of FFQs is the high
rate of misreporting, however the rate of misreporting in this study was much higher than previously
reported [15]. It may therefore be useful to compare the DFI-FFQ to another dietary assessment method
(i.e., 3- or 7-day diet records, or shorter validated FFQ) to confirm these results. The sample size for
this study was small however a sufficient number of participants were recruited based on the sample
size calculations, even after exclusion for misreporting. Additionally, other dietary questionnaire
validation studies have similarly small participant numbers [16,17]. Despite the limitations discussed,
we believe the DFI-FFQ will be a valuable tool in research and clinical practice as it is quick to complete
(3.5 min on average), has low respondent burden and is a valid and reproducible method of classifying
individuals based on their habitual dietary fibre intakes.
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5. Conclusions

The DFI-FFQ has been shown to be a quick, valid and reproducible tool in classifying individuals
based on their habitual dietary fibre intakes. The DFI-FFQ cannot however, accurately estimate total
habitual dietary fibre intakes.
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Abstract: Wheat bran (WB) is a constituent of whole grain products with beneficial effects for human
health. Within the human colon, such insoluble particles may be colonized by specific microbial
teams which can stimulate cross-feeding, leading to a more efficient carbohydrate fermentation
and an increased butyrate production. We investigated the extent to which WB fractions with
different properties affect the fermentation of other carbohydrates in the colon. Ten healthy subjects
performed four test days, during which they consumed a standard breakfast supplemented with 10 g
13C-inulin. A total of 20 g of a WB fraction (unmodified WB, wheat bran with a reduced particle size
(WB RPS), or de-starched pericarp-enriched wheat bran (PE WB)) was also added to the breakfast,
except for one test day, which served as a control. Blood samples were collected at regular time
points for 14 h, in order to measure 13C-labeled short-chain fatty acid (SCFA; acetate, propionate
and butyrate) concentrations. Fermentation of 13C-inulin resulted in increased plasma SCFA for
about 8 h, suggesting that a sustained increase in plasma SCFA can be achieved by administering
a moderate dose of carbohydrates, three times per day. However, the addition of a single dose of
a WB fraction did not further increase the 13C-SCFA concentrations in plasma, nor did it stimulate
cross-feeding (Wilcoxon signed ranks test).

Keywords: colonic fermentation; short-chain fatty acids; wheat bran; inulin

1. Introduction

The short-chain fatty acids (SCFA) acetate, propionate, and butyrate, constitute a major class of
bacterial metabolites that are derived from colonic carbohydrate fermentation. They are increasingly
considered as signaling molecules with a beneficial impact on gut and systemic health [1,2].
Indeed, besides serving as energy substrates for the colonocytes, SCFA influence the expression
of many genes by acting as inhibitors of histone deacetylases, and affect metabolic processes through
the activation of G-protein coupled receptors (GPR41 and GPR43, later renamed as free fatty acid
receptor (FFAR)-3 and (FFAR)-2). Several studies have indicated that SCFA, and in particular butyrate,
improve the intestinal barrier function and reduce inflammation by inhibiting NFκB activation [3,4].
In addition, SCFA that enter the systemic circulation modulate energy homeostasis, and peripheral
glucose and lipid metabolism [4–6]. Furthermore, SCFA regulate immune function by affecting T cell
differentiation into effector and regulatory T cells (Treg) [7], and colonic Treg cell homeostasis [8].
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As a consequence, strategies that target the microbiota to improve health often aim at increasing
saccharolytic fermentation. The production of colonic SCFA may be stimulated by modulating the
intestinal microbiota and increasing the numbers of acetate and butyrate producing bacteria via
administration of probiotics. Many probiotics are selected strains of lactobacilli or bifidobacteria [9],
which are known lactate and acetate producers. In addition, there is a growing interest in the use
of butyrate producing bacteria, such as Faecalibacterium prausnitzii and Butyrcicoccus pullicaecorum,
as probiotics [10–13].

An alternative strategy for increasing SCFA production is to stimulate the indigenous saccharolytic
bacterial population by administration of prebiotics or fermentable dietary fibers [14]. The best studied
prebiotic substrates are inulin-type fructans (comprising oligofructose), galacto-oligosaccharides,
xylo-oligosaccharides, and arabinoxylanoligosaccharides. In vitro fermentation studies with fecal
inocula indicate that the amount and proportion of SCFA produced, depends on the type of fermentable
substrate [15]. For example, inulin-type fructans induce a relatively high proportion of acetate,
whereas resistant starch favors butyrate production [16].

Here, we applied a third strategy for modulating the entire intestinal ecosystem, which involves
the administration of disperse insoluble particles that act as platforms on which the bacteria can
adhere, grow, and interact. We hypothesize that these particles facilitate the exchange of microbial
nutrients and metabolites, resulting in a more complete carbohydrate fermentation and increased
cross-feeding. For example, the production of butyrate requires collaboration between primary
degraders, such as bifidobacteria, that produce acetate and lactate, and butyrate producing bacteria,
such as Faecalibacterium and Roseburia, that convert acetate into butyrate [17,18]. This interaction
may be facilitated if both species adhere to the dietary platforms. Wheat bran (WB) was selected
as an interesting dietary component for this purpose, as bacterial communities attached to WB
that was incubated in vitro with human fecal inocula, were found to be dominated by Clostridium
cluster XIVa bacteria, known as butyrate producers [19]. In addition, WB can be easily technically
modified to control its physical properties. In this study, we evaluated the impact of three WB fractions
that differed in particle size and tissue composition, on the fermentation of a readily fermentable
carbohydrate (13C-inulin) in healthy subjects. Concentrations of 13C-SCFA were measured in plasma
as an indication of carbohydrate fermentation and the relative proportions of acetate, propionate, and
butyrate, were considered as a marker of cross-feeding.

2. Materials and Methods

2.1. WB Fractions

2.1.1. Unmodified WB

Commercial WB with a particle size of 1690 μm was obtained from Dossche Mills
(Deinze, Belgium) and was used without further modification. Its chemical composition (amounts of
dietary fiber, starch, protein, lipid, and ash) was analysed as previously described [20–22].

2.1.2. Wheat Bran with Reduced Particle Size (WB RPS)

The unmodified commercial WB mentioned above was milled in a Cyclotec 1093 Sample mill
(FOSS, Höganäs, Sweden), as described previously [22], in order to obtain WB particles with an average
size of 150 μm.

2.1.3. Destarched Pericarp-Enriched Wheat Bran (PE WB)

PE WB was ascertained from Fugeia N.V. (Leuven, Belgium) and was obtained after an amylase
and xylanase treatment of untreated WB, as described by Swennen et al. [23]. Subsequently, the PE
WB was reduced in particle size to about 280 μm, using the same method as mentioned above.
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2.2. Fermentable Substrate

Highly 13C-enriched inulin with an atom percent (AP) beyond 97% was purchased from Isolife
(Wageningen, The Netherlands) and was mixed with unlabeled native inulin (Fibruline instant,
Cosucra Groupe Warcoing SA, Warcoing, Belgium; AP 0.98%), to form a homogeneous mixture
with an AP of 1.93%.

2.3. Study Population

Ten healthy men and woman, aged between 18 and 65 years, were recruited to participate in the
study. All subjects had a body mass index (BMI) between 18 and 27 kg/m2 and a regular diet defined
as three meals per day, on at least five days per week. Exclusion criteria were the use of antibiotics,
prebiotics and probiotics, in the month preceding the study and during the study, consumption of
a low calorie diet or another special diet in the month prior to the study, the use of medication that
could affect the gastrointestinal tract in the two weeks before the start of the study and during the
study, abdominal surgery in the past (except for appendectomy), chronic gastrointestinal diseases,
blood donation in the three months prior to the study, hemoglobin (Hb) levels below reference values,
and for woman, pregnancy or breast feeding. Subjects that had participated in a clinical trial involving
radiation exposure in the year prior to the study were also excluded. The study protocol conformed to
the Declaration of Helsinki and was approved by the Ethics Committee of the University of Leuven
(Belgian Registration Number: B322201423101). All participants signed written informed consent.
The study has been registered at ClinicalTrials.gov (clinical trial number: NCT02422537).

2.4. Study Design

Each subject performed four test days, with at least one week in between each test. During the
three days prior to each test day, subjects were instructed to consume a low fiber diet, consisting
of a maximum of one piece of fruit per day, white bread instead of wholegrain products,
and no more than 100 g vegetables per day. They were also asked to avoid alcohol consumption.
On the evening prior to the test day, the subjects consumed a completely digestible and non-fermentable
meal (lasagna), eventually supplemented with white bread. After an overnight fast, the subjects
presented themselves at the laboratory and provided two basal breath samples for the measurement
of 13CO2 and 14CO2. A catheter (BD, Erembodegem, Belgium) was placed into an antecubital vein
in the forearm to collect all blood samples during the test day. After collection of a basal blood
sample, a standard breakfast was administered to the subjects. The breakfast consisted of 250 g low-fat
yoghurt labeled with inulin-14C-carboxylic acid (74 kBq, Perkin Elmer, Boston, MA, USA), a marker
for oro-cecal transit time (OCTT), and 10 g of 13C-labeled inulin, which served as a model fermentable
substrate. The OCTT was defined as the time that elapses between the intake of the meal, and the
arrival in the colon, which is reflected by the appearance of 14CO2 in the breath. Depending on the
test day, the breakfast was further supplemented with 20 g of one of the three WB fractions, or no
supplement on the control test day. The participants were blind to the order of the different WB
fractions and control tests, which were randomized using online software [24]. Breath samples were
collected every 20 min, up to 14 h after consumption of the breakfast. Blood samples were collected
every hour during the first 4 h, every 40 min from 4 h to 10 h, and again every hour from 10 h to 14 h.
A light digestible meal was offered to the subjects 4 h and 8 h after consumption of the breakfast. Water
was offered ad libitum during the whole test day. The course of a test day is represented in Figure 1.
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Figure 1. After a standard breakfast, labeled with 13C-inulin, inulin-14C-carboxylic acid and a WB
fraction, breath samples were collected for the measurement of 13CO2 and 14CO2 and blood samples
were collected for the analysis of 13C-SCFA concentrations for 14 h. A light standardized meal was
administered after 4 h and 8 h. The participants were blind to the order of the different WB fractions
and control tests, which were randomized.

2.5. Collection and Analysis of Breath Samples

Subjects deposited breath samples for the analysis of 13CO2 by blowing through a straw, into a
12-mL glass tube (Exetainer®, Labco Ltd., Ceredigion, UK), whereas samples for the measurement of
14CO2 were collected by blowing through a pipet, into a plastic scintillation vial (Sarstedt, Nümbrecht,
Germany) containing 4 mL of a 0.5 M hyamine hydroxide solution (Perkin Elmer, Boston MA, USA).
Thymolphtaleine acted as a color indicator, which became discolored when 2 mmol CO2 was exhaled.

