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Inulin-type fructans and whey protein both modulate
appetite but only fructans alter gut microbiota in adults
with overweight/obesity: A randomized controlled trial
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Scope: Independently, prebiotics and dietary protein have been shown to improve weight loss
and/or alter appetite. Our objective was to determine the effect of combined prebiotic and whey
protein on appetite, body composition and gut microbiota in adults with overweight/obesity.
Methods and results: In a 12 week, placebo-controlled, double-blind study, 125 adults with
overweight/obesity were randomly assigned to receive isocaloric snack bars of: (1) Control;
(2) Inulin-type fructans (ITF); (3) Whey protein; (4) ITF + Whey protein. Appetite, body composition and gut microbiota composition/genetic potential were assessed. Compared to Control,
body fat was significantly reduced in the Whey protein group at 12 wks. Hunger, desire to eat
and prospective food consumption were all lower with ITF, Whey protein and ITF + Whey
protein compared to Control at 12 wks. Microbial community structure differed from 0 to 12
wks in the ITF and ITF +Whey Protein groups (i.e. increased Bifidobacterium) but not Whey
Protein or Control. Changes in microbial genetic potential were seen between Control and
ITF-containing treatments.
Conclusion: Adding ITF, whey protein or both to snack bars improved several aspects of
appetite control. Changes in gut microbiota may explain in part the effects of ITF but likely not
whey protein.
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Introduction

The metabolic syndrome describes a combination of clinically defined factors, including obesity (central adiposity),
insulin resistance, glucose intolerance, dyslipidemia and hyCorrespondence: Dr. Raylene A. Reimer
E-mail: reimer@ucalgary.ca
Abbreviations: BMI, body mass index; DXA, dual energy x-ray absorptiometry; GI, gastrointestinal; ITF, inulin-type fructans; MTT,
meal tolerance test; QOL, quality of life; VAS, visual analogue
scale

C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pertension. The metabolic syndrome is rising worldwide as a
consequence of the continued obesity epidemic [1]. Lifestyle
change, including dietary restriction and physical activity remain a cornerstone of advice for individuals trying to manage obesity and its associated co-morbidities [2]. However, the
current obesogenic environment makes the regulation of energy intake difficult and impedes the maintenance of weight
loss. Dietary patterns and/or ingredients that curb hunger
and reduce energy intake are critically needed.
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Prebiotics are non-digestible, fermentable oligo- and
polysaccharides, which alter the gastrointestinal environment
in favour of health-promoting bacterial species [3]. Specifically, prebiotics are known to significantly enhance the numbers of bifidobacteria in the gut [4]. In recent years, it has
been shown that gut microbiota differ between the lean and
obese states [5]. It is theorized that in the context of obesity,
the symbiotic relationship between gut microbiota and host
shifts to a “dysbiotic” state, such that the microbiota impair
host metabolism [6]. Some but not all reports have shown
that obesity is characterized by increased Firmicutes and decreased Bacteroidetes and Bifidobacterium spp. [7, 8]. Using
dietary means, such as prebiotics, to shift the profile of gut
microbiota from an obese to a lean phenotype is an area of
intense interest.
In addition to the positive effects of prebiotics on appetite and body fat, dietary protein has also been shown to
influence satiety. In normal weight subjects, high-protein diets have been shown to produce continuously higher satiety
compared with a normal-protein diet [9]. In the context of
energy-restricted diets, a recent meta-analysis showed that a
high protein, low fat diet produced greater reductions in body
weight, fat mass and triglycerides than an isocaloric standard
protein, low fat diet [10]. High quality proteins such as whey
have been studied for their effects on body weight and satiety.
Some studies, but not all, demonstrate a higher satiating effect of whey protein than other protein sources [11]. Recently,
Chungchunlam et al. [12] showed that a whey protein preload
reduced food intake at a test meal more than maltodextrin
and water.
Given the individual effects of prebiotics and protein on
body composition and satiety, it is plausible that the combination of these two ingredients could further enhance their
individual effects. Studies examining the actions of combined
prebiotic and protein intake on body fat and satiety are limited. One study in healthy young men showed that the addition of wheat bran or rye bran to sausages increased satiety
and fullness and decreased hunger [13]. Our objective was to
examine the effects of inulin-type fructans (ITF) and whey
protein alone and in combination on appetite, body composition and gut microbiota in adults with overweight and
obesity.

2

Materials and methods

2.1 Participants
This project received ethical approval from the Conjoint
Health Research Ethics Board of the University of Calgary
(Ethics ID: REB13-0169) and was registered at ClinicalTrials.gov (NCT02217579). A total of 125 (n = 59 men and
n = 66 women) adults with overweight or obesity (BMI > 25,
age 18–75) were voluntarily recruited in 2013–2014 from the
city of Calgary, Canada. The primary outcome of the trial
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was the effect of prebiotic and whey protein on body composition with secondary outcomes of subjective appetite, energy intake at an ad libitum lunch, three-day food intake,
quality of life and gut microbiota. The study was powered
on the primary outcome of change in body fat using data
from a previous study with prebiotics in adults with overweight/obesity [14]. Given the presence of four experimental
groups, the alpha level was adjusted to 0.0083. At 80% power
and an alpha of 0.0083, an n = 25 subjects per group was
required with an additional six subjects per group added to
account for drop-outs. As the study progressed, the withdrawal rate in the ITF + whey protein group was unusually
high and exceeded our anticipated n = 6 subjects. We therefore requested an amendment to our original ethics application and were granted approval to recruit additional subjects (targeted to the ITF + whey protein group) to ensure
that the combination treatment group would be adequately
powered.
All participants had maintained a stable bodyweight for at
least 3 months prior to the study. Individuals were excluded if
they had type 1 or type 2 diabetes, cardiovascular abnormalities, liver/pancreas disease, major gastrointestinal surgeries,
were pregnant or lactating, on any drugs/supplements/diet
or exercise regimes related to energy intake and weight management, had taken antibiotics in the preceding 3 months,
had body mass greater than 350 lb, or had chronic use of
antacids or bulk laxatives.

