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ABSTRACT

Background: We have previously shown that gut microbial fermen-
tation of prebiotics promotes satiety and lowers hunger and energy
intake in humans. In rodents, these effects are associated with an
increase in plasma gut peptide concentrations, which are involved in
appetite regulation and glucose homeostasis.

Objective: Our aim was to examine the effects of prebiotic supple-
mentation on satiety and related hormones during a test meal for
human volunteers by using a noninvasive micromethod for blood
sampling to measure plasma gut peptide concentrations.

Design: This study was a randomized, double-blind, parallel, placebo-
controlled trial. A total of 10 healthy adults (5 men and 5 women)
were randomly assigned to groups that received either 16 g pre-
biotics/d or 16 g dextrin maltose/d for 2 wk. Meal tolerance tests were
performed in the morning to measure the following: hydrogen breath
test, satiety, glucose homeostasis, and related hormone response.
Results: We show that the prebiotic treatment increased breath-
hydrogen excretion (a marker of gut microbiota fermentation) by
~3-fold and lowered hunger rates. Prebiotics increased plasma
glucagon-like peptide 1 and peptide YY concentrations, whereas
postprandial plasma glucose responses decreased after the standard-
ized meal. The areas under the curve for plasma glucagon-like
peptide 1 and breath-hydrogen excretion measured after the meal
(0-60 min) were significantly correlated (r = 0.85, P = 0.007). The
glucose response was inversely correlated with the breath-hydrogen
excretion areas under the curve (0-180 min; r = —0.73, P = 0.02).
Conclusion: Prebiotic supplementation was associated with an in-
crease in plasma gut peptide concentrations (glucagon-like peptide
1 and peptide YY), which may contribute in part to changes in
appetite sensation and glucose excursion responses after a meal in
healthy subjects. Am J Clin Nutr 2009;90:1236-43.

INTRODUCTION

The recent growing incidence of metabolic diseases, including
diabetes and obesity, in Western countries is associated with
changes in eating habits. Obesity is the result of a complex in-
teraction between genetic and environmental factors. Among the
latter, changes in eating habits leading to increased fat intake and
decreased dietary fiber intake are involved in the incidence of these
metabolic diseases (1, 2). Several dietary fibers are often cited as
being of particular interest with regard to their putative role in the
management of these metabolic disorders because they affect food
intake, body weight, glucose homeostasis, plasmalipid profile, and
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associated risk factors for cardiovascular disease (3). A number of
recent studies provide novel insights that might help establish alink
between dietary nondigestible carbohydrate that changes the
composition of gut microbiota and obesity and insulin resistance
(4-8). These compounds are called prebiotics because they pro-
mote the growth of certain bacteria (eg, bifidobacteria) whose
number correlates with an improvement of several features of
metabolic syndrome (9). In the search to determine the role of
prebiotics in the control of body weight and fat mass development,
a recent study showed that supplementation with a prebiotic had
a significant benefit for the maintenance of an appropriate body
mass index and fat mass in primarily nonobese young adolescents,
in addition to its benefit in bone mineralization (10). Taken to-
gether, these human studies provide evidence that the modulation
of gut microbiota by using prebiotics affects energy homeostasis
and body weight gain. However, few data about the putative
mechanisms involved in these effects are provided. We and oth-
ers have previously published experimental data showing that
the modulation of gut peptide secretion [glucagon-like peptide
1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP),
peptide YY (PYY), and/or ghrelin] in rodents after feeding with
fermentable dietary fibers could constitute a link between the
outcome of microbial fermentation in the lower part of the gut
and metabolic consequences (eg, decreased food intake, body
weightand fatmass development, and improved insulin sensitivity)
(11-20).

Several results support the relevance of prebiotic fermentation
in appetite management in healthy and obese humans (21-24). To
date, few data are available that concomitantly describe the in-
fluence of prebiotics on appetite sensation, gut peptide secretion,
and metabolism in humans. Interestingly, one study reports that
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prebiotic (oligofructose) consumption (20 g/d) significantly el-
evated plasma GLP-1 after a mixed meal (4). On the other hand,
a decrease in ghrelin and an elevation in serum PYY was ob-
served with prebiotic supplementation in obese individuals (23).
However, investigations trying to relate the kinetic measurement
of these peptides to sensations related to food intake remain
difficult. Indeed, gut peptide measurement requires a large
amount of plasma, which is classically sampled by using an
invasive method with an indwelling intravenous cannula.