The abundance of 13CO2 was measured using isotope ratio mass spectrometry (ABCA, Sercon,
Crewe, UK) and the results were expressed as delta over baseline (DOB). 14CO2 was measured
using β-scintillation counting (Packard Tricarb Liquid Scintillation Spectrometer, model 3375,
Packard Instruments, Downers Grove, IL, USA), after addition of 10 mL hionic fluor (Perkin Elmer,
Boston MA, USA), and was expressed as disintegrations per minute (DPM) [25]. The arrival time of
the breakfast in the colon (OCTT) and the start of the fermentation, were defined as the time at which a
significant increase in 14CO2 and 13CO2, respectively, from the background was observed in the breath.
This increase was defined as 2.5 times the standard deviation of all previous points, above the running
average of all previous points [26].

2.6. Analysis of Plasma 13C-Abundance

Blood samples were centrifuged at 3000× g and 4 ◦C for 10 min to obtain plasma. The samples
were immediately aliquoted and stored at −80 ◦C until analysis. Plasma samples were deproteinized
using Amicon® Ultra-15 filters (Molecular weight cut-off: 30 kDa, Merck, Kenilworth, NJ, USA).
Before application of the sample, the filters were rinsed twice using 0.2 N HCl to avoid SCFA
contamination. Subsequently, 3 mL plasma was mixed with 3 mL MilliQ® water (Sartorius Arium®

611-VF, Sartorius, Göttingen, Germany) and 150 μL 0.15 N NaOH, and centrifuged at 2000× g and
4 ◦C for 20 min. Following this, the samples were transferred to the cleaned filters and deproteinized
by centrifugation at 3000× g and 4 ◦C for 3 h. After addition of 120 μL 1 M NaOH, the filtrate was
dried overnight in a vacuum concentrator (RVC 2-18, Christ, Germany) at 50 ◦C.

Prior to injection, the dried samples were acidified with 100 μL 4 M HCl with trypan blue
(0.4%, Sigma, UK), and extracted in 400 μL diethyl ether (Sigma-Aldrich, Steinheim, Germany).
The ether layer was pipetted into a crimp neck vial (1.5 mL) and evaporated with nitrogen gas
(N2) to about 50 μL, before injection in the gas chromatograph combustion isotope ratio mass
spectrometer (GC-C-IRMS) (Delta plus-XP, Thermo Fisher, Bremen, Germany), equipped with a
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trace gas chromatograph (Interscience, Breda, The Netherlands) and a combustion interface type 3
(Thermo Fisher). Four μL of the SCFA solution was injected on an AT-Aquawax-DA column
(30 m × 0.53 mm, i.d., 1.00 μm, Grace, Lokeren, Belgium), with the injector temperature at 240 ◦C.
Helium 5.0 was used as a carrier gas at a constant flow of 2.5 mL/min. The initial oven temperature
was held at 80 ◦C for 3 min and was increased by 4 ◦C/min to 140 ◦C, then further increased by
8 ◦C/min to 240 ◦C, and kept at this temperature for 10 min. The separated GC-effluents were
combusted and oxidised to NOx, CO2, and H2O in an oxidation furnace (CuO/NiO/Pt) at 940 ◦C [25].
All oxidised components were passed over the reduction column at 640 ◦C and the H2O in the system
was eliminated by a Nafion membrane (Thermo Fisher). The delta (δ13 Pee Dee Belemnite (PDB))
values were calculated by Isodat 2.0 software (Thermo Fisher) and converted to AP. The measured
AP at any time point t was subtracted from the abundance measured in the baseline sample at time
point 0, to obtain results in atom per cent excess (APE) [25]. The linearity of the system (slope < 0.06)
was confirmed to be in the range between 0.8 and 11 volts, with CO2 as the reference gas (5.0 quality,
δ = −32.16‰).

2.7. Analysis of Total SCFA Concentrations in Plasma

The total concentration of acetate, propionate, and butyrate in the plasma was measured using
gas chromatography coupled with a flame ionization detector (GC-FID) after preconcentration of
the SCFA, using a hollow fiber liquid membrane extraction. Plasma samples were thawed prior to
analysis, and prepared and analyzed as described by Zhao et al. [27], with slight modifications. Plasma
samples (100 μL) were rapidly spiked with internal standard (12.5 μg 2-ethyl butyric acid and 30 μg
3-methyl-valeric acid), acidified with 20 μL 0.2 N HCl, and diluted to 1.5 mL. A hollow fiber coated
with tri-n-octylphoshphine oxide and filled with 10 μL 0.15 N NaOH, was immersed in the diluted
plasma and shaken overnight. In this way, protonated SCFA diffuse into the fiber, where they become
ionized and remain trapped. After acidification of the fiber content, 0.5 μL of the acidified SCFA
solution was injected in a GC (HP 6890 series, Agilent, Wilmington, NC, USA) equipped with a FID
and a DB-FAPP capillary column (30 m × 0.53 mm id, 1.00 μm film, Agilent, Wilmington, NC, USA).
Helium was used as a carrier gas at a flow rate of 4.2 mL/min. The initial oven temperature was
100 ◦C for 3 min, raised by 4 ◦C/min to 140 ◦C, and held at this temperature for 5 min, before being
further increased by 40 ◦C/min to 235 ◦C, and finally held at 235 ◦C for 5 min. The temperature of
the FID heater and the injection port were set at 240 ◦C and 200 ◦C, respectively. The flow rates of
hydrogen, air, and nitrogen as the make-up gas, were 30, 300, and 20 mL/min, respectively.

2.8. Calculations

At each time point, the concentration of 13C-SCFA in plasma is the sum of the concentration that
was already present at the baseline, and the concentration that originates from the colon (Equation (1)).

[
13C-SCFA

]
=

[
13C-SCFA

]
t0

+
[

13C-SCFA
]

colon
(1)

where
[13C-SCFA

]
t0

is the concentration of 13C-SCFA present in plasma at time point 0 and[13C-SCFA
]

colon is the concentration of 13C-SCFA coming from the colon at time point t.
Substitution of the concentration of 13C-SCFA by the product of its total concentration and

abundance, results in Equation (2).

nt × APt = n0 × APplasmat0
+ ncolon × APcolon (2)

In addition, the total concentration of SCFA at each time point t is the sum of the SCFA already
present in the plasma, and the SCFA produced in the colon (Equation (3)).

nt = n0 + ncolon (3)
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Substitution of n0 by nt-ncolon in Equation (2), allows one to calculate the concentration of
SCFA originating from the colon, thus produced from the 13C-inulin at a time point t, according to
Equation (4).

ncolon = nt ×
(

APt − APplasmat0

)
(

APcolon − APplasmat0

) (4)

where ncolon is the concentration of SCFA originating from the colon; nt is the total concentration
of SCFA at time point t; APt is the AP of 13C-acetate, 13C-propionate, or 13C-butyrate at time
point t; APcolon is the AP of the administered inulin; APplasmat0

is the atom percent of 13C-acetate,
13C-propionate, or 13C-butyrate in the plasma at time point t0.

The concentrations of 13C-acetate, 13C-propionate, and 13C-butyrate, originating from the
colon at each time point, were used to draw concentration versus time curves for each test day.
Subsequently, the cumulative concentrations of 13C-acetate, 13C-propionate, and 13C-butyrate (area
under the curve (AUC)) were calculated using the trapezoidal rule and were expressed in μmol·h/L.

The starting point of the fermentation was ascertained by calculating the mean time at which
13C-acetate, 13C-propionate, and 13C-butyrate concentrations in plasma increased. The end of the
fermentation was the mean time at which 13C-acetate, 13C-propionate, and 13C-butyrate concentrations
returned to the baseline. The duration of the fermentation was the difference between the end and
start points of the fermentation.

2.9. Statistical Analysis

Statistical analysis was performed using SPSS software, version 23.0 (IBM, Brussels, Belgium).
Because of the small sample size, non-parametric tests were used (Wilcoxon signed ranks test).

3. Results

3.1. Characterisation of the WB Fractions

Untreated WB had an average particle size of 1690 μm and was composed of 50% dietary fiber
(arabinoxylan, cellulose, β-glucan, lignin and fructan), 17% starch, 20% protein, 6% lipids, and 7%
ash (Figure 2a). WB RPS did not differ in tissue composition from the unmodified WB (Figure 2a).
In contrast, PE WB was composed of 71% dietary fiber (mainly insoluble), 2% starch, 18% protein,
6% lipids, and 7% ash (Figure 2b).

Figure 2. Unmodified wheat bran (WB) and wheat bran with reduced particle size (WB RPS)
(a) contain less total dietary fiber and more starch compared to destarched pericarp-enriched wheat
bran (PE WB) (b).

3.2. Study Population

From the 58 subjects that responded to the advertisement, 15 subjects underwent screening,
which included an assessment of height and body weight, plasma Hb levels, medical history,
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and dietary habits (Figure 3). Five volunteers withdrew from the study before the start because
of a lack of time (n = 3), pregnancy (n = 1), or because they did not meet the inclusion criteria (n = 1).
Ten subjects (4M/6F, aged 25 ± 4 years, BMI 23.7 ± 2.0 kg/m2) completed the four test days according
to the study protocol.

Figure 3. Flow chart depicting the passage of subjects through the study.

3.3. Estimation of the OCTT and the Start of the Fermentation Using Breath and Plasma Samples

The start of the fermentation was defined as the time point at which 13CO2 started to increase
in the breath, or as the mean time point at which the concentration of 13C-acetate, 13C-propionate,
and 13C-butyrate started to increase in the plasma. An increase in breath 14CO2, which was generated
from bacterial fermentation of 14C-labeled inulin carboxylic acid, was used as a marker for the OCTT.
Figure 4a,b compare the OCTT to the start of fermentation, based on breath 13CO2 excretion and
plasma 13C-SCFA concentrations, respectively. The increase in breath 13CO2 and in plasma 13C-SCFA
occurred slightly before the increase in breath 14CO2, suggesting that fermentation of 13C-inulin had
already started in the terminal ileum.

Figure 4. Both 13C-excretion in breath (a) and plasma 13C-SCFA concentrations (b) start to increase
before the increase in breath 14CO2 (n = 40).
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On average, the fermentation started 208.5 ± 29 min and 219 ± 24.2 min after consumption of
the breakfast, based on the breath samples and the plasma samples, respectively. The start of the
fermentation was not affected by the addition of any of the WB fractions, when compared to the
control (Wilcoxon signed ranks test; Breath samples: pWB = 0.073, pWBRPS = 0.125, pPEWB = 0.619;
Plasma samples: pWB = 0.123, pWBRPS = 0.482, pPEWB = 0.066) (Figure 5a,b).

Figure 5. Wheat bran (WB) supplementation did not affect the start of the fermentation based on the
13CO2-breath excretion (a) nor 13C-labeled short-chain fatty acids (SCFA) concentrations in plasma
(b) (n = 10). The middle line represents the mean with the standard deviation (whiskers).