2.2 Study design
This was a 12 wk, single-center, placebo-controlled, doubleblind study. Participants were randomly assigned to one of
four groups, receiving two doses per day of one of the following isocaloric (100 kcal/bar) snack bars: (1) control bar;
(2) prebiotic bar (inulin-type fructans (ITF) with 6 g oligofructose + 2 g inulin from chicory root); (3) protein bar (5 g whey
protein); (4) combination bar (8 g ITF + 5 g whey protein).
Randomization was carried out using computer generated
numbers and stratification according to age, sex and BMI.
An investigator not involved with subjects generated the randomization sequence. Subjects and study staff were blinded
to the treatments and bars supplied in identical white wrappers. Subjects consumed the bars as a replacement for their
current snacks. After a 2 wk ramp-up period in which one
bar was consumed per day in all groups to avoid gastrointestinal discomfort (from bars containing ITF), test bars were
consumed twice a day in weeks 3–12, at least 30 min prior to
a meal with a glass (250 mL) of water. Aside from the study
bars, participants purchased all of their own food and were
instructed to maintain their current level of activity. Exercise
behavior was monitored with the Godin’s Leisure Score Index Questionnaire [15] at weeks 0, 6 and 12. Subjects recorded
their bar consumption and any missed doses in a calendar
and returned all empty packages to assess compliance and
actual intake.
www.mnf-journal.com
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2.3 Physical characteristics and self-reported food
intake
Height was measured at the beginning of the study and body
weight and waist circumference at weeks 0, 4, 8 and 12. At
baseline and week 12, subjects underwent a DXA scan (Hologic QDR 4500, Hologic, Inc., Bedford, MA, USA) to measure fat mass, lean mass, bone mineral density (BMD) and
percent body fat. Weighed three-day food records were used
to assess food and beverage intake at baseline, week 6 and
week 12. Diet records were analyzed using FoodWorks 14.0
Software (The Nutrition Company, Long Vallley, NJ, USA).

2.4 Standardized test breakfast
Prior to starting the test bars, participants completed an initial
test day (week 0). Subjects reported to the study facility in the
fasted state and received a standard test breakfast based on
20% of their individual daily energy requirements (calculated
using Mifflin St. Jeor equation multiplied by an activity factor
of 1.2). Breakfast consisted of the respective test bars (2 bars
each) supplemented to required energy requirements with
orange juice (209 ± 7 kcal; 435 ± 14 mL). Following the
breakfast, subjects were given one 500 mL bottle of water and
instructed not to drink or consume anything else until the
lunch buffet. This procedure was repeated at week 12.

2.5 Ad libitum lunch
Four hours following the start of the standardized breakfast,
an ad libitum lunch was served with a savory meal item and
a sweet item. At each subjects’ place setting, the meal items
were pre-weighed and provided in amounts large enough
to ensure no researcher imposed limit was placed on the
subjects’ consumption. The subjects were instructed to eat
until “comfortably full” and a research assistant then weighed
the remaining food not consumed by the subjects.

2.6 Hunger and appetite questionnaire
Subjective appetite ratings were monitored using previously
validated 100 mm visual analogue scales (VAS) [16]. Participants were asked to complete the VAS just prior to and after
the breakfast meal, three hours after starting breakfast, and
before and after the ad libitum lunch. In addition to the test
days, participants were asked to complete a VAS every week,
at the same time on the same day each week.
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of bowel movements) were monitored via questionnaire at
weeks 0, 6, and 12. Health-related quality of life was assessed
using the SF-36v2 Health Survey (Optum Life Sciences Inc.,
Lincoln, RI, USA).
2.8 Gut bacterial community profiling
Using a stool kit provided by the investigators, subjects placed
their stool sample (one each at 0 and 12 wks) in a sterile
conical tube and stored it in their home freezer until delivering it to the laboratory within 3 days. Samples were stored
at −80⬚C until analysis. Genomic DNA was extracted from
stool samples using bead-beating disruption and FastDNA
Spin Kit for Feces (MP Biomedicals, Lachine, QC, Canada).
Samples were subjected to an NaCl and ethanol precipitation
procedure and quantified using Quant-it dsDNA picogreen
assay (Life Technologies, USA). Sequencing on the extracted
DNA was performed with the MiSeq Illumina platform at the
Centre of Excellence for Gastrointestinal Inflammation and
Immunity Research, University of Alberta. A segment of the
V3 and V4 region of the 16S rRNA gene was amplified with
gene specific primers (aligning to 341 bp and 805 bp in the
gene) that also include an adapter sequence overhang. The
amplicons were purified, quantified and sequenced using a
V3 300 bp reagent cartridge on the MiSeq system.
Bacterial composition was estimated from the data using
Quantitative Insights Into Microbial Ecology (QIIME 1.9.1)
pipelines [17]. Briefly, QIIME was used to analyze for phylogenetic and operational taxonomic unit (OTU). First of all,
it was used to de-multiplex the barcoded reads and perform
chimera filtering. Filtered sequence reads were grouped into
OTUs at a sequence similarity level of 97%, which approximates species-level phylotypes. Taxonomy of the OTUs was
assigned and sequences were aligned with Greengenes and
PyNAST. To evaluate the alpha diversities of each microbiota
community, we calculated two metrics: the Chao1 metric to
estimate the species abundance within each community (richness) and the Observed species metric which is the count of
unique OTUs found in the sample.
Prediction of functional gene content from the 16S rDNA
library was developed using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States) [18]. PICRUSt predictions were categorized as level 1
to 3 into KEGG pathways. To identify pathways with differentiating abundance in the different groups, the LDA (Linear Discriminant Analysis) Effect Size (LEfSe) algorithm was
used with the online interface Galaxy (http://huttenhower.
sph.harvard.edu/galaxy/root). Additional statistical analysis
and principle component analysis (PCA) were performed using Prism 6 and STAMP software.

2.7 Gastrointestinal symptoms and quality of life
questionnaire

2.9 Statistical analyses

Gastrointestinal (GI) symptoms (abdominal comfort, distension, bloating, flatulence, stomach rumbling, number

Clinical variables are presented as mean ± SEM unless otherwise stated. Analyses were carried out for completers of the
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study. Differences between the four test groups at baseline
were tested using one-way ANOVA with Bonferroni post-hoc
analysis when appropriate. The change in values between initial and final test days was analyzed by two-way repeated measures ANOVA. Where appropriate, Tukey’s post-hoc analysis
was used to determine differences between groups. Cases
with missing outcomes were excluded from analysis for that
outcome. Data were analyzed with SPSS v. 21.0 software
(IBM, Armonk, NY). For gut microbiota data, the Benjamini–
Hochberg multiple testing adjustment procedure was conducted in R in order to account for false discovery rate (FDR),
where FDR-corrected p-values were estimated for all taxonomic data. Results from PICRUSt analysis were evaluated

for significance using the LEfSe tool with P values set at 0.05
and a linear discriminant analysis cutoff score of 1.5 [19].