Therefore, in the present study, we have adapted the meth-
odology of gut peptide measurement in human subjects. We did
this through a noninvasive blood sampling micromethod ap-
proach to measuring the relation between prebiotic fermentation,
appetite sensations, and plasma gut peptide profiles involved
in the regulation of appetite and insulin secretion in healthy
subjects.

SUBJECTS AND METHODS

Test subjects

In total, 10 healthy volunteers (5 men and 5 women) aged 21—
38 y (mean * SD age: 26.3 = 6 y) with normal body mass
indexes (in kg/m?*; mean + SD: 21.6 + 0.99) participated in the
study. Subjects were recruited by local advertisement (initial
recruitment began 4 February 2008) and were free from acute
and chronic diseases or use of medications that might influence
study outcomes (eg, antibiotics). A diet evaluation consisting of
both food-frequency questionnaires and a 3-d diet record was
obtained to identify and exclude individuals with a typical fiber
intake >30 g fiber/d. A total of 30 subjects participated in the
validation of the food-frequency questionnaire; 10 subjects were
selected for the study on the basis of nutritional exclusion cri-
teria observed after the dietary habits evaluation (ie, probiotic,
prebiotic, or symbiotic consumption) and randomly assigned to
prebiotic (3 women and 2 men) or dextrin maltose (2 women
and 3 men) treatment. Throughout the 2-wk experimental phase
of the study, the subjects lived at home and prepared their own
meals while consuming prebiotics or a dextrin maltose supple-
ment, as described in the protocol section below. Subjects were
instructed to eat until they were comfortably full and to try not
to gain or lose weight consciously. The study protocol was ap-
proved by the Ethical Committee of Université Catholique de
Louvain, and written informed consent was obtained from each
subject.

Protocol

Subjects were randomly assigned in a double-blind, parallel,
placebo-controlled design. Outpatient investigation consisted of
a 2-wk experimental phase. Subjects were given a prebiotic fiber,
prebiotics (Orafti Synergy1; Beneo-Orafti, Tienen, Belgium), or
dextrin maltose (dextrin maltose, Caloreens; Nestle Clinical
Nutrition, Brussels, Belgium) as a powdered supplement. Both
the dextrin maltose and the prebiotic treatment had a similar taste
and appearance and were provided to the subjects in identical
opaque packages. Both the subjects and the investigators were
blinded to the treatment.

The prebiotic (Orafti Synergyl) (6.27 klJ/g) was fully soluble
fructan and consisted of a mixture of glucosyl-(fructosyl),-
fructose and (fructosyl),,-fructose extracted from chicory roots
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(Chicorium intybus). This fructan was not digested, but it was
highly fermented in the colon. The dextrin maltose (Caloreens)
(16.7 kJ/g) is also a fully soluble carbohydrate, but it is totally
digested and therefore not fermentable. Daily supplements were
divided into 2 portions of 8 g each to be eaten during breakfast
and dinner. To assess compliance, subjects were given pre-
weighed bags (8 g) for daily supplement consumption and were
instructed to return empty bags for monitoring. They were in-
structed to consume the entire amount of the 2 bags daily.

Study design and procedure

The study was divided into 4 different periods: a training
session (3 d before the start of the study), the first test day (day 0),
a treatment period (2-wk treatment period), and the second test
day (day 14), as shown in Figure 1A.

Before the start of the study (3 d before), all subjects attended
a training session at which they were invited to participate in
a day of training with a free-choice buffet breakfast as described
in Figure 1A and by Cani et al (21). The subjects were also
instructed in the use of the rating scales (for appetite and potential
adverse effects), prebiotic or dextrin maltose ingestion (inclusion
in food and/or adequate beverage), and how to self-report their
food intake.