3.4. Estimation of the Duration of the Fermentation in the Presence of Different WB Fractions

The duration of the fermentation was considered as a measure for the efficiency of fermentation
with shorter duration, indicating a more efficient fermentation. On average, fermentation continued
for 486 ± 40.9 min. However, the duration of the fermentation was not different when unmodified
WB, WB RPS, and PE WB were administered to the subjects, compared to the control condition
(Wilcoxon signed rank test; pWB = 0.201, p WBRPS = 0.236, pPEWB = 0.878) (Figure 6).

Figure 6. Wheat bran (WB) supplementation did not modify the duration of the fermentation (n = 10).
The middle line represents the mean with the standard deviation (whiskers).

3.5. 13C-SCFA Concentrations in Plasma Produced from the 13C-Labeled Inulin

Average concentrations of plasma 13C-acetate, 13C-propionate, and 13C-butyrate originating from
the colon, were presented as a function of time (Figure 7).

Influx of 13C-acetate, 13C-propionate, and 13C-butyrate from the colon, reached a maximum
value 360 ± 119 min after consuming the breakfast. Mean cumulative 13C-SCFA concentrations
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(n = 40) amounted to 18.5 ± 3.88 μmol·h·L−1 for acetate, 0.59 ± 0.17 μmol·h·L−1 for propionate,
and 0.99 ± 0.3 μmol·h·L−1 for butyrate. However, cumulative 13C-SCFA plasma concentrations
were not different in the presence of any WB fraction, when compared to the control
condition (Wilcoxon signed ranks test; Acetate: pWB = 0.114, pWBRPS = 0.878, pPEWB = 0.721;
Propionate: pWB = 0.169, pWBRPS = 0.646, pPEWB = 0.139; Butyrate: pWB = 0.169, pWBRPS = 0.721,
pPEWB = 0.646; Total SCFA: pWB = 0.074, pWBRPS = 0.799, pPEWB = 0.646) (Figure 8).

Figure 7. Average plasma concentrations of 13C-acetate (a), 13C-propionate (b) and 13C-butyrate
(c) originating from the colon as a function of time (n = 40).

Figure 8. Wheat bran (WB) supplementation did not affect the cumulative 13C-acetate (a),
13C-propionate (b), 13C-butyrate (c), total 13C-SCFA (d) concentrations in plasma (n = 10). The middle
line represents the mean with the standard deviation (whiskers).
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3.6. Relative Proportion of Acetate, Propionate, and Butyrate after WB Supplementation

Stimulation of cross-feeding between colonic bacteria was evaluated by calculating the relative
proportion of acetate, propionate, and butyrate for the different conditions. However, none of the
WB fractions significantly influenced the relative proportion of acetate, propionate, and butyrate
in the plasma, when compared to the control (Wilcoxon signed rank test; Acetate: pWB = 0.721,
pWBRPS = 0.959, pPEWB = 0.575; Propionate: pWB = 0.959, pWBRPS = 0.445, pPEWB = 0.959; Butyrate:
pWB = 0.575, pWBRPS = 0.799, pPEWB = 0.799 (Figure 9).

Figure 9. The proportions of 13C-acetate, 13C-propionate, and 13C-butyrate in plasma were not affected
by wheat bran (WB) (n = 10).

4. Discussion

Colonic production of SCFA from undigested carbohydrates has been increasingly recognized as a
key process that contributes to both local gut and systemic health. The extent to which colonic-derived
SCFA reach the systemic circulation may be an important parameter that determines the systemic
health effects induced by dietary fiber consumption [25]. In the present study, we demonstrated
that plasma SCFA are temporarily increased after consumption of a moderate dose of an easily
fermentable carbohydrate.

The fact that we used uniformly stable isotope labeled inulin which, upon fermentation, resulted in
the formation of labeled SCFA, allowed us to selectively quantify in plasma those SCFA originating
from the inulin fermentation in the colon and to exclude confounders, like SCFA that were present in
the colon at the start of the test days, SCFA that might have been produced due to partial fermentation
of the WB fractions, or SCFA that have been endogenously produced. For example, plasma acetate is
also produced from fatty acid oxidation and amino acid metabolism [28], and during ketogenesis in
the mitochondria of the hepatocytes [29]. Colonic fermentation of 13C-inulin contributed to increased
plasma 13C-SCFA concentrations for about 8 h, with maximal concentrations 6 h after consumption
of the carbohydrate. It needs to be mentioned that the peak SCFA concentrations depend on the
transit time of the substrates through the gastrointestinal tract, which is, apart from host factors,
determined by the composition and caloric load of the breakfast meal and may vary with another
test meal. Nevertheless, the results suggest that sustained increased plasma levels of SCFA might
be obtained by three administrations of a considerable dose of an easily fermentable carbohydrate,
evenly spread over a 24-h period. Furthermore, experiments which evaluate the health benefits of
fermentable carbohydrates or prebiotics that are attributed to systemic SCFA, should preferably be
performed in a time window between 6 and 10 h after administration of the carbohydrate.

To investigate whether insoluble particles could stimulate the fermentation of other carbohydrates
in the colon, we used WB fractions that differed in tissue composition and particle size.
Although reduction of particle size does not alter the composition of the WB fraction, it clearly
modifies the physical properties of the WB. Destruction of cell walls during milling increases the
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specific surface area and the accessibility of intracellular cell components to degrading enzymes
and, in this way, augments the fermentability of the WB fractions. In contrast, PE WB has been
stripped of any fermentable material and mainly contains highly cross-linked dietary fiber that is
hardly fermentable. We hypothesized that PE WB might facilitate fermentation by providing a
platform on which bacteria can adhere, resulting in a more efficient exchange of microbial nutrients
and metabolites between different types of bacteria; so-called cross-feeding. RPS WB may act in the
same way, but has the additional advantage of being partly fermentable. If we would compare PE
WB with a dinner table to which the bacteria draw up, WB RPS would be a dinner table filled with
nutrients. Hence, we expected WB RPS to be more efficient in stimulating carbohydrate fermentation
and cross-feeding.

Several factors may explain why WB did not stimulate the fermentation of inulin. First, inulin is an
easily and rapidly fermentable substrate for colonic bacteria. It is possible that the fermentation proceeds
so efficiently in baseline conditions that no room is left for improvement by the additional administration
of WB platforms. Future studies may be performed with less rapidly fermentable carbohydrates, such
as arabinoxylanoligosaccharides (AXOS). These oligosaccharides consist of a xylose backbone that is
substituted with arabinose residues. By varying the degree of polymerization (DP) and the degree
of substitution (DS), the rate of fermentation can be modulated. Unfortunately, 13C-labeled AXOS
derivatives are not commercially available. Second, the appearance of 13CO2 in the breath and of
13C-SCFA in the plasma, consistently occurred before arrival of the test meal in the colon, indicated
by the appearance of 14CO2 in the breath, suggesting that the fermentation of inulin had already
started in the terminal ileum, where the bacterial density rapidly increases [30]. We used native inulin,
which is a mixture of oligo- and polysaccharides, with a DP varying from 3 to 70 and an average
DP of 25. The presence of short fructo-oligosaccharides most likely explains the early fermentation,
as fermentation of short oligosaccharides proceeds more easily than that of longer chains [31].
Indeed, studies that use the increase in breath hydrogen excretion after administration of inulin as
a marker of OCTT [26,32,33], generally use Raftiline HP® (Beneo, Mannheim, Germany) as the substrate,
which only contains the long chains of inulin. This, at least in part, physical disconnection between the
site of fermentation (terminal ileum) and main location of bacteria (colon), might hamper stimulation of
the carbohydrate fermentation by bacteria adhered to the WB fractions.

Finally, repeated administration, rather than a single dose of WB, might have been more efficient
for inducing a more efficient bacterial ecosystem. Nevertheless, in vitro incubation of human fecal
samples with insoluble WB, showed that within 24 h (no earlier time point was tested) WB was
already colonized by subsets of bacteria, suggesting a rapid colonization of insoluble particles [19].
Few studies have evaluated the impact of insoluble particles on SCFA production in vivo.
Administration of resistant starch (RS) to pigs for two weeks resulted in increased cecal concentrations
of butyrate, whereas combined administration of RS and WB resulted in increased butyrate
concentrations in the more distal parts of the colon and in feces, suggesting that the addition of
WB distally shifted fermentation [34]. These results could not be explained by partial fermentation
of WB, as WB alone did not significantly increase butyrate concentrations. Also in humans, a diet
supplemented with WB and RS for three weeks resulted in higher fecal proportions of butyrate and
lower propionate proportions than WB alone, whereas fecal SCFA concentrations after the WB diet
were not different from the values recorded during the control diet [35]. These observations support
our hypothesis of improved carbohydrate fermentation due to the colonization of WB particles.
However, alternative mechanisms also need to be considered. Increased fecal SCFA may also be
due to the fact that WB accelerates whole gut transit time [36]. Indeed, both in vitro fermentation
studies and human studies, indicate that SCFA production is increased with short transit time, and
that longer transit times are associated with a shift from carbohydrate to protein fermentation [37–39].
It is important to note that fecal SCFA concentrations are the net result of production and absorption,
and are difficult to relate to plasma SCFA.
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Finally, we observed large inter- and intra-individual variations in plasma SCFA concentrations,
which may have hampered detection of subtle changes in plasma SCFA due to WB intervention.
Such large variations have also been reported in previous studies measuring SCFA [40–42] and may
be due to variability in intestinal microbiota composition, colonic SCFA absorption and metabolism,
and SCFA metabolism in the liver.

5. Conclusions

In this study, we showed that fermentation of a readily fermentable substrate results in increased
plasma SCFA for about 8 h, suggesting that a sustained increase in plasma SCFA concentrations can
be achieved when a moderate dose of fermentable carbohydrate is administered three times per day.
Nevertheless, the addition of a single dose of different WB fractions did not further increase either the
fermentation of the readily fermentable inulin, or cross-feeding between gut bacteria.
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Abstract: Recent characterization of the human microbiome and its influences on health have led to
dramatic conceptual shifts in dietary bioactives research. Prebiotic foods that include many dietary
fibers and resistant starches are perceived as beneficial for maintaining a healthy gut microbiota.
This article brings forward some current perspectives in prebiotic research to discuss why reporting of
individual variations in response to interventions will be important to discern suitability of prebiotics
as a disease prevention tool.
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The ancient Greek physician Hippocrates perceived food as the key player in the maintenance of
health, not just as a fuel to run the human body. Since then, scientists have probed deeper into the
role of diet in nutrient absorption and bodily function. In the late 1800s, scientists began isolating
microorganisms from different parts of the human body including from the digestive tract. Some of
these organisms were considered harmful and others beneficial. However, the concept of the human
microbiome and its critical role in human health and diseases is more recent, emerging in the 21st
century after the advent of next generation sequencing. Mapping microbiome diversity has unlocked
many mysteries—but also triggered new questions. The answers to many such questions still elude
us, including a very basic but pressing question, “what diet is ideal for a healthy gut microbiome?”
It remains unknown if there is an ideal gut microbiome that can be considered “healthy”, nor do we
know of one ideal diet that can positively manipulate the microbiome of people of all ages across the
globe. Furthermore, a plethora of contradictory research findings on what dietary component may or
may not be healthy frequently confuse the public. Not too long ago, dietary fat used to be our worst
enemy. With time, that spot was taken over by dietary sugars. Another example is soy, with its many
known health benefits and a host of negative side effects [1]. While the reasons behind contradictory
nutritional research are multi-faceted, one contributing factor may be researchers designing studies
like modern medical research that predominantly aims for disease-specific diagnostic and therapeutic
avenues. Scientists prioritize collective outcomes with high statistical significance. While these
benchmarks are a sign of a successful clinical trial, individual responses to the dietary treatment are
often ignored. For example, recently Zeevi et al. reported widespread and high interpersonal variability
in post-prandial glucose response among healthy participants to common dietary components [2]. It is
possible that researchers in dietary intervention studies frequently encounter similar variations, but
they are under-reported.