3

Results

3.1 Participants
Two-hundred and twenty five volunteers were screened for
participation; one hundred and ninety were eligible to participate and one hundred and twenty five subjects began the
study (Fig. 1). A total of 96 participants completed the study
(n = 27 in Control; n = 26 in Inulin; n = 21 in Whey protein

Figure 1. Study participant flow diagram illustrating participant recruitment and withdrawls from the four treatment groups. ITF, inulin-type
fructans.
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Table 1. Baseline characteristics of participants according to treatment groupa)

Control
Females/males (total n)
Age (years)
Body weight (kg)
BMI (kg/m2 )
Body fat (%)
Waist circumference (cm)

ITF

16/14 (30)
39.8 ±
91.8 ±
31.3 ±
30.7 ±
102.2 ±

16/13 (29)
40.4 ±
92.5 ±
31.6 ±
31.1 ±
102.7 ±

12.6
24.4
6.1
7.5
17.0

13.6
18.4
4.5
8.3
15.3

Whey protein

ITF + Whey protein

17/12 (29)
40.7 ±
91.0 ±
31.7 ±
32.1 ±
102.2 ±

17/20 (37)
38.7 ±
91.4 ±
31.5 ±
29.0 ±
103.2 ±

15.5
17.7
5.3
9.9
13.6

12.1
22.0
6.1
9.4
16.7

a) All data are presented as mean ± SD. No significant differences (P > 0.05) between any of the groups. ITF, inulin-type fructans.

and n = 22 in Inulin + Whey protein) for an overall retention
rate of 76.8%. Reasons for dropping out of the study included
abdominal discomfort and/or flatulence (n = 9), unable to
reach participant via email/phone (n = 8), time commitment
(n = 7) and health reasons unrelated to study (n = 5). There
were no significant differences in baseline characteristics between groups (Table 1).

None of the four groups experienced a significant change in
body weight, BMI or waist circumference.
3.3 Hunger, appetite and food intake
When asked to rate their subjective appetite on a weekly basis at home, participants in all three test groups (ITF, Whey
protein and ITF + Whey protein) reported lower hunger, less
desire to eat and felt they could eat less (prospective food consumption) at the end of the study versus week 0 (Table 3).
Satiety was increased within the ITF group (P = 0.008) and
the Whey protein group (P = 0.021). There were no significant between group differences in weekly appetite ratings.
Subjective appetite was also rated by participants on the test
days before and after breakfast, mid-morning and before and
after lunch. At week 12, there was a significant difference in
mid-morning fullness between the ITF + Whey protein group
(41.5 ± 6.5) and Control group (20.6 ± 3.1) (P = 0.035).
All groups trended toward lower energy intake at the ad
libitum lunch at the end of the study compared to baseline,
however, there were no significant differences among the

3.2 Body composition
At the end of the 12 wk intervention, there was a significant
time × treatment effect for total body fat measured both as %
(P = 0.021) and in kilograms of fat mass (P = 0.042) as well as
trunk fat (%, P = 0.033) and trunk fat (kg, P = 0.048) with the
Whey protein group but no other groups having lower followup values compared to baseline. There was no independent
effect of time or treatment for these outcomes (P > 0.2 for all).
At the end of the 12 wk intervention, there was a significant
difference (P < 0.02) in the change in body fat (% and kg) in
the Whey protein group (−0.9 ± 1.6%, −0.9 ± 1.6 kg) compared to Control group (0.2 ± 1.1%, 0.1 ± 1.4 kg) (Table 2).

Table 2. Anthropometrics of treatment groups before and after consuming study snack bars for 12 weeks

BMI
(kg/m2 )

Control

ITF

Whey protein

ITF + Whey
protein

Week 0
Week 12
Change
Week 0
Week 12
Change
Week 0
Week 12
Change
Week 0
Week 12
Change

31.3
31.4
0.1
31.9
31.9
0.1
31.2
31.0
–0.2
32.3
32.3
0.0

±
±
±
±
±
±
±
±
±
±
±
±

Body
Weight (kg)

1.2
1.2
0.2
0.9
0.9
0.1
1.2
1.2
0.1
1.4
1.4
0.1

90.3
90.7
0.4
92.4
92.5
0.2
89.2
88.6
–0.7
96.5
96.4
–0.1

±
±
±
±
±
±
±
±
±
±
±
±

4.8
4.9
0.4
3.8
3.7
0.3
3.9
3.8
0.4
5.2
5.3
0.4

Waist Circumference
(cm)
101.1
101.0
−0.1
103.1
102.3
−0.8
101.1
100.4
–0.7
105.6
105.2
–0.4

±
±
±
±
±
±
±
±
±
±
±
±

3.3
3.5
0.7
1.6
2.7
1.1
3.1
2.9
0.9
4.2
4.0
0.7

Total Body
Fat (kg)

27.9
28.0
0.1
29.0
29.3
0.2
29.5
28.6
–0.9
28.6
28.5
–0.1

±
±
±
±
±
±
±
±
±
±
±
±

2.2
2.1
0.3a
2.0
1.9
0.3ab
2.4
2.4
0.3b
3.0
3.0
0.3ab

Total Body
Fat (%)

30.5
30.7
0.2
31.4
31.6
0.2
32.8
31.9
–0.9
28.7
28.8
0.1

±
±
±
±
±
±
±
±
±
±
±
±

1.3
1.3
0.2a
1.7
1.7
0.2ab
2.2
2.2
0.4b
2.0
2.0
0.3ab

Trunk Fat
(kg)

13.6
13.7
0.1
13.6
13.7
0.1
14.6
13.8
–0.8
14.4
14.4
–0.1

±
±
±
±
±
±
±
±
±
±
±
±

1.4
1.4
0.3a
1.2
1.1
0.2ab
1.4
1.4
0.3b
1.9
1.9
0.3ab

Trunk Fat
(%)

28.8
29.1
0.3
28.9
29.1
0.2
31.4
30.0
–1.4
27.8
27.9
0.1

±
±
±
±
±
±
±
±
±
±
±
±

1.3
1.2
0.4a
1.6
1.5
0.4ab
2.0
1.9
0.6b
2.0
2.0
0.4ab

Data are mean ± SEM; n = 27 Control, n = 26 ITF, n = 21 Whey protein, n = 22 ITF + Whey protein. For total body fat and trunk fat there
was no effect of time (P > 0.20 for all) or treatment (P > 0.55 for all) but there was a significant time × treatment effect for total body
fat (%; P = 0.021), total body fat (kg; P = 0.042), trunk fat (%, P = 0.033) and trunk fat (kg, P = 0.048) detected with repeated measures
ANOVA. There was a significant difference detected in the delta/change values for total body and trunk fat (P < 0.05 for all) using ANOVA
and Tukey’s post-hoc test to detect differences among groups. Values without a common superscript (ab ) differ (P < 0.05). ITF, inulin-type
fructans.
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Table 3. Subjective appetite ratings recorded on a weekly basis by participants consuming study snack bars for 12 weeksa)