The subjects were instructed to abstain from alcohol and
strenuous physical activity for 2 d before the first test day (day 0)
and during the entire intervention phase (ie, during the 2-wk
treatment period) until day 14 to ensure a similar macronutrient
balance on the test days.

At day O (ie, before the beginning of the treatment) and at day
14 (ie, at the completion of the 2-wk period of prebiotic and
dextrin maltose treatment), the subjects were invited to self-
report food consumed during breakfast and during the entire test
day (including food and beverages consumed between meals). A
food-frequency questionnaire (over a 1-wk period) and 24-h
recall were recorded on days O and 14 and validated with the
dietitian.

On the test days (days 0 and 14) and after an overnight fast, the
subjects were invited to a free-choice buffet breakfast. The
subjects were instructed to finish the breakfast in 15 min (Figure
1B). Food and drinks were weighed before and after the meal, and
the energy intake was calculated. Appetite ratings were assessed
on 100-mm visual analog scales (VASs) with the text expressing
the most positive and the most negative ratings anchored at each
end: satiety, “I cannot eat another bite”’; hunger, “I have never
been more hungry” (25-27). VASs were used to assess satiety and
hunger after the test breakfast. Sensations were recorded at the
beginning of the meal at time O (fasting) and throughout the
period after breakfast until lunch at 30, 60, 120, and 180 min,
postprandially. Blood samples, appetite ratings (hunger, satiety),
and fermentation (hydrogen breath test) were measured at
intervals during the study as described in Figure 1B. Potential
adverse effects were monitored daily during the entire treatment
period by using subjective scales rated as “absent,” “light,”
“moderate,” or “severe” for the following symptoms: nausea,
diarrhea, flatulence, borborygmus, abdominal cramps, stomach
cramps, gastrointestinal reflux, abdominal rumbling, and thirst.

Reported energy, macronutrients, and fiber intakes were cal-
culated by using the program Nutrilog SAS (Marans, France),
and prebiotic intake (insulin-type fructans) was calculated by
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FIGURE 1. Flow diagram of the progress through the phases of the study (A) and test meal (B) (day 0 and day 14). VAS, visual analog scale; H,, hydrogen

breath test; plasma, blood sampling.

taking into account the content reported in food stuff by van Loo
et al (28) and our updated databank compilation (PD Cani and
NM Delzenne, unpublished data, 2008 and 2009).

Physiologic variables

Finger-prick blood samples (240 ul) were drawn repeatedly in
heparinized capillaries to measure the concentrations of plasma
glucose, insulin, and gut hormones [GLP-1, PYY, GIP, and
pancreatic polypeptide (PP)]. Briefly, blood samples were taken
at 0 (fasting), 10, 30, 60, and 120 min postprandially (Figure
1B). Capillary blood (60 ul) was taken in <30 sec and directly
flushed within tubes containing protease inhibitors, such as di-
peptidyl peptidase IV (DPPIV) inhibitor (Millipore’s DPPIV
inhibitor; St Charles, MO) and phenylmethanesulfonyl fluoride.
Plasma was immediately removed and stored at —80°C for
further analysis. Blood glucose concentrations were determined
by using a glucometer (AccuCheck Aviva; Roche Diagnostics,
Meylan, France) (Figure 1B). Breath hydrogen was measured

repeatedly at O (fasting), 30, 60, 120, and 180 min postprandially
(Figure 1B) as an indicator of colonic fermentation by using
an ambulatory MicroH2 breath test (MicroH2; Micromedical,
Basingstoke, United Kingdom). Gut hormone concentrations
were determined in duplicate in 25 ul. of plasma by using
a human gut hormone multiplex kit (Millipore) and by using
Luminex Technology (Bio-Plex; Bio-Rad, Nazareth, Belgium).
This multiplex assay kit was to be used for the simultaneous
quantification of the following human gut hormones: GLP-1
(active), GIP (total), PYY (total), PP, and insulin. The sensitivity
levels of the assay (in pg/mL) correspond to the following: GIP,
0.2; GLP-1, 5.2; PP, 2.4; insulin, 44.5; and PYY, 8.4. The in-
terassay variation (%CV) was <19%, and the intra-assay vari-
ation (%CV) was <11%.