Prebiotics are selectively fermented dietary ingredients such as resistant starches and some dietary
fibers that change the composition and/or activity of the gastrointestinal microbiota, thus conferring
benefits to the host’s health [3]. While this newer type of functional food is increasingly popular,
a recent systematic review of six prebiotic trials published before 6 November 2015 suggests that
more randomized controlled trials are needed to support their clinical use [4]. More recently our
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group reported a microbiome signature in response to a resistant starch type 4 (RS4)-enriched diet in
individuals with metabolic syndrome (NCT01887964, [5]). It was concluded that RS4 has prebiotic
effects with a potential for metabolic disease prevention. This double-blind and placebo-controlled
study is among a small number of prebiotic intervention studies conducted under a free-living
setting reporting statistically significant changes across microbial composition and abundance, fecal
short chain fatty acid levels, and host immunometabolic functions in response to RS4 consumption.
More frequently, intervention studies end up being inconclusive or lack statistical power due to
wide variability in responses among participants, particularly when conducted within natural living
conditions [6]. Interestingly in our study, although statistical significance across most endpoints was
observed, response variability was commonplace for bacterial abundance and metabolites as well as
clinical endpoints in the host. Relative to average Americans, the study population (Hutterites living in
eastern South Dakota) was more genetically homogeneous and had fewer differences in daily lifestyle
due to their communal style of living. Their variability in microbiome response, however, came as little
surprise. In earlier reports, microbiota varied both in steady state conditions and in response to diet,
aging, and other lifestyle changes [7–9]. Quite possibly, a deeper mechanistic investigation on how
RS4 functions at the molecular level may shed some light on such response variations in the future.
However, here the author focusses on one other question that emerges from all of this: will it benefit
the scientific community in the long run if such side observations of response variability are routinely
reported? Is it possible that we are missing out on information that may hold the key to unlocking
some of the mysteries of diet and the microbiome interactions by not reporting individual responses
to dietary interventions? Currently, there is little enthusiasm from both scientists and publishers
to report such information, as data without statistical significance would rarely contribute to the
conclusions drawn from the work. The viewpoint is illustrated in Figure 1. We observed increases
in Ruminococcus lactaris and Eubacterium oxidoreducens in the RS4 group compared to baseline and
post-CF (control group, CF) [5]. The most common format for reporting such data is mean % change
or fold change along with the p-value. Less frequently, individual data points with column means and
associated descriptive statistical information are shown (Figure 1B,C). Collective data presentation
formats, such as the one shown in Figure 1A, are less helpful in revealing the distinct nature of the
two datasets.

Figure 1. Data presentation formats. (A) Relative abundance of two bacterial species before and after
RS4 treatment shown as mean % change (log10) with corresponding p values; (B) Percent change from
before intervention of the same two bacterial species shown as individual data points with means and
standard deviations on the side; (C) Descriptive statistical information from the two data sets presented
in A and B. The information presented in the last four rows are less frequently reported in clinical
trial publications.

Assessing disease risk in susceptible populations remains one major objective of personalized
or precision nutrition, allowing for stratifications of subpopulations in a manner that improves
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the accuracy and cost-effectiveness of interventions and follow-ups. In addition, early prognosis
and/or diagnosis may facilitate prophylactic treatment that would otherwise be unsuitable for a
larger population. In this context, Zeevi et al. has proposed a machine-learning algorithm approach
that integrates multiple features based on a preexisting large cohort data set to predict, for example,
glycemic response to real-life meals [2]. While they have reported feasibility, cost-effectiveness of such
an approach has not been determined. It must be taken into consideration that no one outcome alone,
such as glycemic response, determines the overall health outcome of an individual. For example,
being able to predict glycemic response may attenuate the risk of type 2 diabetes, but will not
help with the prognosis of hyperlipidemia, heart disease, or cancer. Therefore, many large-scale
endeavors, such as those reported by Zeevi et al., will be necessary to predict multiple clinical
end-points or intermediate biomarkers before personalized overall health risk determination followed
by preventive intervention is possible. For similar reasons, personalized microbiome profiling, while
deemed promising as a tool for disease risk stratification, is not ready for translation to a clinical
setting. It is only proposed that a predictive microbiome modeling system with more sophisticated
readouts integrating multiple aspects of gut microbiota (composition, abundance, metagenomics,
meta-transcriptomic, metabolomics, etc.) should be incorporated [10]. In addition, microbiome-based
biomarkers for personalized prognostic, diagnostic, and treatment may vary by geographic locations,
lifestyle, and many other factors. Therefore, while personalized microbiome profiling may be useful
for predicting and mitigating disease, it will take a huge scientific undertaking before it is ready for
the clinical setting.

In the past few decades, there has been a surge in metabolic diseases that affect quality of life and
pose a substantial medical and economic burden on society. There is a growing interest in preventive
measures to modify the risk of metabolic diseases, with diet proposed as a major player in public health
promotion. Decades of generalized nutritional recommendations do not seem to be mitigating the
metabolic health crisis, although at present there is no alternate to an overall healthy diet and regular
physical activity recommendation for long-term health maintenance. Mounting evidence suggests a
more personalized approach is required for health promotion through disease prevention and that
such personalization cannot entirely rely on human genomic variations in case of complex metabolic
diseases. Even taking into account the huge undertaking discussed above, current knowledge about the
microbiome suggests that integrating microbiome profiling into patient care will likely allow for a faster,
more accurate, and less invasive clinical decision-making processes. In this context, prebiotics will
be critical components of personally tailored dietary interventions aimed at altering the microbiome
to a more beneficial configuration for disease prevention. While the benefits of dietary fibers, many
of which have prebiotic properties, are well-known, their mechanisms of action mostly remain a
mystery. Without the knowledge of structure-function relationships between various prebiotics and
microbial species as well as further consideration of the bilateral relationship of the microbiome and
the host, personalized and effective use of prebiotics for disease prevention will be difficult. Large-scale
characterization of the nutrition-microbiome-host metabolism axis will help delineate the integration of
prebiotics in personalized diets for prevention of multi-factorial metabolic diseases. One caveat toward
such effort is that disease prevention trials typically focus on intermediate outcomes because long-term
follow-up of a large enough population, that will both adhere to the intervention as well as provide
sufficient statistical power to detect differences, is technically difficult and prohibitively expensive.
Regrettably, intermediate outcome measures do not always reflect the true preventive potential of an
intervention as reported from the Look AHEAD (Action for Health in Diabetes) trial [11].

Looking to the future, it will be critical to consider the collective effects that are statistically
significant, as well as individual response variations, for harnessing the many potential health benefits
of prebiotics. Encouraging the scientific community to report variations observed in clinical trials,
even if such observations may not meaningfully contribute to the main conclusions of the current
study, will be important. Such data may be presented in formats that allow more holistic visualization
of study results, including but not limited to, effect sizes, percentile ranking, minimum and maximum
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values, outliers, means, and medians. A recent commentary in Nature Methods discussed similar data
presentation approaches in lieu of sample-to-sample variability and irreproducibility of scientific data,
particularly in biomedical disciplines [12]. In addition to that, the author believes, this may also provide
an opportunity to build on the vast repertoire of individual response variations that may not otherwise
be possible for any one research study to capture. How such data may precisely inform clinical study
designs and/or results in the future will depend on effective systematic reviews and meta-analysis
outcome from the growing body of such data sets. Nevertheless, the author is hopeful that the
information generated will facilitate better predictability of microbial and/or host-physiological
response behavior in the direction of early prognosis and prevention.
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Abstract: Interest is rapidly growing around the role of the human gut microbiota in facilitating
beneficial health effects associated with consumption of dietary fiber. An evidence map of current
research activity in this area was created using a newly developed database of dietary fiber intervention
studies in humans to identify studies with the following broad outcomes: (1) modulation of colonic
microflora; and/or (2) colonic fermentation/short-chain fatty acid concentration. Study design
characteristics, fiber exposures, and outcome categories were summarized. A sub-analysis described
oligosaccharides and bacterial composition in greater detail. One hundred eighty-eight relevant
studies were identified. The fiber categories represented by the most studies were oligosaccharides
(20%), resistant starch (16%), and chemically synthesized fibers (15%). Short-chain fatty acid
concentration (47%) and bacterial composition (88%) were the most frequently studied outcomes.
Whole-diet interventions, measures of bacterial activity, and studies in metabolically at-risk subjects
were identified as potential gaps in the evidence. This evidence map efficiently captured the variability
in characteristics of expanding research on dietary fiber, gut microbiota, and physiological health
benefits, and identified areas that may benefit from further research. We hope that this evidence map
will provide a resource for researchers to direct new intervention studies and meta-analyses.

Keywords: dietary fiber; gut microbiota; evidence map; colonic fermentation; oligosaccharides;
resistant starch; cereal fiber; Bifidobacteria; Lactobacilli

1. Introduction

According to the 2009 Codex Alimentarius definition of dietary fiber, which aims to unify
the definition among all countries, dietary fiber includes all carbohydrate polymers of three or
more monomeric units that resist digestion in the small intestine [1,2]. A further stipulation of this
definition is that isolated or chemically synthesized fibers need to show a physiological health benefit.
Epidemiological evidence consistently shows that higher intake of dietary fiber is associated with
a reduced risk of chronic diseases, such as cardiovascular disease (CVD), type 2 diabetes, and cancer [3].
However, new research is interested in the role of the gut microbiota with respect to observed beneficial
effects [4,5].
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Research on the human gut microbiota, sometimes referred to as the “forgotten organ” [6], has
exponentially increased over the past decade with recent advances in technology. There has been
growing evidence that the microbiota not only produces metabolites that can influence host physiology,
but these metabolites also play an integral role in the host immune system and metabolism through
a complex array of chemical interactions and signaling pathways [7–9]. These interactions can greatly
impact host health and risk of disease [7,10], and the microbiota have been linked to numerous
diseases such as irritable bowel syndrome (IBS), asthma, allergy, metabolic syndrome, diabetes, obesity,
cardiovascular disease, and colorectal cancer [11].