Control
ITF
Whey protein
ITF + Whey protein

Week 0
Week 11
Week 0
Week 11
Week 0
Week 11
Week 0
Week 11

Hunger

Satiety

Desire to Eat

Fullness

Prospective
Food
Consumption

40.3 ± 5.8
46.6 ± 6.0
42.5 ± 5.6
30.1 ± 3.9*
51.8 ± 5.1
31.1 ± 5.5*
47.0 ± 4.9
31.8 ± 5.1*

52.5 ± 4.5
52.9 ± 5.3
53.1 ± 7.4
68.5 ± 3.6*
43.9 ± 5.2
61.4 ± 5.8*
53.4 ± 4.7
63.8 ± 5.2

58.7 ± 5.6
44.7 ± 6.4
55.8 ± 6.3
32.5 ± 4.3*
59.4 ± 5.3
36.4 ± 5.8*
59.1 ± 6.1
35.9 ± 5.3*

58.4 ± 5.8
60.4 ± 5.4
54.3 ± 4.4
64.5 ± 4.6
46.9 ± 5.6
59.7 ± 5.9
56.4 ± 5.5
63.8 ± 5.2

62.3 ± 6.0
50.0 ± 6.2
56.2 ± 5.6
36.4 ± 4.4*
58.5 ± 5.4
37.7 ± 5.8*
55.6 ± 6.6
34.7 ± 5.9*

a) Data are mean ± SEM; n = 27 Control, n = 26 ITF, n = 21 Whey protein, n = 22 ITF + Whey protein. Subjects rated their appetite at the
same time of day on the same day of each week using a visual analogue scale modified to say, for example, “During the past week, how
hungry did you feel”.
*
Represents a significant effect of time (within group difference from Week 0 to Week 11) obtained via repeated measures ANOVA (P < 0.05).
ITF, inulin-type fructans.

groups (Control: −103.7 ± 90.4 kcal; ITF: −123.7 ± 59.7 kcal;
Whey Protein: −65.0 ± 45.8 kcal; ITF + Whey protein:
−91.3 ± 66.9 kcal). Energy intake measured from the sweet
food portion alone at lunch, showed a significant (P = 0.045)
within group change for ITF, with participants consuming
less energy (−31.7 ± 86.9 kcal) at the end of the study compared to baseline but this had no effect on detecting significant differences in the total energy intake at the buffet lunch.
Between-group analysis did not reveal any significant differences in self-reported energy intake from three-day food
records between the groups at the beginning or end of the
study with the exception that protein intake was significantly
higher at baseline only in the ITF + Whey protein group compared to the ITF alone group (Table 4). Within-group analysis
showed that the ITF and ITF + Whey protein groups had a
significant reduction in total daily energy intake (kcal) from
baseline to week 12 (P = 0.018).

3.4 Mental and physical health
The overall measure of health status (SF-6D) increased significantly (P = 0.017) from baseline to week 12 in the ITF group
(Supporting Information Table 1). Composite mental health
score (MCS) also improved within ITF (P = 0.025) from baseline to week 12. There were no differences in exercise levels
between the groups at baseline or at week 12 (P > 0.05) but all
groups had a similar significant within group decrease in exercise from 0 to 12 wks (−18 ± 5 min/wk strenuous exercise;
−12 ± 11 min/wk mild exercise).

3.5 Gastrointestinal symptoms
The feeling of abdominal comfort remained similar with all
treatments, rated on average as “stayed the same,” with the

Table 4. Dietary intake in participants consuming study snack bars for 12 weeks

Total Energy (kcal)
Control

ITF

Whey protein

ITF + Whey protein

Week 0
Week 12
Change
Week 0
Week 12
Change
Week 0
Week 12
Change
Week 0
Week 12
Change

2215.3
2012.0
–203.2
1998.6
1771.9
–226.7
2091.9
1903.3
–188.6
2329.4
1940.3
–389.2

±
±
±
±
±
±
±
±
±
±
±
±

142.4
135.8
143.2
93.8
101.9*
88.9
168.4
217.2
102.5
137.5
139.5*
112.9

Carbohydrate (g)
258.8
236.9
–21.9
239.9
198.6
–41.2
243.5
218.7
–24.8
251.1
214.2
–36.9

±
±
±
±
±
±
±
±
±
±
±
±

19.3
20.0
16.6
11.4
13.1*
11.0
19.0
23.0
15.4
17.2
15.6*
14.8

Protein (g)
100.2
91.0
–9.1
83.2
77.5
–5.7
93.5
86.7
–6.9
112.1
92.9
–19.1

±
±
±
±
±
±
±
±
±
±
±
±

Fat (g)

7.0ab
6.4
7.5
4.7b
5.3
4.7
9.5ab
10.4
5.4
6.7a
5.8*
5.0

87.7
79.2
–8.5
77.4
74.9
–2.6
82.4
75.2
–7.2
92.8
77.7
–15.1

±
±
±
±
±
±
±
±
±
±
±
±

6.7
5.9
8.2
5.7
4.9
5.0
7.8
9.7
4.2
7.2
8.7*
6.3

Data are mean ± SEM; n = 27 Control, n = 26 ITF, n = 21 Whey protein, n = 22 ITF + Whey protein. ITF, inulin-type fructans.
*
Represents a significant effect of time (within group difference from week 0 to 12 detected with repeated measures ANOVA) for the
following: total energy, ITF (P = 0.043) and ITF + Whey protein (P = 0.002); carbohydrates: ITF (P = 0.0040) and ITF + Whey protein
(P = 0.018); protein: ITF + Whey protein (P = 0.003); fat: ITF + Whey protein (P = 0.025). There was a significant difference detected in
baseline protein intake (P = 0.024 ANOVA) where values without a common superscript (ab ) are significantly different (P < 0.05) at week 0
(determined with Tukey’s post-hoc test). ITF, inulin-type fructans.