Statistical analysis

Results are expressed as means = SEMs. A 2-factor repeated-
measures ANOVA (model I) was used to compare the differences
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between groups for the hydrogen breath test; appetite ratings
(VAS); and plasma concentrations of GIP, GLP-1, PYY, PP,
glucose, and insulin; differences at individual time points were
determined by using a Bonferroni post hoc analysis when the
interaction between treatment and time was statistically signif-
icant (P < 0.05). A Student’s 7 test was used to compare the area
under the curve (AUC) changes in exhaled hydrogen and blood
glucose concentrations. The correlations were analyzed by using
Pearson’s correlation in GraphPad Prism version 5.00 for Win-
dows (GraphPad Software, San Diego, CA). The level of sig-
nificance was set at P < 0.05.

RESULTS

The study compliance was excellent (only one subject returned
2 full packets, which indicated missed doses). Minor gastroin-
testinal disorders were reported on the first 3 d of prebiotic
treatment, 66% of the subjects reported flatulence (40% light,
50% moderate, and 10% severe), and 26.6% of the subjects
reported light abdominal rumbling. The amount of prebiotics
consumed before starting the study was not significantly different
between men and women (6.7 * 1.1 and 6.2 %= 0.9 g/d for
women and men, respectively; mean value: 6.4 = 0.7 g/d). The
macronutrient intake (protein, carbohydrate, fat, and dietary fi-
bers excluding supplements) during the test days (day O and 14)
was equivalent in the dextrin maltose and prebiotic groups
(Table 1), whereas the total dietary energy intake was lowered
by ~6% under prebiotic treatment, but this was not significant
(Table 1).

Breath-hydrogen excretion after breakfast

Changes in gut microbial fermentation after the prebiotic
treatment were estimated through breath-hydrogen excretion.
Breath-hydrogen excretion was equivalent between groups at
time O (fasting) at baseline before the beginning of the treatment
(prebiotics: 9.4 = 3.4 compared with dextrin maltose: 8.4 = 3.4,
P > 0.05). Conversely, prebiotic treatment induced more fer-

TABLE 1
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mentation at time O (fasting) on day 14 (Figure 2). Compared
with dextrin maltose, there was a significant time X treatment
effect (P = 0.0156) with significantly higher fermentation in the
prebiotic group at times 30 and 120 min after the breakfast (P <
0.05) (Figure 2). In addition, the hydrogen AUC indicated a
3-fold higher colonic fermentation in volunteers supplemented
with prebiotics compared with dextrin maltose (Figure 2).

Hunger and satiety score after breakfast

Data are presented as changes from baseline (in cm) before and
after the corresponding treatment of each subject in Figure 3B.
Prebiotic treatment significantly lowered hunger VAS scores at
time 180 min, whereas this variable remained unchanged after
dextrin maltose treatment (Figure 3B). The satiety VAS score
tended to be higher in the prebiotic group, but this effect was not
significant (time X treatment P = 0.1747; Figure 3A).

Plasma hormones

The absolute plasma concentrations and the changes from
baseline (fasting values) for postprandial GIP, GLP-1, PYY, and
PP are depicted in Figure 4. The plasma hormone concentrations
did not significantly differ between the 2 treatments at time
0 (fasting; Figure 4), even if the prebiotic treatment tended to
increase the fasting absolute plasma PYY concentration (P =
0.1) compared with the dextrin maltose group. At time 10 min,
the incretin hormone GLP-1, which was expressed as changes
from baseline, was significantly higher after the prebiotic
treatment than after the dextrin maltose treatment (Figure 4B).
Plasma PYY concentrations were significantly increased at
10 min in prebiotic-treated subjects compared with dextrin-
maltose-treated subjects (Figure 4C). Plasma PP and GIP con-
centrations were not significantly affected by the treatment
(Figure 4, A and D).

Importantly, we showed a positive and significant correlation
between plasma GLP-1 concentration and breath-hydrogen ex-
cretion (AUC 0-60; Pearson’s correlation » = 0.85, P = 0.007).