A number of factors can cause the composition of the microbiota to shift, including changes in
diet [10]. Consumption of dietary fiber has been shown to influence the gut microbiota by altering
bacterial fermentation, colony size, and species composition [12]. Non-digestible carbohydrates are the
primary energy source for most gut microbes and, therefore, can directly impact those species that
heavily depend on that substrate [13]. There can also be indirect impacts through cross-feeding, where
some types of microbes depend on the by-products, or metabolites, of other types of microbes [14,15].
In addition to substrate availability, the magnitude and diversity of the microbiota are also greatly
influenced by other aspects of the gut environment, including pH, host secretions, and transit
time [11,12,16–19]. While certain dietary components play an important role in the gut environment,
products of microbial fermentation can also have an influence [10,20]. For example, consumption of
fermentable dietary fiber will provide substrates for microbial activity but will also increase the
concentrations of fermentation products, such as short-chain fatty acids (SCFAs). A buildup of SCFAs
subsequently lowers the colonic pH, which can then have dramatic effects on the composition of the
microbiota [16,20,21]. Therefore, the relationship between diet, the gut microbiota, microbial activity,
and gut physiology is complex.

The distribution of different strains or species of bacteria within the gut will determine the
metabolic profile of the microbiota, which could have potential physiologic effects on health [10].
SCFAs, such as butyrate, acetate, and propionate produced by the fermentation of dietary fibers,
may play a role in energy homeostasis, immune function, and host-microbe signaling [7,22,23],
and prevention of diseases, such as bowel disease, colon cancer, and metabolic syndrome [20,24–26].
Therefore, fiber-induced modulation of the gut microbiota has gained interest for its potential impact
on health and disease [27]. However, it is not well understood how and to what extent these changes
may happen in a predictable way [28]. The first step toward answering these questions is to gather and
summarize the current literature on dietary fiber and the gut microbiota, which can be done effectively
using evidence mapping.

Evidence mapping is a new technique being applied in nutritional epidemiology to review and
characterize the published research on a broad topic of interest, allowing for the identification of
gaps and prioritizing new research questions [29–31]. Evidence maps may be considered as the first
few steps in a systematic review but are generally more comprehensive in the scope of the research
question [31,32]. Instead of a specific, targeted question, an evidence map aims to determine the
research “landscape” of the topic area. Evidence mapping can provide a context for systematic reviews
and meta-analyses by presenting a wide range of study designs and methods being utilized in the
area of interest [29]. While systematic reviews are the method of choice for synthesizing study results,
evidence mapping is a more efficient methodology for visualizing the evidence and is a particularly
useful technique in fast-paced or rapidly growing areas of research, such as the human gut microbiota.

Our objective was to describe existing research on dietary fiber intake and the gut microbiota.
Through the creation of an evidence map, we identify potential gaps in the research and highlight
areas where new hypotheses may be addressed in future studies. Furthermore, we extended our
evidence mapping to summarize broad study findings in a focused area regarding the effects of the
oligosaccharide interventions on the gut microbial composition. In doing so, we demonstrate how
this evidence map can be used as a platform to build on the existing evidence by answering the
following two questions: (1) Can we identify specific gut microbial species that are modulated by
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dietary fiber? (2) Is there evidence that modulation of the gut microbiota is correlated with fermentation
or physiological effects on host health?

2. Materials and Methods

Evidence mapping involves three major steps: (1) clearly defining a topic area and setting criteria
around the questions of interest; (2) systematically searching for and selecting relevant studies based
on pre-defined criteria, such as study design and outcomes of interest and, thereby, creating a “map” of
available evidence; and (3) reporting on study characteristics and the extent of existing research [30–32].

To develop the dietary fiber and human gut microbiota evidence map, we utilized a newly
developed Dietary Fiber Database (Version 3.0), containing data on published dietary fiber
interventions [33]. The database, housed in the Systematic Review Data Repository (SRDR) [34],
contains descriptive data extracted from dietary fiber intervention studies that were identified by
a systematic literature search. It includes all human studies published from 1946 to May 2016 that
examined the effect of dietary fiber on at least one of nine pre-defined physiological health outcomes.
For the complete list of the inclusion/exclusion criteria, including the nine health outcomes, refer to
Supplementary Materials Table S1.

The database includes two specific outcomes related to the gut microbiota: (1) modulation of
colonic microflora; and (2) colonic fermentation/short-chain fatty acid concentration. Keywords used
to identify these specific outcomes in the development of the database are provided in the
Supplementary Methods. Our evidence map is comprised of all publications in the database reporting
on at least one of these two outcomes.

Descriptive analyses were performed to examine the range of study designs, fiber interventions,
and types of outcomes examined. Because evidence mapping is meant to capture the wider landscape
of evidence and is, therefore, more inclusive and less homogenous than is usually required for
a meta-analysis, results are specifically not represented. Due to the large variety of fiber interventions
identified, fiber intervention exposures were grouped into categories according to structure or source,
depending on how they were described in the original publication. If the same fiber intervention was
given at different doses within the same study, that fiber type was only counted once for that study.

Microbiota outcomes identified by the database were examined in more detail and were
re-classified into three categories: (1) fermentation, which included measures of SCFAs, breath markers
(such as H2 and CH4), bacterial enzyme activity and metabolites, bile acid metabolism, and fiber
digestibility (measured by fecal recovery); (2) bacterial composition, which included relative or
absolute bacterial counts; and (3) colonic and fecal pH.

Weighted scatter plots were used to visualize the available evidence on different fiber types by
outcome groups and sample size. Each bubble in the plot represents a single publication with the size
of the bubble corresponding to the study sample size. Publications may be represented more than once
throughout the plot if multiple fiber interventions or outcomes were reported but are not repeated
within any single cross-sectional area.

To further explore the information captured in this evidence map, we isolated publications on the
top most reported fiber type, oligosaccharides. We examined oligosaccharides in relation to bacterial
composition and extracted more detailed information on the study characteristics, bacterial strains
and/or species identified in the publication and the direction of change in strain/species frequency
(increased, decreased, or remained the same) in response to the fiber intervention.

3. Results

A total of 188 distinct studies with at least one outcome related to the gut microbiota were
identified in the Dietary Fiber Database (Version 3.0). The study design and population characteristics
of these studies are summarized in Table 1.
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Table 1. Study Design Characteristics.

Characteristic, n (% of Studies) Total

Top Three Fiber Types

Oligosaccharides Resistant Starch Chemically Synthesized

n 188 38 30 28

Design
Randomized, parallel 54 (29%) 14 (37%) 3 (10%) 10 (36%)
Randomized, crossover 127 (67%) 24 (63%) 27 (3%) 16 (57%)
Randomized, combined parallel and crossover 2 (1%) 0 (0%) 0 (0%) 1 (4%)
Non-Randomized 2 (1%) 0 (0%) 0 (0%) 0 (0%)
Unspecified Randomization 3 (2%) 0 (0%) 0 (0%) 1 (4%)

Sample size
Less than 10 19 (10%) 1 (3%) 6 (20%) 2 (7%)
10 to 49 145 (77%) 29 (76%) 23 (77%) 23 (82%)
50 to 100 20 (11%) 6 (16%) 0 (0%) 2 (7%)
More than 100 4 (2%) 2 (5%) 1 (3%) 1 (4%)

Duration
Acute (<1 week) 36 (19%) 4 (11%) 9 (30%) 6 (21%)
1–4 weeks 126 (67%) 26 (68%) 21 (70%) 20 (71%)
1–6 months 25 (13%) 8 (21%) 0 (0%) 2 (7%)
More than 6 months 1 (1%) 0 (0%) 0 (0%) 0 (0%)

Diet type
Acute 36 (19%) 4 (11%) 9 (30%) 6 (21%)
Isocaloric/Maintenance 115 (61%) 26 (68%) 17 (57%) 12 (43%)
Weight Loss 2 (1%) 0 (0%) 0 (0%) 0 (0%)
Other/Unspecified 35 (19%) 8 (21%) 4 (13%) 10 (36%)

Age
Adults (≥17 years *) 185 (98%) 37 (97%) 30 (100%) 27 (96%)
Adolescents (12–17 years) 1 (1%) 0 (0%) 0 (0%) 1 (4%)
Children (3–11 years) 2 (1%) 1 (3%) 0 (0%) 0 (0%)

Baseline Health
Healthy 153 (81%) 34 (89%) 26 (87%) 27 (96%)
Overweight or Obese 7 (4%) 1 (3%) 0 (0%) 1 (4%)
Diabetic 1 (1%) 0 (0%) 0 (0%) 0 (0%)
Metabolically at Risk 8 (4%) 1 (3%) 2 (7%) 0 (0%)
Hyperlipidemia 6 (3%) 1 (3%) 1 (3%) 0 (0%)
GI/Digestive Issues 6 (3%) 0 (0%) 0 (0%) 0 (0%)
Other 7 (4%) 1 (1%) 1 (3%) 0 (0%)

Region
Asia 6 (3%) 2 (5%) 1 (3%) 3 (11%)
Australia/New Zealand 16 (8%) 1 (3%) 7 (23%) 1 (4%)
Europe 114 (61%) 31 (81%) 17 (57%) 12 (43%)
North America 51 (27%) 4 (11%) 5 (17%) 12 (43%)
South America 1 (1%) 0 (0%) 0 (0%) 0 (0%)

* Only one study had an age range of 17–61 years, all other studies in adults included subjects ≥18 years.

The majority (96%) were randomized, controlled studies, with only two studies not randomized,
and three studies with unknown randomization. The majority of studies used a crossover design
compared to a parallel design (67% randomized, crossover; 29% randomized, parallel; and 1%
combination of crossover and parallel designs). The size of the study samples ranged from 4 to
435 subjects, but the majority of studies (87%) had fewer than 50 subjects. Few studies (14%) had an
intervention duration exceeding four weeks. Most (67%) lasted 1–4 weeks, and 19% were acute feeding
interventions, which usually consisted of a single test meal. The subjects were described as healthy in
the majority of studies (81%). Fewer studies involved subjects that were overweight or obese (4%),
diabetic (1%), hyperlipidemic (3%), had metabolic syndrome or “at-risk” for metabolic syndrome (4%),
digestive issues (3%), or risk factors for developing colon cancer (2%).

Within the 188 studies, 47 different fiber types were captured. These fiber interventions fell into
11 different categories, as detailed in Table 2.
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Table 2. Fiber types (total studies = 188), 324 unique exposures.