C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com

1700484 (7 of 12)

R. A. Reimer et al.

Mol. Nutr. Food Res. 61, 11, 2017, 1700484

Figure 2. Principal-components analysis (PCA) plot of beta diversity found in (A) ITF, (B) Whey protein and (C) ITF + Whey protein groups
along with the relative abundance of bacteria that contributed most to sample dissimiliarity in (D) ITF and (E) ITF + Whey protein groups.
n = 27 Control, n = 26 ITF, n = 21 Whey protein, n = 22 ITF + Whey protein. ITF, inulin-type fructans.

exception of the Inulin group who reported less abdominal
comfort by week 12. The ITF and ITF + Whey protein groups
reported an increase in abdominal distension/bloating over
the 12 weeks, along with an increase in flatulence and higher
reported stomach rumbling. The ITF + Whey protein group
also had significantly higher reported flatulence than Control at week 12. Despite the significant increases in gastrointestinal complaints noted in the ITF groups (alone and combined with protein), the average level of bloating, flatulence
and stomach rumbling was in the “moderate” range. Overall
compliance in percentages (considered compliant if >80% of
bars were consumed) was 91.4 ± 7.6 for Control; 87.9 ± 9.0
for ITF; 91.1 ± 6.1 for Whey Protein and 82.7 ± 16.9 for
ITF + Whey protein.

3.6 Gut bacterial community profiling
The overall microbial community structure differed before
and after intervention in both ITF and ITF + Whey protein
groups, but not the Whey protein or Control groups (Fig. 2).
Specifically, there was a significant increase in the phylum
Actinobacteria in ITF and ITF + Whey protein groups (Fig. 3).
At the genus level, Bifidobacterium abundance was significantly increased after treatment in ITF and ITF + Whey
protein groups while no changes were detected in Whey protein or Control groups. Relative abundance values at the phylum and genus level are provided in Supporting Information
Table 2. There was a significant decrease in alpha diversity in ITF and ITF + Whey protein groups using the observed_species metric, although reduced diversity according

C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to Chao1 metric was found only in the ITF group as a trend
(P = 0.08) (Supporting Information Table 3).

3.7 Predicted functional metagenomes
To predict microbial functions, a phylogenic investigation
of communities by reconstruction of unobserved states (PICRUSt) analysis based on the 16S rRNA composition data was
performed [18]. Comparison of the estimated abundances of
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology groups between the Control and the ITF groups showed
several differences (Fig. 4). In the ITF group, increases were
seen in genetic potential related to genetic information processing (translation, replication and repair) and metabolism
of amino acids, nucleotides, terpenoids and polyketides while
the Control group showed increases in environmental information processing (sporulation, signal transduction) and
transcription potential. Fewer differences were seen between
Control and ITF + Whey protein groups, with enhanced
amino acid metabolism seen in the ITF + Whey protein
group and enhanced cell motility (cellular processes) seen in
the Control group. No differences were seen in the Control
compared with the Whey protein group. Further investigations using Linear discrimination analysis of the effect size
(LEfSe) showed the top discriminative microbial pathways in
the ITF group to include several metabolic pathways related to
purines, starch, sugar, and amino acids and biosynthetic pathways related to aminoacyl tRNA, amino acids, and terpenoids.
Top discriminative microbial pathways in the Control group
compared with the ITF group included pathways related to
www.mnf-journal.com
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Figure 3. Relative abundnace of
the bacterial communities at the
(A) phylum and (B) genus level
in participants consuming the
study snack bars for 12 weeks.
n = 27 Control, n = 26 ITF,
n = 21 Whey protein, n = 22
ITF + Whey protein. ITF, inulintype fructans.

metabolism (glycerolipid, pyruvate, energy, methane, fructose, mannose, and porphyrin) and sporulation. In comparison with the Control group, the ITF + Protein group was
characterized by increased metabolism (starch, sugar, sphingolipid, fatty acid, sulfur, amino acids, tyrosine, inositol

phosphate) and biosynthesis (folate, pantothenate, streptomycin, lysine). Increases in starch and sucrose metabolism
and glycolysis–gluconeogenesis were shared between the ITF
and ITF + Whey protein groups compared with the Control
group.

Figure 4. LefSe analysis and predicted functions of the fecal bacterial communities based on PICRUSt analysis showing pathways that
are enriched in the microbiome of (A) ITF versus Control and (B) ITF + Whey protein versus Control. n = 27 Control, n = 26 ITF, n = 21
Whey protein, n = 22 ITF + Whey protein. Only functional categories meeting a log LDA significant threshold value of >1.5 are shown. ITF,
inulin-type fructans.
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Discussion