Dietary energy and nutrient intakes at the end of the 2-wk experimental phase of the study after prebiotic or dextrin

maltose supplementation’

Dextrin maltose Prebiotics

Total energy intake (kcal/d) 2501 = 418 2339 *= 218
Protein (% energy) 14 £ 15 142 =1
Carbohydrate (% energy) 53.8 £33 524 = 2.1
Fat (% energy) 26.2 £ 3.9 29.8 £ 22
Dietary fibers, excluding fructans-type fibers (g/d) 17.6 £ 1.6 183 £ 24
Fructans-type fibers (g/d) 5*09 209 + 0.9°
Total dietary fibers (g/d) 226 £ 19 392 = 32°
Dietary energy intake (%)*

Total energy intake 100 = 13.7 935 = 7.1

Breakfast 100 = 19.8 927 =95

Lunch 100 = 14.1 82.7 £ 11.2

Dinner 100 = 11.8 104.6 = 9.6

" All values are means = SEMs; n = 5/group.

2 Significantly different from dextrin maltose group, P = 0.000001 (Student’s  test).

3 Significantly different from dextrin maltose group, P = 0.002 (Student’s  test).

# The percentage of dietary energy intake for dextrin maltose = [dextrin maltose (kcal)]/[dextrin maltose mean (kcal)] X
100. The percentage of dietary energy intake for prebiotics = [prebiotics (kcal)]/[dextrin maltose mean (kcal)] x 100.

0202 8unp BZ UO 1SN UlBANoON,| 9P sanbayolaig Aq £01865H/9€Z 1/S/06/10811Sqe-a[o1e/udfe/Wwoo"dno-o1Wapeo.//:SdjlYy WOy papeojumMod



Time (min)

Time after breakfast (min)

1240 CANI ET AL
5000 —_—
Q 4000 ol A g
2 ~—
<
-~ dextrin maltose 3 3000 b .
40~ -O-prebiotics < 2000 > 4q ™ dextr.ln .maltose
® 1000 T 3 -O- prebiotics
o 1
T * * 0 . © 24
o 30 1 dextrin maltose prebiotics %
o T 14
-~ 2o
j; 2E 0%
[ T o ]
< o g -1
§ 2 2
@ § 3-
&=
0 g -4 L} L] LJ L] L} L]
0 30 6 9 120 150 180 o 0 30 60 9 120 150 180
2
(&]

FIGURE 2. Mean (*SEM) results for hydrogen breath test (ppm) and
corresponding area under the curve (AUC) measured in both groups
(prebiotics or dextrin maltose) at 3 h after breakfast on day 14. Data are
presented for 10 healthy subjects (n = 5/group). Baseline values were
significantly different between groups (*P < 0.05, f test). Treatment X
time interactions were significantly different (P = 0.0156) for treatment
effect (P = 0.0263) and time effect (P < 0.0001) on the basis of repeated-
measures 2-factor ANOVA. *P < 0.05 (repeated-measures 2-factor ANOVA
and Bonferroni post hoc test). Inset: the AUC of the breath-hydrogen
concentrations was significantly higher after prebiotic treatment (*P <
0.05, t test).

Although we observed significant changes in VAS scores and
plasma gut peptide concentration involved in appetite and body
weight regulation, hunger and satiety VAS scores were not
correlated with the gut peptide concentrations (GLP-1, PYY, and
PP) or breath-hydrogen excretion at any time point or when
expressed as the AUC (not shown).

Plasma glucose and insulin

Interestingly, we show that the AUC for plasma glucose
concentration was significantly lower after the prebiotic treat-
ment (Figure 5A). Neither the fasting glucose concentration nor
the plasma insulin concentration was significantly affected by
the prebiotic treatment (Figure 5, A and B). The glucose re-
sponse was inversely correlated with the breath-hydrogen ex-
cretion areas under the curve (0—180 min; Pearson’s correlation
r=—0.73, P = 0.02).