Group Studies (%) Fiber Types n

Oligosaccharide 38 (20%)

Fructooligosaccharide 22
Galactooligosaccharide 11
Arabinoxylan-oligosaccharides 6
Xylo-oligosaccharide 2
Soybean oligosaccharides 1

Resistant Starch 30 (16%)

Resistant starch type 1 1
Resistant starch type 2 a 20
Resistant starch type 3 11
Resistant Starch, mixed or unspecified 4

Chemically synthesized 28 (15%)

Polydextrose 12
Dextrin g 9
Soluble corn fiber 7
PolyGlycopleX (PGX) 2
Resistant starch type 4 2
Microcrystalline cellulose 1
Solubilized potato polysaccharide 1
Pullulan 1
Butyrylated high amylose maize starch 1

Inulin 25 (13%)
Inulin 18
Oligofructose-enriched inulin (OF-IN) 7

Bran 24 (13%)

Wheat Bran 12
Oat Bran 9
Corn bran 2
Barley bran 1
Rye Bran 1
Bran 2

Cereal fiber 21 (11%)

Cereal fiber, wheat b 9
Cereal fiber, barley c 8
Cereal fiber, oat d 4
Cereal fiber, rye e 4
Cereal fiber f 3

Fruit/Vegetable/Plant fibers 15 (8%)

Vegetable fiber 6
Lupin Kernel Fiber 3
Sugar cane fiber 2
Sugar Beet fiber 1
Bean fiber 1
Citrus fiber 2
Fruit fiber 1

Combination 13 (7%) Combination/Mixture 13

Gums and Mucilages 10 (5%) Gums h 7
Psyllium i 6

Other non-starch polysaccharides 9 (5%)

Pectin 4
Cellulose 3
Hemicellulose j 3
Beta-glucan, barley 1
Polysaccharide, non-starch 1

High fiber diet 4 (2%) Dietary fiber 4

More specific fiber types described include a high-amylose maize starch; b whole-grain wheat; c barley flour,
barley kernels; d oat kernels; e whole-grain rye, rye kernels; f whole-grain, mixture, or unspecified cereal fiber;
g wheat dextrin, resistant dextrin, resistant maltodextrin, soluble fiber dextrin; h guar gum, gum arabic; i ispaghula,
Metamucil; j arabinogalactan, xylans, glucomannan.

The fibers most frequently studied were oligosaccharides (20% of studies), resistant starch (16%),
and chemically synthesized fibers (15%), followed closely by inulin (13%), bran (13%) and cereal fiber
(11%). The study design characteristics for studies examining the top three fibers are also presented in
Table 1. Notably, resistant starch had a higher proportion of studies with a sample size of fewer than
10 subjects, while oligosaccharides were more often examined in studies of much larger sample sizes
and longer duration.
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Table 3 reports the frequency and percentage of three major microbiota outcomes:
bacterial composition (47% of studies), colonic/fecal pH (32%), and fermentation (76%).
Fermentation is further broken down by the specific measurement used to determine the degree
of fermentation. SCFA concentration (52%) and breath gas excretion (27%) were the most commonly
measured markers of fermentation, but others included bacterial enzyme activity, bile acid metabolism,
and fecal starch recovery.

Table 3. Microbiota outcomes (total studies = 188).

Outcome Group Studies (%)

Fermentation 142 (76%)
SCFA concentration 98 (52%)
Breath gas excretion 50 (27%)
Bacterial enzyme activity 18 (10%)
Bile acids 15 (8%)
Fecal fiber/starch recovery 13 (7%)

Bacterial composition 88 (47%)
Colonic/fecal pH 60 (32%)

Figure 1 is a weighted scatter plot of the microbiota outcomes by fiber group. It provides a visual
representation summarizing the research activity in this field. For example, while SCFA concentration
and bacterial composition are studied often, fewer and less sizeable studies measure breath gas
excretion and other markers of fermentation. Specific gaps in the research are readily identified.
Notably, we can see that there are currently no published studies examining the effect of a high fiber
whole-diet intervention on bacterial composition of the microbiota. This plot also shows active areas of
interest. We can see, for example, that a large number of relatively larger studies have been published
on bacterial composition and oligosaccharide interventions.

Figure 1. Weighted scatter plot of microbiota outcomes by fiber group. Each bubble in the plot
represents a single publication with the size of the bubble corresponding to the study sample size.
Studies may be represented more than once throughout the plot if multiple fiber interventions or
outcomes were reported but are not repeated within any single cross-sectional area. Note that the
outcome effect is not represented in this graphic, i.e., this does not reflect the effect of the fiber on
the outcome.
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Figure 2 is a weighted scatter plot displaying the other physiological health outcomes captured in
this evidence map. Not surprisingly, gastrointestinal (GI) health, which includes measures of fecal
bulking, laxation, and transit time, is very frequently studied along with the gut microbiota, but there
is less evidence on satiety, adiposity, and blood pressure. There is also just one study published so far
examining bone health in the context of dietary fiber and the gut microbiota, a very new emerging
area of interest. Supplementary Materials Figures S1 and S2 present weighted scatter plots similar to
those in Figure 2, restricted by study duration. The acute studies (Figure S1) exclusively examine the
short-term fermentation response by measuring SCFA concentration and/or breath gas excretion, most
frequently in cereal fibers, whereas studies of greater duration (Figure S2) examine more outcomes
in a larger array of fiber types. Notably, however, there are no longer duration (>4 weeks) studies on
resistant starch.

Figure 2. Weighted scatter plot of other physiological health outcomes by fiber group. Each bubble in
the plot represents a single publication with the size of the bubble corresponding to the study sample
size. Studies may be represented more than once throughout the plot if multiple fiber interventions or
outcomes were reported but are not repeated within any single cross-sectional area. Note that the outcome
effect is not represented in this graphic, i.e., this does not reflect the effect of the fiber on the outcome.

We extended our evidence mapping of the fiber–microbiota research landscape by examining
one of the most active areas in more detail: oligosaccharide interventions and bacterial
composition. There were 26 studies (from 25 publications) on this topic. Three of the studies utilized
a dose of antibiotics to specifically examine the use of oligosaccharides to assist recolonization of
the gut, and, for comparison purposes, we excluded these from this sub-analysis. Details of the
remaining 23 studies are shown in Table 4. Studies were published between 1996 and 2015, and all
were randomized controlled trials (9 parallel, 14 crossovers). Intervention durations ranged from
1 to 12 weeks, and sample size ranged from 15 to 136 (mean of 46) subjects. Notably, only one study
recruited subjects that were overweight with metabolic syndrome, and one study recruited subjects
that were overweight, while all the other studies reported on healthy subjects. Most studies had a
similar age range, but there was one study in children and one specifically in older adults.
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Among these 23 studies, there are 26 fiber interventions: eight fructooligosaccharides (FOS),
nine galactooligosaccharides (GOS), six arabinoxylan-oligosaccharides (AX-OS), two xylo-oligosaccharide
(XOS), and one soybean oligosaccharide. All but one study found a bifidogenic effect of oligosaccharides,
with doses as small as 1.4 g/day (XOS) and a range of treatment forms, including tablets,
beverages, and whole foods. Many studies also examined oligosaccharide impacts on Lactobacilli or
Lactobacillus–Enterococcus frequency, with 19 studies reporting no effect, three reporting a positive effect,
and one reporting a negative effect. Few publications reported decreases in bacterial strains/species,
but among those that did, it was most often Bacteroides, with four studies finding a significant decrease
in response to a GOS intervention. However, two intervention studies found no effect of GOS on
Bacteroides, five interventions using other oligosaccharides also found no effect, and one XOS intervention
found a significant increase in Baceroides fragilis. There were a number of other strains/species reported;
however, it is important to note that some studies used targeted culturing techniques, whereas others
used DNA sequencing to attempt to identify all species present.

Table 5 summarizes the other physiological outcomes examined within these studies. Ten out of
the 26 interventions also significantly increased markers of fermentation, but only one intervention
had a significant effect on fecal bulking, and only two had significant effects on transit time. Of the
other physiologic outcomes examined in these studies, most were related to GI health. Only a few
studies measured lipids, glucose, or insulin, and of those that did, only one study found a significant
effect on total cholesterol and insulin.
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4. Discussion

Observational/epidemiologic evidence shows that diets higher in fiber are associated with
reduced risk of certain chronic diseases, such as heart disease, diabetes, and obesity [3,57], and these
may be related to the effect of dietary fiber on the gut microbiota [4,5]. However, the present evidence
map reveals that there is insufficient data from well-controlled dietary fiber interventions that study
the gut microbiota in relation to intermediate risk factors of cardiometabolic disease or in relation to
chronic conditions such as obesity. In fact, we found little evidence on the intersection of dietary fiber,
the microbiota, and adiposity. Much of the current literature has shown positive effects of dietary fiber
on gut function or beneficial bacterial species, or positive effects of dietary fiber on specific health
outcomes, but few seem to be directly measuring these outcomes together, to provide evidence of a
dietary fiber-modulated gut microbiota and health outcome [58,59].

Over the last 25 years, there has been a rapid increase in interest on dietary fiber and the
microbiota, particularly with respect to prebiotics, such as oligosaccharides and inulin, as well as
chemically synthesized fibers such as Polydextrose (PDX), soluble corn fiber, and PolyGlycopleX
(PGX). From this map, we can see that the most actively researched fibers are oligosaccharides,
resistant starch, and chemically synthesized fibers, followed closely by inulin, bran, and cereal fiber
(Table 2), and the most common measures of the gut microbiota are SCFA concentration and bacterial
composition (Table 3). The fiber and outcome most frequently studied together were oligosaccharides
and bacterial composition, and we, therefore, examined these studies in more detail in summarizing
our evidence map.

Oligosaccharides are short-chain saccharide polymers, generally made up of 3–10 carbohydrate
monomers [60,61], and are known for their prebiotic activity. Prebiotics are defined as non-digestible
foods that, when metabolized, alter the composition and/or activity of the microbiota in a such a
way that promotes the health of the host [4,62,63]. Randomized controlled trials have consistently
shown that oligosaccharides, and FOS in particular, increase Bifidobacterium (Table 4), a genus of
oligosaccharide fermenting gut bacteria that may be beneficial to human health [64–66]. Despite the
considerable number of studies showing this bifidogenic effect, few have actually examined direct
relationships of this modulation of the gut microbiota to other physiological health outcomes. In our
sub-analysis on oligosaccharides, we found that only five [43,45,51–53] of the 26 oligosaccharide
interventions measuring bacterial composition also measured changes in lipids, and only two [51,52]
measured glucose and insulin response. Additionally, only one study [52] found a small statistically
significant beneficial effect on total cholesterol and insulin, while the rest found no beneficial effect.
These findings are consistent with reviews by McRorie et al. [67–70], which conclude that clinical
evidence does not support a link between soluble, non-viscous, readily fermentable fibers (such as
oligosaccharides) and physiological health benefits on cholesterol, glycemic control, or laxation.
Rather, these benefits are attributed to the physical properties of soluble, viscous/gel-forming fibers
that are not readily fermented (such as beta glucan and raw guar gum).