The growing obesity epidemic has triggered interest in identifying foods/food ingredients that enhance satiety and modify the gut microbiota. Independently, dietary fiber and protein have been shown to influence appetite and body weight
[20, 21]. In particular, a systematic review showed that prebiotics enhance satiety and reduce postprandial glucose and
insulin [22]. Whey protein also enhances satiety in acute studies [23, 24] and acts through a variety of mechanisms to regulate appetite and postprandial glycemia [25]. Multiple-dietaryfactor models may be more effective for energy regulation
than single-dietary-factor models because of a convergence
of mechanisms that control energy intake [26]. We tested
whether the combination of ITF and whey protein would enhance satiety and reduce body fat better than either consumed
alone.
We showed that ITF, whey protein and the combination
all improved long-term appetite control but only whey protein reduced body fat (to a modest extent) and significant
modification of gut bacterial composition only occurred with
the ITF-containing snack bars. Contrary to our hypothesis,
we did not observe a significant additive effect in weight
loss or appetite regulation. One exception was found during the final test day wherein subjects in the ITF + Whey
protein group had significantly higher mid-morning fullness
compared to Control while ITF and Whey protein alone did
not differ from Control. Although clear additive effects were
not evident, ITF and whey protein both significantly reduced
weekly ratings of hunger, desire to eat and prospective food
consumption and increased satiety over the 12 week study, an
effect which could potentially enhance compliance during energy restricted diets. One plausible mechanism for improved
subjective appetite may be linked to enhanced gut hormone
secretion [14, 27].
Prebiotics (i.e. inulin + oligofructose) have been shown to
dose-dependently increase the satiety hormones, glucagonlike peptide-1 (GLP-1) and peptide tyrosine tyrosine (PYY)
in rats [28]. In adults with overweight/obesity, 12 wks
of oligofructose supplementation significantly increased
plasma PYY and decreased the hunger hormone ghrelin,
which was associated with greater body fat loss than placebo
[14]. The reason that we did not see a reduction in body fat
in the current study with ITF may relate to the difference in
delivery of the prebiotic. Parnell and Reimer [14] provided
the prebiotic as a powder that was dissolved in water and
consumed before each meal (+31.5 kcal/d). In the current
study, subjects consumed the ITF for 12 wks as a snack bar
providing an additional 200 kcal/d. Although subjects were
instructed to replace current snacks with the study bar, some
of the additional 16 800 kcal consumed as study bars may have
contributed extra energy intake on some days if replacement
was not stringent. The reduction in self-reported strenuous
and mild exercise by all groups from baseline to 13 wks may
also have influenced energy balance in the participants that
made weight loss more difficult.
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Similar to prebiotics, whey protein could improve appetite
control through alterations in satiety-related hormones. Whey
protein as a meal preload has been shown to increase plasma
GLP-1, PYY and pancreatic polypeptide in normal-weight
adult women [29]. The specific amino acid composition of
whey protein may account in part for its satiating effects
given that subjective ratings of appetite and energy intake
at an ad libitum test meal did not differ between a preload
of whey protein isolate or free amino acids simulating the
whey protein [30]. Although the reductions in hunger, desire
to eat and prospective food consumption were similar across
the ITF, Whey protein and ITF + Whey protein groups, only
the Whey protein group had a reduction in body fat that
was independent of any change in measured energy intake,
although the reduction in body fat would be considered modest at 0.9 kg. This effect may be due to properties of the
protein that contribute to enhanced weight loss that go beyond increased satiety, such as increased energy expenditure.
Although not measured in our study, it is well-documented
that the diet-induced thermogenesis (DIT) of protein exceeds
that of carbohydrate and fat [31]. Some but not all studies have shown that whey has a greater DIT than casein
[32–34].
Although theoretically the combination of two independent satietogenic foods should enhance satiety to a greater
extent than either alone, it has been difficult to demonstrate
this experimentally in humans. Using a variety of populations
(healthy young men, low income preschoolers, women) and
a number of fiber and protein combinations (casein, whey,
inulin, ß-glucan, resistant starch), no enhanced appetite control has been shown over the fiber or protein alone [35–38].
Although difficult to test experimentally, there may be a biological limit to satiety that is difficult to overcome without
pharmacological intervention.
Manipulation of the microbiota is increasingly seen as a
way to correct dysbiosis and improve metabolic health [39].
Several reports have shown that Bifidobacterium is reduced in
obesity [40,41]. Our finding of increased Bifidobacterium with
ITF is consistent with studies of other prebiotics in humans.
ITF (16 g/d for 12 wks) increased Bifidobacterium, Lactobacillus and F. prausnitzii in women with obesity and Bifidobacterium and F. prausnitzii were negatively correlated with LPS,
a trigger of metabolic endotoxemia [42]. Increased Bifidobacterium was also seen in children with overweight or obesity
treated with ITF [43]. Galactooligosaccharides (5.5 g/d for
12 wks) increased Bifidobacterium in adults with overweight
and significantly reduced calprotectin, a marker of intestinal
inflammation [44]. Low doses of xylooligosaccharide (5 g/d)
or XOS + inulin (1 g/d + 3 g/d for 4 wks) both increased Bifidobacterium compared to placebo in normal weight adults
but only the combined prebiotics decreased plasma LPS
[45].
There are very few reports in the literature on the effect
of whey protein on microbiota, particularly in humans. In
rodents, whey protein has been shown to increase Bifidobacterium and Lactobacillus [46, 47]. The presence of protein has
www.mnf-journal.com
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been shown to alter the effects of prebiotics on microbial
fermentation and bacterial composition depending on the
prebiotic [48] which may explain the slight differences we
observed between ITF and ITF + Whey protein.
PICRUSt is a computational approach to predict the functional composition of a metagenome [18]. Several differences
were found between the groups consuming ITF and control. Notably, increases in starch and sucrose metabolism
and glycolysis-gluconeogenesis were shared between ITF and
ITF + Whey protein compared to Control. These increases
may reflect enrichment of bacteria capable of fermenting
and utilizing dietary carbohydrates which in turn produce
SCFAs. SCFAs are ligands for the G protein-coupled receptors (GRP43) which when activated can result in beneficial
metabolic effects for the host in relation to obesity and inflammation [49, 50]. While the beneficial effects of dietary fiber
are often attributed to SCFAs, De Vadder et al. [51] recently
showed that succinate, which is produced in large amounts
from bacterial fermentation of fiber, was a substrate for intestinal gluconeogenesis (IG). IG has been shown to improve
glucose tolerance and insulin sensitivity [52]. The increase in
folate biosynthesis potential in the ITF + Whey protein group
is consistent with the known folate production by bifidobacteria, which increased with ITF [53].
The generalizability of our study is limited due to the primarily Caucasian and middle to high socioeconomic status
of our participants. In terms of practical application, it appears feasible to incorporate beneficial ingredients targeted
at appetite regulation into snack foods, but the translation
to reduced body weight/fat is limited at the doses tested.
However, given that it can be difficult for individuals to meet
recommended levels of dietary fiber intake, the snack bars did
contribute to daily fiber requirements (additional 16 g/d) and
significantly altered gut microbiota which may have benefits
independent of weight or body fat loss.
In conclusion, incorporating ITF and/or whey protein into
a snack bar resulted in significant improvements in some
aspects of appetite control, however, this did not lead to reductions in ad libitum energy intake at a lunch meal and only
decreased energy intake reported by three-day diet records
for ITF and ITF + Whey protein. Only the Whey protein
group had significant reductions in body fat. Changes in gut
bacterial composition and function were confined to ITFcontaining bars and reflect a potentially beneficial metabolic
environment in the gut. Although no additive effects were
seen, the independent effects of ITF and whey protein suggest a potential positive role in modulating appetite in adults
with overweight/obesity.

J.M.T., K.L.M. and H.P. declare no conflicts of interest. A.S.V.
is employed by General Mills and H.J.W. is a past employee of
General Mills. R.A.R. received funding to conduct the study.

R.A.R. and H.J.W. were responsible for the study design.
J.M.T. and R.A.R. carried out the study and wrote the manuscript.
K.L.M. and H.P. carried out microbiota analysis. R.A.R., H.J.W.,
J.M.T., K.L.M., H.P. and A.S.V. reviewed and approved the final
manuscript.

[12] Chungchunlam, S. M., Moughan, P. J., Henare, S. J., Ganesh,
S., Effect of time of consumption of preloads on measures
of satiety in healthy normal weight women. Appetite 2012,
59, 281–288.

The work was supported by the General Mills Bell Institute of
Nutrition.