DISCUSSION

In the present study, we confirmed that supplementation with
prebiotics for 2 wk is associated with lowered subjective hunger,
as previously described (21). The mechanisms by which the
nutritional modulation of gut microbiota fermentation affects the
regulation of appetite sensation in humans are poorly understood.
Evidence from animal studies has shown that changes in gut
microbiota after fermentable dietary carbohydrate ingestion
decrease food intake, body weight, and fat mass development by
mechanisms associated with the upregulation of endogenous
GLP-1 and PYY production (11, 14-18, 20, 29, 30). For the first
time, we associated the appetite regulation effects of prebiotics
with increased postprandial plasma gut peptide concentration
responses after a standardized meal in healthy subjects. Together,
these data confirm previous observations (21, 31) and support the

- dextrin maltose
-O— prebiotics

T

-5 ) ) ) ]

) )
0 30 60 90 120 150 180
Time after breakfast (min)

Hunger
Changes from baseline day 0 - day 14 (cm)

FIGURE 3. Mean (+SEM) average satiety (A) and hunger (B) scores
(expressed as changes from baseline in cm), which was measured in both
groups (prebiotics or dextrin maltose) at 3 h after breakfast by visual analog
scales. Data are presented for 10 healthy subjects (n = 5/group). (A)
Treatment X time interactions were not significantly different for satiety
ratings (P = 0.1747), treatment effect (P = 0.1515), and time effect (P =
0.8487) on the basis of repeated-measures 2-factor ANOVA. (B) Treatment X
time interactions were significantly different for hunger ratings (P = 0.0147).
*P < 0.05 (repeated-measures 2-factor ANOVA and Bonferroni post hoc
test). Significance for time effect and treatment effect was P = 0.0242 and
P = 0.1489, respectively.

role of the modulation of microbial activity (fermentation) by
prebiotics in the control of appetite sensations. In agreement with
this, Archer et al (31) have shown that prebiotics added to food as
fat replacements were able to lower energy intake during a test
day. However, acute treatment with prebiotics does not neces-
sarily affect appetite sensation, which suggests that adaptive
processes are necessary to observe the satietogenic effect of
prebiotics (32). One could speculate that the modulation of the
gut microbiota and the related endogenous gut hormone pro-
duction might be part of this mechanism.

In addition, the present study provides evidence that the mi-
cromethod for blood sampling could be useful for measuring the
plasma concentration of several gut peptides to correlate their
secretion with appetite sensations and with glucose homeostasis.
However, although the plasma gut peptide concentrations in our
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FIGURE 4. Mean (+=SEM) concentrations of (A) plasma total glucose-dependent insulinotropic polypeptide (GIP), (B) plasma active glucagon-like peptide 1
(GLP-1), (C) plasmatotal peptide YY (PYY), and (D) plasma pancreatic polypeptide (PP) concentrations (expressed as absolute concentrations or as changes from
baseline) measured in both groups (prebiotics and dextrin maltose) at 2 h after breakfast on day 14. Data are presented for 10 healthy subjects (n = 5/group). When
expressed as changes from baseline, significance levels by using 2-factor repeated-measures ANOVA were as follows—GIP: treatment X time interactions (P =
0.47), time effect (P < 0.0001), and treatment effect (P =0.0319); GLP-1: treatment X time interactions (P = 0.038), time effect (P = 0.0877), treatment effect (P =
0.1104), and *P < 0.05 (repeated-measures 2-factor ANOVA and Bonferroni post hoc test); PYY: treatment X time interactions (P = 0.0498), time effect
(P = 0.3519), treatment effect (P = 0.5064), and *P < 0.05 (repeated-measures 2-factor ANOVA and Bonferroni post hoc test); and PP: treatment X time
interactions (P = 0.48), time effect (P =0.0012), and treatment effect (P = 0.2561). Two-factor repeated-measures ANOVA showed no significant treatment X time
interactions when expressed as absolute concentrations (GIP, P = 0.4293; GLP-1, P = 0.5101; PYY, P = 0.0852; and PP, P = 0.4859).

study were comparable to those reported in the literature, it could
be useful to validate this micromethod against the standard
forearm venous sampling method.

In our study, the transient increase in the concentration of
plasma gut peptides that regulate food intake (GLP-1 and PYY)
was a phenomenon associated with changes in the appetite VAS
score after a standardized test meal; however, we did not find
significant correlations between these variables. The relevance of
such an effect on a subsequent meal is an important phenomenon

to take into account when assessing the relevance for energy
intake control in humans (33). The persistence of the appetite
regulation effect throughout the day was supported by our pre-
vious study. Indeed, by using a similar intervention protocol, we
have shown that the decrease in hunger and the increase in satiety
were also present in prebiotic-treated volunteers at dinner (21).