However, readily-fermented fiber types, such as oligosaccharides and resistant starch, may have
other important physiologic effects via the metabolites produced from microbial fermentation.
The most studied products of fermentation are SCFAs, mainly butyrate, propionate, and acetate [25].
Up to 95% of SCFAs are absorbed by the colonocytes of the large intestine [20], and recent evidence has
shown that they may play a role in health and prevention of disease, such as bowel disease, colon cancer,
and metabolic syndrome [20,24–26]. SCFAs have been shown to affect gut health, immune function,
energy metabolism, stimulation of the sympathetic nervous system, and serotonin release [4,7,20].

This evidence map also highlights areas where evidence is lacking. For instance, high-fiber diet
interventions, where total dietary fiber was increased from a variety of sources, have the least
number of publications. As more emphasis is put on the importance of dietary patterns rather than
individual foods or food components [71], more whole-diet intervention studies need to be conducted
to understand how these relationships among diet, the gut microbiota, and health work in the context
of a whole diet. With respect to microbiota outcomes, fewer studies have measured bacterial enzyme
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activity, which may be more important than simply measuring changes in the bacterial composition
because some strains or species may alter their function, and, therefore, their metabolites, in response to
changes in the gut environment rather than their absolute number. Well-controlled human intervention
trials incorporating “next generation” metagenomics, meta-transcriptomics and metabolomics will
be vital to further understanding these changes in microbial activity. In addition, the microbiota
composition or activity may be altered in people with chronic diseases such as obesity [58], and future
research should consider whether diet may have differential effects depending on underlying health
status. Based on this evidence map, the majority of fiber research on the gut microbiota was conducted
in healthy adults (81%).

The definition of fiber has been a moving target, and fibers, being one of the most heterogeneous
groups of associated molecules, have been categorized in many different contexts, including by
source, structure, or physical properties (solubility, fermentability, etc.). Further, fibers may be
delivered/consumed as isolated supplements, but they are more often consumed intact in whole foods
(such as in raw fruits and vegetables), or in processed foods (including processes such as cooking,
milling, and baking). The food matrix is important to consider because other components of the food,
such as phytochemicals, may provide synergistic effects [72,73], and the degree of processing can alter
the structure and physical attributes of the fiber [70]. All of these factors contribute to the type and
extent of microbial utilization [28]. Therefore, it is important for future studies to describe the dietary
fiber intervention in as much detail as possible, and, where applicable, define the characteristics of the
fibers being studied.

Creating an updatable evidence map of microbiota-related outcomes allows researchers to obtain
a more global view of the research landscape, including its history, current trajectory, and specific
areas or research questions lacking data or consensus. Since the Dietary Fiber Database used for this
evidence map captures literature going back to 1946, it is important to note that the literature in the
database often represents evolving knowledge about particular fiber types. This is both a strength and
limitation of the database and the evidence mapping process overall, and it highlights the importance
of reviewing the totality of available evidence. For instance, bran is well represented in the evidence
map, and although the effect of bran on the microbiota was of interest in earlier publications, it is now
well-established that insoluble bran is not very readily fermented and may have less of an effect on the
microbiota. Instead, interest has shifted toward more fermentable fibers such as the prebiotics and
chemically synthesized fibers.

Unlike systematic reviews, which generally address a narrower, focused question with extensive
quality analysis and risk of bias assessment, the primary goal of evidence mapping is to identify
patterns and provide a broader context within which systematic reviews may occur. As such, in Tables 4
and 5, we did not provide information on effect size of the significance, as this information was not
reported in the published fiber database [33]. Furthermore, because of the complex nature of dietary
fiber and the size of the literature on dietary fiber, the database which this evidence map is based on
has some inherent limitations, which are detailed in a separate publication [33]. Notably, the database
was limited to publications in PubMed, and studies were only included if there was a well-defined
dietary fiber intervention with a concurrent control. Further, because this database was designed to
specifically capture certain health outcomes, other publications of interest to microbiota research may
not be represented.

A major strength of this evidence map is that it is a cost effective way of summarizing the
data on dietary fiber and the gut microbiota. For instance, the data presented in Tables 4 and 5
may be used to guide future work, such as a meta-analysis, which would provide more specific
information to quantify statistical significance. We were able to use a previously created database in
order to efficiently identify potentially relevant literature. Although we closely reviewed the subset
of relevant literature identified via the database, we saved significant resources in conducting initial,
broad searches which would inevitably yield a large amount of irrelevant literature to screen through.
The result is a‘useful platform to visualize the current evidence, which can be used to summarize the
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volume of existing research, generate new hypotheses, direct systematic reviews and meta-analyses,
and can be continually updated.

5. Conclusions

In conclusion, this evidence map summarizes the existing literature on dietary fiber interventions
and the human gut microbiota. This is a rapidly growing area of interest, but well-controlled human
interventions are needed to support the associations being seen in animal and observational studies.
We hope that this evidence map will provide a resource for researchers to direct new intervention
studies and meta-analyses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/9/2/125/s1,
Table S1: Inclusion/Exclusion Criteria. Supplementary Methods. Figure S1: Acute studies: weighted scatter plot
of other microbiota outcomes by fiber group presents weighted scatter. The acute studies exclusively examine the
short-term fermentation response by measuring SCFA concentration and/or breath gas excretion, most frequently
in cereal fibers. Figure S2: Longer duration studies: weighted scatter plot of other microbiota outcomes by fiber
group. Studies of greater duration examine more outcomes in a larger array of fiber types. Notably, however,
there are no longer duration (>4 weeks) studies on resistant starch.
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Abstract: Dietary fiber (DF), found in whole fruits, vegetables, and whole grains (WG), is considered
a nutrient of concern in the US diet and increased consumption is recommended. The present study
was designed to highlight this critical importance of the difference between WG, high-fiber WG,
and sources of fiber that are not from WG. The study is based on the two-day diets reported
consumed by the nationally representative sample of Americans participating in What We Eat
In America, the dietary component of the National Health and Nutrition Examination Survey from
2003–2010. Foods consumed were classified into tertiles of DF and WG and the contribution of fiber
by differing levels of WG content were examined. Foods containing high amounts of WG and DF
only contributed about 7% of total fiber intake. Overall, grain-based foods contributed 54.5% of all
DF consumed. Approximately 39% of DF came from grain foods that contained no WG, rather these
foods contained refined grains, which contain only small amounts of DF but are consumed in large
quantities. All WG-containing foods combined contributed a total of 15.3% of DF in the American
diet. Thus, public health messaging needs to be changed to specifically encourage consumption of
WG foods with high levels of DF to address both recommendations.

Keywords: whole grain intake; dietary fiber; nutrition monitoring; Dietary Guidelines for Americans;
healthy diet; sources of dietary fiber

1. Introduction

1.1. Dietary Fiber

Dietary fiber (DF), which occurs in whole fruits, vegetables, and whole grains (WG), is considered
a nutrient of concern in the US diet and increased consumption is recommended. [1] In the UK,
recommendations are 30 g/day for adults [2]. The recommended DF intake in the US is at least 14 g of
fiber per 1000 kcal of total energy consumed, which translates to roughly 19 g per day for children
1–3 years old to between 25–35 g per day for adults [3]. Although intake increased slightly among
some Americans over a 10-year period [4], fiber intake is low in the American diet with less than 3%
of the population meeting recommendations [5,6]; most Americans consume very low amounts [7].
As fiber intake is inversely associated with body weight [8–12], cardiovascular disease (CVD) risk
factors [13–15], some cancers, and potentially type 2 diabetes and other chronic diseases [16,17], it is
important to increase consumption to improve population health. The greatest source of fiber in the
diet is vegetables (22%), followed by mixed dishes (12%), yeast breads (12%), and fruits (11%) [4].
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1.2. Whole Grains

One of the sources of dietary fiber, WG, has also been associated with decreased risks of obesity,
type 2 diabetes, and CVD [18–20]. The World Health Organization recommends consuming WG as
part of a healthy diet [21]. Many countries and organizations also have recommendations for WG
intake, although intake guidelines vary substantially [22]. WG were first introduced as a food group for
recommended intake in the Dietary Guidelines for Americans (DGA) 2005 and have been maintained
as part of the USDA Healthy US-Style Food Patterns as a food group to be recommended in the
2015–2020 DGA [23,24]. The 2015–2020 DGA provides food-based guidance and recommends that
Americans consume at least one-half of their daily suggested total grains as WG, which is equivalent
to at least 3 oz. equivalents per day for many individuals consuming more than 1600 calories per
day. However, nationally representative intake data suggest that only 2%–7% of Americans meet
this recommendation [25,26]. The greatest sources of WG in the diet of adults are yeast breads (27%),
ready-to-eat (RTE) cereals (23%), and pastas, cooked cereal and rice (21%) [4]. However, those food
sources are not generally 100% WG. The American diet does not include many foods that are 100%
WG, but rather foods that contain some small proportion of WG, such as breads, cereals, or pastry
made with some WG flour. The US Food and Drug Administration classification of WG is limited
to those products which retain all of the main biological components of the grain (germ, endosperm,
and bran) in the same relative proportion as in the intact grain [27], which is not necessary related to
the amount of dietary fiber. Therefore, the “whole grain”-containing foods recommended by the DGA
encompass a wide variety of foods, ranging from those with proportionally low to those with very
high amounts of dietary fiber, depending upon the type of grain.

1.3. Significance

DGA recommendations focus on increasing the consumption of WG [28,29] to half of all consumed
grains, however, due to the large variation of dietary fiber content in WG foods (g/100 g), it is important
to differentiate between high fiber and low fiber WG foods. The present study was designed to highlight
this critical importance of the difference between WG, high-fiber WG, and sources of fiber that are not
from WG. A previous analysis using the 2009–2010 National Health and Nutrition Examination Survey
(NHANES) found that fiber consumption was related to WG consumption [30]; however, the sample
was small (only one NHANES wave), which limited the amounts of food that were included in the
analysis. Due to the high number of foods in the US food supply that use the words “whole grain” in
several locations on food packaging for marketing purposes, a timely research question is: “what are
the food sources of DF consumed by the American population, and what proportion of dietary fiber is
contributed by WG?” To answer this question, we pooled data from 8 years of NHANES surveys in
the US, from 2003–2004 to 2009–2010 and examined the relationships between WG foods and DF from
these foods.

2. Materials and Methods

2.1. Data Set

The study is based on the two-day diets reported consumed by the nationally representative
sample of Americans participating in What We Eat In America (WWEIA), the dietary component
of NHANES, and is reflected in oz. equivalent of the MyPlate “whole grains” food group [31].
NHANES is a nationally representative, cross-sectional survey of the non-institutionalized civilian
U.S. population and is conducted by the National Center for Health Statistics, Centers for Diseases
Control and Prevention. Details of both WWEIA and NHANES can be found elsewhere [32]. In short,
participants completed two interviewer-assisted 24-h recalls; day one recalls were administered
in-person and day two recalls were conducted over the phone. Primary caregivers reported proxy
intake for children less than six years old and assisted children ages 6–11 years; individuals age 12 and
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older self-reported their previous day’s food intake. All dietary interviews were conducted by trained
interviewers using the U.S. Department of Agriculture’s Automated Multiple-Pass Method [33].