C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5

References

[1] Abete, I., Goyenechea, E., Zulet, M. A., Martinez, J. A., Obesity and metabolic syndrome: potential benefit from specific
nutritional components. Nutr. Metab. Cardiovasc. Dis. 2011,
21(Suppl 2), B1–B15.
[2] Abete, I., Astrup, A., Martinez, J. A., Thorsdottir, I., Zulet, M.
A., Obesity and the metabolic syndrome: role of different
dietary macronutrient distribution patterns and specific nutritional components on weight loss and maintenance. Nutr.
Rev. 2010, 68, 214–231.
[3] Gibson, G. R., Scott, K. P., Rastall, R. A., Tuohy, K. M. et al.,
Dietary prebiotics: current status and new definition. Food
Sci. Tech. Bull. 2010, 7, 1–19.
[4] Cani, P. D., Lecourt, E., Dewulf, E. M., Sohet, F. M. et al., Gut
microbiota fermentation of prebiotics increases satietogenic
and incretin gut peptide production with consequences for
appetite sensation and glucose response after a meal. Am.
J. Clin. Nutr. 2009, 90, 1236–1243.
[5] Tagliabue, A., Elli, M., The role of gut microbiota in human obesity: recent findings and future perspectives. Nutr.
Metab. Cardiovasc. Dis. 2013, 23, 160–168.
[6] Cani, P. D., Delzenne, N. M., Interplay between obesity and
associated metabolic disorders: new insights into the gut
microbiota. Curr. Opin. Pharmacol. 2009, 9, 737–743.
[7] Ley, R. E., Turnbaugh, P. J., Klein, S., Gordon, J. I., Human gut
microbes associated with obesity. Nature 2006, 444, 1022–
1023.
[8] Ley, R. E., Backhed, F., Turnbaugh, P. J., Lozupone, C. A.
et al., Obesity alters gut microbial ecology. PNAS 2005, 102,
11070–11075.
[9] Westerterp-Plantenga, M. S., Lemmens, S. G., Westerterp, K.
R., Dietary protein – its role in satiety, energetics, weight loss
and health. Br. J. Nutr. 2012, 108, S105–S112.
[10] Wycherley, T. P., Moran, L. J., Clifton, P. M., Noakes, M.,
Brinkworth, G. D., Effects of energy-restricted high-protein,
low-fat compared with standard-protein, low-fat diets: a
meta-analysis of randomized controlled trials. Am. J. Clin.
Nutr. 2012, 96, 1281–1298.
[11] Gilbert, J. A., Bendsen, N. T., Tremblay, A., Astrup, A.,
Effect of proteins from different sources on body composition. Nutr. Metab. Cardiovasc. Dis. 2011, 21(Suppl 2),
B16–B31.

[13] Vuholm, S., Jakobsen, L. M., Sorensen, K. V., Kehlet, U. et al.,
Appetite and food intake after consumption of sausages with
10% fat and added wheat or rye bran. Appetite 2013, Oct 25,
pii, S0195-6663(13)00415-7.
www.mnf-journal.com

1700484 (11 of 12)

R. A. Reimer et al.

Mol. Nutr. Food Res. 61, 11, 2017, 1700484

[14] Parnell, J. A., Reimer, R. A., Weight loss during oligofructose
supplementation is associated with decreased ghrelin and
increased peptide YY in overweight and obese adults. Am.
J. Clin. Nutr. 2009, 89, 1751–1759.

[29] Chungchunlam, S. M., Henare, S. J., Ganesh, S., Moughan,
P. J., Dietary whey protein influences plasma satiety-related
hormones and plasma amino acids in normal-weight adult
women. Eur. J. Clin. Nutr. 2015, 69, 179–186.

[15] Godin, G., Shepard, R. J., Godin leisure-time exercise questionnaire. Med. Sci. Sport Exerc. 1997, June 29 (Supplement), S36–S38.

[30] Chungchunlam, S. M., Henare, S. J., Ganesh, S., Moughan,
P. J., Effect of whey protein and free amino acid mixture
simulating whey protein on measures of satiety in normalweight women. Br. J. Nutr. 2016, 116, 1666–1673.

[16] Flint, A., Raben, A., Blundell, J. E., Astrup, A., Reproducibility, power and validity of visual analogue scales in assessment of appetite sensations in single test meal studies. Int.
J. Obes. Relat. Metab. Disord. 2000, 24, 38–48.
[17] Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K.
et al., QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 2010, 7, 335–336.
[18] Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D.
et al., Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 2013, 31, 814–821.
[19] Segata, N., Izard, J., Waldron, L., Gevers, D. et al., Metagenomic biomarker discovery and explanation. Genome Biol.
2011, 12, R60.
[20] Wanders, A. J., van den Borne, J. J., de Graaf, C., Hulshof,
T. et al., Effect of dietary fibre on subjective appetite, energy
intake and body weight: a systematic review of randomized
controled trials. Obes. Rev. 2011, 12, 724–739.
[21] Leidy, H. J., Clifton, P. M., Astrup, A., Wycherley, T. P. et al.,
The role of protein in weight loss and maintenance. Am. J.
Clin. Nutr. 2015, Apr 29, pii: ajcn084038.
[22] Kellow, N. J., Coughlan, M. T., Reid, C. M., Metabolic benefits
of dietary prebiotics in human subjects: a systematic review
of randomised controlled trials. Br. J. Nutr. 2014, 111, 1147–
1161.
[23] Akhavan, T., Luhovyy, B. L., Brown, P. H., Cho, C. E., Anderson, G. H., Effect of premeal consumption of whey protein
and its hydrolysate on food intake and postmeal glycemia
and insulin responses in young adults. Am. J. Clin. Nutr.
2010, 91, 966–975.
[24] Zafar, T. A., Waslien, C., AlRaefaei, A., Alrashidi, N., AlMahmoud, E., Whey protein sweetened beverages reduce
glycemic and appetite responses and food intake in young
females. Nutr. Res. 2013, 33, 303–310.
[25] Mignone, L. E., Tongzhi, W., Horowitz, M., Rayner, C. K. Whey
protein: the “whey” forward for treatment of type 2 diabetes? World J. Diabetes 2015, 6, 1274–1284.