Interestingly, we show that prebiotic pretreatment also mod-
ulates the postprandial glucose response, and this is consistent
with the increase of gut peptides related to glucose homeostasis
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FIGURE 5. Mean (£SEM) concentrations of (A) blood glucose and the corresponding area under the curve (AUC) and of (B) plasma insulin (expressed as
absolute concentrations or as changes from baseline) measured in both groups (prebiotics and dextrin maltose) at 2 h after breakfast on day 14. Data are
presented for 10 healthy subjects (n = 5/group). Treatment X time interactions were not significantly different for glucose (P = 0.77). Time effect (P < 0.0001)
and treatment effect (P = 0.0047) are on the basis of a 2-factor repeated-measures ANOVA. The AUC of the blood glucose was significantly lower after
prebiotic treatment (*P < 0.05, ¢ test). Treatment X time interactions were not significantly different for insulin (P = 0.4210), time effect (P = 0.0022), or
treatment effect (P = 0.6002) when expressed as changes from baseline on the basis of a 2-factor repeated-measures ANOVA. Two-factor repeated-measures
ANOVA showed no significant treatment X time interactions (P = 0.3023) when expressed as absolute concentrations.

(GLP-1). In addition, we show a negative correlation between
a gut microbial fermentation activity marker (breath-hydrogen
excretion) and the glucose response AUC.

We show that GLP-1 plasma concentration and the glucose
response at the standardized breakfast were inversely associ-
ated. We observed changes in plasma insulin concentrations in
prebiotic-treated volunteers compared with dextrin maltose, but
due to the large variation of this variable, we could not establish
a significant correlation between insulin and serum incretin
concentration. We have previously shown in animals that pro-
cesses beginning with the gut microbiota and ending with colonic
fermentation may have implications for glucose tolerance
through several mechanisms, including GLP-1 secretion and the
microbial-related modulation of systemic inflammation and
endotoxemia (6, 8, 34, 35). Future studies in diabetic patients are
required to investigate the relevance of the prebiotic approach for
the management of glucose homeostasis.

Consistent with our results, Nilsson et al (5) have shown that
the fermentation of nondigestible carbohydrate may affect the
glycemic excursions and satiety through a mechanism involving
colonic fermentation. The relation between the kinetics of fer-
mentation, which was assessed through the hydrogen breath test,
and GLP-1 production has already been suggested previously in
patients with gastrointestinal reflux (4). In our study, we provide
evidence that prebiotic treatment increases colonic fermentation
because breath-hydrogen excretion is significantly higher during
prebiotic treatment than during dextrin maltose treatment. The
significant increase of breath-hydrogen excretion in the fasting
state suggests that colonic events related to fermentation are
persistent and independent of meal intake. We show a relation
between postprandial hydrogen production and plasma GLP-1
as well as the glucose response but not with any other metabolic
or endocrine variable measured during our study. This suggests

that the extent of fermentation per se does not explain all of
the changes in gut peptides that are observed with prebiotic
treatment.

Interestingly, the relevance of gut hormone modulation by
prebiotics in the management of obesity and metabolic syndrome
in humans is supported by some authors. A recent clinical trial
supports the evidence that prebiotics decrease food intake, body
weight gain, and fat mass development in obese subjects (23). As
with our research, the authors show higher plasma PYY con-
centration after a meal whereas, conversely, they failed to find
increased GLP-1 plasma concentrations during a 6-h meal tol-
erance test (23). However, one cannot rule out that the lack of
change in plasma GLP-1 concentrations is not involved in the
apparent improved glucose tolerance and body weight regulation.
Indeed, GLP-1 is secreted after a meal in the portal vein, where it
exerts its physiologic role (36) and is rapidly degraded by the
DPPIV enzyme within 90 s (37). Accordingly, it has been pro-
posed that obese and type 2 diabetic subjects exhibit a higher
DPPIV activity (38), a phenomenon that might be involved in the
absence or the difficulty of measuring peripheral GLP-1 plasma
concentration in this study. Another study also supports a weight-
reducing effect of prebiotics in adolescents (10).