For this study, total grain, WG, and DF intakes were estimated using day one dietary intake
data collected from 34,391 individuals aged 2 years and older participating in the WWEIA, NHANES
2003–2004, 2005–2006, 2007–2008, and 2009–2010 continuing surveys.

WG were defined as grains that include the entire grain kernel—the bran, germ, and endosperm.
WG values were obtained for all reported foods in all survey years using the MyPyramid Equivalents
Database (MPED), 2.0 for USDA Survey Food Codes, 2003–2004 (MPED 2.0) and the Center for
Nutrition Policy and Promotion Addendum to MPED 2.0 [34,35]. At the time of analysis, the new
MPED including the Equivalents database for NHANES 2009–2010 was not available, thus the authors
generated a proxy food list to identify the food codes containing WG. Since only a small proportion
of Americans meet the WG or the DF dietary guidance, consumption patterns were not based on the
intake level of the individuals but conducted on the food level, to help explain why so many Americans
have insufficient amounts of WG and DF in their diets. Foods containing WG were categorized as
described below. Dietary fiber intake values were obtained from the USDA Food and Nutrition
Database for Dietary Studies (FNDDS) version 2.0 and version 4.1 [36].

2.2. Study Variables

Four categories of dietary fiber density food (no, low, medium, or high dietary fiber) and five
categories of WG food (not a grain food, a grain food with no WG, a grain food with low amounts of
WG, a grain food with medium amounts of WG, and a grain food with high amounts of WG) were
established. The dietary fiber and WG categories “low, medium, and high” were established based
on unweighted tertiles of dietary fiber density (g/100 g of food) and of WG density (oz. equivalents
/100 g of food) of all food codes in the FNDDS that were reported consumed at least once in day one
dietary intake data. As this research focuses on WG and fiber intake, foods not containing grains were
not included in analysis beyond the description of their contribution to total fiber intake.

To maintain the nationally representative character of the data, the calculation of the proportion
of foods consumed in each of the fiber (low, medium, high) and WG (no grains, no WG, low WG,
medium WG, and high WG) categories in the total population and the male and female population of
2–18 years old and 19–85 years old were computed using survey sample weights. All analyses were
performed using SAS, version 9.3 (SAS Institute, Cary, NC, USA). It is important to point out that
this analysis was conducted to identify the foods available to the consumer based on their WG and
DF content and their contribution to average usual intake, not to any particular individual’s dietary
intake. This approach was chosen to highlight the complexity of access to high-fiber foods in the US
food supply.

3. Results

The number of survey respondents and their socio-economic characteristics are reflected in Table 1.
Approximately 50% of the sample were males, more individuals were Non-Hispanic white and more
had higher than high school education, which is reflective of the US census data. The educational levels
of individuals 18 years and younger are not reported here, as they are likely still in school and their
terminal degrees are not known. A greater proportion of younger individuals was from low-income
families while the majority of the adult population was from medium or high income households.
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Table 1. Characteristics of study population, 2003–2010.

Participant Characteristic Children 2–18 Adults 19 & Older

Males Females Males Females
Unweighted sample size (N) 6775 6646 10,181 10,789

Gender (%) 50.7 49.3 47.9 52.1
Race-ethnicity (%)

Non-Hispanic white 30.9 29.3 34.0 36.8
Non-Hispanic black 7.0 7.4 5.1 6.3
Mexican American 9.5 9.1 6.1 6.1

Other 3.3 3.4 2.6 2.8
Poverty Income Ratio (PIR) (%)

<1.3 15.5 16.4 9.0 12.0
1.3–1.84 5.8 5.4 4.6 5.8
1.85–3.4 12.8 11.4 11.5 12.5

>3.4 17.1 15.7 22.8 21.8
Education (%)

No high school diploma N/A N/A 8.9 9.8
High school graduate N/A N/A 12.3 13.0
More than high school N/A N/A 26.6 29.2

All foods analyzed were reported as consumed by the population. As shown in Table 2,
foods containing high amounts of WG and DF only contributed about 7% of total fiber intake.
Overall, all grain-based foods consumed only contributed 54.5% of all DF consumed—the remaining
45.5% of DF was supplied from non-grain foods. Approximately 39% of DF came from grain foods
that contained no WG, rather these foods contained refined grains, which contain only small amounts
of DF but are consumed in large quantities. All WG-containing foods combined contributed a total of
15.3% of DF in the American diet.

Table 2. Percent of whole grain and fiber consumed by tertiles of WG (oz. equivalents/100 g food) and
dietary fiber (g/100 g food) in diets of Americans ages 2–85 years, 2003–2010.

Whole Grain (Tertiles) Fiber (Tertiles) WG % Fiber % % Reporting

High WG (WG ≥ 1.33) High Fiber (DF ≥ 1.7) 50.4 6.6 7.9
Medium WG (0.71 < WG < 1.33) High Fiber (DF ≥ 1.7) 29.9 4.7 7.9

Medium Fiber (0.9 < DF < 1.7) 10.5 0.8 1.1
Low Fiber (0 < DF ≤ 0.9) 0.2 0.01 0.02

Low WG (0 < WG ≤ 0.71) High Fiber (DF ≥ 1.7) 8.1 3.0 6.8
Medium Fiber (0.9 < DF < 1.7) 0.1 0.1 0.2

Low Fiber (0 < DF ≤ 0.9) 0.9 0.1 0.6
No WG Any Fiber (DF > 0) 0.0 39.2 33.1

Total 100.0 54.5

The distribution of total DF contributed by each of the five WG categories is reflected in Figure 1.
The distribution did not differ between the total population and the age and gender subgroups,
thus, results from the subgroups are not included but are available upon request. As the pie charts
show, low DF consumers obtained approximatly 2/3 of their daily average DF from food sources that
were not grains. The proportional contribution of non-grains decreased with increasing level of total
DF in the diet, in that the high DF diets were characterized by having only approximately 35% from
non-grain food sources but approximately 25% were from medium or high WG foods.
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Figure 1. Percent of total dietary fiber intake provided by low, medium, and high fiber foods (defined by
g fiber/100 g food) in the diets of Americans ages 2–85 years old.

4. Discussion

Sixty percent of Americans report trying to consume more fiber and WG; however, 35% believe
that they are already getting enough WG [37]. Recent discussions on venues to improve the American
diet have concluded that while WG foods are a good source of several essential nutrients and should
be continued to be emphasized as part of a healthy diet, efforts to improve DF intake will fail if they
are based solely on the recommendation to increase WG foods [38]. Therefore, such efforts should
specifically encourage the consumption of high-fiber foods, including high-fiber WG foods such as
multigrain bread, popcorn, or high-fiber ready-to-eat cereal.

Results from the present study are in concordance with these findings. Data indicate that the
WG foods consumed by Americans contribute very little to total DF intake. Estimates show that more
than three-fourths of DF consumed by adults and children were provided by foods that are not grains
or are refined grains but do not contain WG. It is noteworthy to point out that the proportion of DF
from WG products might be higher if individuals would consume the recommended amount of WG.
However, since only a very small proportion of the American population falls into that category, no
generalizable models to predict potential DF from WG foods can be established [28,38].

In previous research, we showed that the majority of DF in children’s diets was provided by
high consumption of low-fiber foods, and that healthy-weight children were more likely to consume
high-fiber foods than overweight/obese children [39]. Thus, in an effort to address overweight/obesity
in American children the relationship between WG and DF has to be clarified to motivate the population
to seek foods that are high in DF and WG. Currently, this differentiation is not clear, which is due in part
to the fact that WG consumption is encouraged by the DGA in terms of “servings of WG-containing
foods” while the recommendation for DF expressed in the DRI as 14 g/1000 kcal consumed is not
as widely distributed. DF consumers had diets that were disproportionately high in non-grain or
non-WG foods; only a very small proportion of the fiber consumed originated from low WG food.
In the medium and high DF diets, however, the diversity of the sources of fiber increased and included
at least some amounts of medium or high WG foods. One could assume that even low DF consumers
would have some portion of the DF they consume from medium or high WG foods but the data indicate
individuals with low DF select an intake pattern in which those foods are avoided. Future research
is needed to understand (a) if consumers are aware that their diets are low in DF and (b) the factors
leading to this pattern of low WG and low DF diets. Once this information has been generated,
potential intervention points to move consumers to a diet that contains at least some medium and high
WG foods can be developed and implemented.

It is noteworthy to point out that some of the consumer’s misconceptions about their DF intake
are likely based on the use of two different metrics: front-of package labeling about the food being
a “good” source of WG, while food’s content of DF can be labeled using the CODEX definitions for
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nutrient claims (“high” in fiber (must contain 6 g DF/100 g of food, or 3 g DF per 100 kcal from
the food, or 20% of dietary reference values delivered in one serving). To eliminate this confusion,
packages would have to be labeled with two statements: one concerning the level of WG in the product
and another to address the amount of DF in the food.

As all studies based on the NHANES, this study too has several limitations. First, our analysis
was based on self-reported dietary intake records, which may include biased reporting and may not be
reflective of the rapidly changing U.S. food supply. Many more high-fiber foods may be available in
the American food supply but if they were not reported by the participants of NHANES, they were not
included in this analysis. Our approach, therefore, may well underestimate the number of high WG,
high-fiber foods in the marketplace. Also, the food industry has responded to the recommendation to
consume more dietary fiber by reformulating food products and adding WG, fiber, or both. Currently it
is not possible to differentiate between naturally occurring fibers and fiber added to products, such as
wheat bran added to breads. Furthermore, the food supply now also includes different, new, types of
fiber, which are found in foods in varying proportions and which may have disparate health effects.

Despite the limitations, the strengths of this study include the large, nationally representative
sample and the use of four NHANES waves, which increases the variety and number of foods included
in the analysis. Also, unlike other researchers who categorize consumers by their level of WG or
DF intake, we focused on a food-based analysis to help explain the high proportion of Americans
not meeting the intake guidelines. Although this effort requires the establishing of a different set of
cut points, it allows the data-driven analysis, thus enhancing our understanding of the population
intake patterns. In this particular instance, the methodology specifically developed for this project
to optimally estimate WG and DF intake sources moves the field beyond other studies, which were
limited by describing intakes in pre-established groups of people who meet or fail to meet the intake
recommendations [40]. Based on the study presented here, public health efforts to change the intake
behavior of those who do not meet the WG and DF intake recommendations can be developed.

5. Conclusions

The Dietary Guidelines for Americans include the recommendation to consume at least 50%
of grains from WG and the DRI stipulate that a healthy diet contain 14 g of DF per 1000 kcal
consumed. Most Americans don’t meet either recommendation. The data presented here show that the
WG products consumed by Americans are very low in dietary fiber, thus, public health messaging
needs to be changed to encourage consumption of WG foods with high levels of DF to address
both recommendations.
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