[31] Bendtsen, L. Q., Lorenzen, J. K., Bendsen, N. T., Rasmussen,
C., Astrup, A., Effect of dairy proteins on appetite, energy
expenditure, body weight, and composition: a review of the
evidence from controlled clinical trials. Adv. Nutr. 2013, 4,
418–438.
[32] Acheson, K. J., Blondel-Lubrano, A., Oguey-Araymon, S.,
Beaumont, M. et al., Protein choices targeting themogenesis
and metabolism. Am. J. Clin. Nutr. 2011, 93, 525–534.
[33] Boirie, Y., Dangin, M., Gachon, P., Vasson, M. et al., Slow and
fast dietary proteins differently modulate postprandial protein accretion. Proc. Natl. Acad. Sci. 1997, 94, 14930–14935.
[34] Veldhorst, M. A., Nieuwenhuizen, A. G., HochstenbachWaelen, A., Westerterp, K. R. et al., Effects of complete wheyprotein breakfasts versus whey without GMP-breakfasts on
energy intake and satiety. Appetite 2009, 52, 388–395.
[35] Mollard, R. C., Luhovyy, B. L., Smith, C., Anderson, G. H.,
Acute effects of pea protein and hull fibre alone and combined on blood glucose, appetite, and food intake in healthy
young men - a randomized crossover trial. Appl. Physiol.
Nutr. Metab. 2014, 39, 1360–1365.
[36] Doyon, C. Y., Tremblay, A., Rioux, L.-E., Rheaume, C. et al.,
Acute effects of protein composition and fibre enrichment
of yogurt consumed as snacks on appetite sensations and
subsequent ad libitum energy intake in healthy men. Appl.
Physiol. Nutr. Metab. 2015, 40, 980–989.
[37] Kranz, S., Brauchla, M., Campbell, W. W., Mattes, R. D.,
Schwichtenberg, A. J. High-protein and high-dietary-fiber
breakfasts result in equal feelings of fullness and better
diet quality in low-income preschoolers compared with their
usual breakfast. J. Nutr. 2017, 147, 445–452.
[38] Gentile, C. L., Ward, E., Holst, J. J., Astrup, A. et al., Resistant
starch and protein intake enhances fat oxidation and feelings
of fullness in lean and overweight/obese women. Nutr. J.
2015, 14, 113.
[39] Brahe, L. K., Astrup, A., Larsen, L. H., Can we prevent obesityrelated metabolic diseases by dietary modulation of the gut
microbiota? Adv. Nutr. 2016, 7, 90–101.

[26] Roberts, S. B., Urban, L. E., Das, S. K. Effects of dietary factors on energy regulation: consideration of multiple- versus
single-dietary factor models. Physiol. Behav. 2014, 134, 15–
19.

[40] Kalliomaki, M., Collado, M. C., Salminen, S., Isolauri, E., Early
differences in fecal microbiota composition of children may
predict overweight. Am. J. Clin. Nutr. 2008, 87, 534–538.

[27] Jones, K. W., Eller, L. K., Parnell, J. A., Doyle-Baker, P. K.
et al., Effect of a dairy- and calcium-rich diet on weight loss
and appetite during energy restriction in overweight and
obese adults: a randomized trial. Eur. J. Clin. Nutr. 2013, 67,
371–376 (abstr).

[41] Million, M., Maraninchi, M., Henry, M., Armougom, F. et al.,
Obesity-associated gut microbiota is enriched in Lactobacillus reuteri and depleted in Bifidobacterium animalis and
Methanobrevibacter smithii. Int. J. Obes. (Lond.) 2011, 36,
817–825.

[28] Parnell, J. A., Reimer, R. A. Prebiotic fibres dose-dependently
increase satiety hormones and alter Bacteroidetes and Firmicutes in lean and obese JCR:LA cp rats. Br. J. Nutr. 2012,
107, 601–613.

[42] Dewulf, E. M., Cani, P. D., Claus, S. P., Fuentes, S. et al., Insight into the prebiotic concept: lessons from an exploratory,
double blind intervention study with inulin-type fructans in
obese women. Gut 2013, 62, 1112–1121.


C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com

Mol. Nutr. Food Res. 61, 11, 2017, 1700484

[43] Nicolucci, A. C., Hume, M. P., Martinez, I., Mayengbam, S.
et al., Prebiotic reduces body fat and alters intestinal microbiota in children with overweight or obesity. Gastroenterology 2017, doi:10.1053/j.gastro.2017.05.055.
[44] Vulevic, J., Juric, A., Tzortzis, G., Gibson, G. R. A mixture of
transgalactooligosaccharides reduces markers of metabolic
syndrome and modulates the fecal microbiota and immune
function of overweight adults. J. Nutr. 2013, 143, 324–331.
[45] Lecerf, J. M., Depeint, F., Clerc, E., Dugenet, Y. et al., Xylooligosaccharide (XOS) in combination with inulin modulates both the intestinal environment and immune status
in healthy subjects, while XOS alone only shows prebiotic
properties. Br. J. Nutr. 2012, 108, 1847–1858.
[46] Sprong, R. C., Schonewille, A. J., van der Meer, R., Dietary
cheese whey protein protects rats against mild dextran sulfate sodium-induced colitis: role of mucin and microbiota.
J. Dairy Sci. 2010, 93, 1364–1371.
[47] McAllan, L., Skuse, P., Cotter, P. D., O’Connor, P. et al., Protein
quality and the protein to carbohydrate ratio within a high
fat diet influences energy balance and the gut microbiota in
C57BL/6J mice. PLoS One 2014, 9, e88904.
[48] Bai, G., Ni, K., Tsuruta, T., Nishino, N., Dietary casein and
soy protein isolate modulate the effects of raffinose and


C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(12 of 12) 1700484
fructooligosaccharides on the composition and fermentation of gut microbiota in rats. J. Food Sci. 2016, 81, H2093–
H2098.
[49] Kimura, I., Ozawa, K., Inoue, D., Imamura, T. et al., The gut microbiota suppresses insulin-mediated fat accumulation via
the short-chain fatty acid receptor GPR43. Nat. Commun.
2013, 4, 1829.
[50] Masui, R., Sasaki, M., Funaki, Y., Ogasawara, N. et al.,
G protein-coupled receptor 43 moderates gut inflammation through cytokine regulation from mononuclear cells.
Inflamm. Bowel Dis. 2013, 19, 2848–2856.
[51] De Vadder, F., Kovatcheva-Datchary, P., Zitoun, C., Duchampt,
A. et al., Microbiota-produced succinate improves glucose
homeostasis via intestinal gluconeogenesis. Cell Metab.
2016, 24, 151–157.
[52] De Vadder, F., Kovatcheva-Datchary, P., Goncalves, D., Vinera, J. et al., Microbiota-generated metabolites promote
metabolic benefits via gut-brain neural circuits. Cell 2014,
156, 84–96.
[53] D’Aimmo, M. R., Modesto, M., Mattarelli, P., Biavati, B., Andid, T., Biosynthesis and cellular content of folate in bifidobacteria across host species with different diets. Anaerobe 2014, 30, 169–177.

www.mnf-journal.com