We provide support that the prebiotic treatment is associated
with lowered subjective hunger ratings and a tendency to increase
satiety ratings; this is linked to increased postprandial plasma gut
peptide concentration (GLP-1 and PYY) responses after a meal in
healthy subjects. Nevertheless, further investigations are needed
to delineate the contribution of the specific changes in gut
microbiota composition that are observed with prebiotic feeding
[eg, Bifidobacterium spp (39), Lactobacillus spp, Roseburia spp
(40), and Faecalibacterium prausnitzii (41)] compared with the
“fiber effect” of prebiotics via the production of short-chain fatty
acids on their bacterial fermentation. Collectively, our previous
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and present data, together with recent findings by others (23),
provide evidence that prebiotics could be a useful tool for
controlling food intake and glucose homeostasis and promising
agents for maintaining or restoring both glucose and energy
homeostasis.

We thank R Verbeeck for English editing and A Guillet for statistical

analyses.

The authors’ responsibilities were as follows—PDC: designed the experi-

ments, collected the data, analyzed the data, wrote the manuscript, and super-
vised the project; EL, EMD, FMS, BDP, DN, FdB, and AMN: assisted with the
data collection and participated in revising the manuscript; and NMD: contrib-
uted to the design of the experiment, the interpretation of the data, and the
review of the manuscript and supervised the project. PDC is a research asso-
ciate for FRS-FNRS Belgium. None of the authors had a conflict of interest.

REFERENCES

1.

2.

Venn BJ, Mann JI. Cereal grains, legumes and diabetes. Eur J Clin Nutr
2004;58:1443-61.

Roberts SB, Heyman MB. Dietary composition and obesity: do we need
to look beyond dietary fat? J Nutr 2000;130:(2S suppl).

. Weickert MO, Pfeiffer AF. Metabolic effects of dietary fiber consump-

tion and prevention of diabetes. J Nutr 2008;138:439-42.

. Piche T, des Varannes SB, Sacher-Huvelin S, Holst JJ, Cuber JC,

Galmiche JP. Colonic fermentation influences lower esophageal
sphincter function in gastroesophageal reflux disease. Gastroenterology
2003;124:894-902.

. Nilsson AC, Ostman EM, Holst JJ, Bjorck IM. Including indigestible

carbohydrates in the evening meal of healthy subjects improves glucose
tolerance, lowers inflammatory markers, and increases satiety after
a subsequent standardized breakfast. J Nutr 2008;138:732-9.

. Cani PD, Delzenne NM. Gut microflora as a target for energy and meta-

bolic homeostasis. Curr Opin Clin Nutr Metab Care 2007;10:729-34.

. Greenway F, O’Neil CE, Stewart L, Rood J, Keenan M, Martin R.

Fourteen weeks of treatment with Viscofiber increased fasting levels of
glucagon-like peptide-1 and peptide-YY. J Med Food 2007;10:720-4.

. Delzenne NM, Cani PD. A place for dietary fibre in the management

of the metabolic syndrome. Curr Opin Clin Nutr Metab Care 2005;
8:636-40.

. Cani PD, Neyrinck AM, Fava F, et al. Selective increases of bifido-

bacteria in gut microflora improve high-fat-diet-induced diabetes in
mice through a mechanism associated with endotoxaemia. Diabetologia
2007;50:2374-83.

. Abrams SA, Griffin 1J, Hawthorne KM, Ellis KJ. Effect of prebiotic

supplementation and calcium intake on body mass index. J Pediatr 2007;
151:293-8.

. Maurer AD, Chen Q, McPherson C, Reimer RA. Changes in satiety hor-

mones and expression of genes involved in glucose and lipid metabolism
in rats weaned onto diets high in fibre or protein reflect susceptibility to
increased fat mass in adulthood. J Physiol 2009;587:679-91.

. Delmee E, Cani PD, Gual G, et al. Relation between colonic proglu-

cagon expression and metabolic response to oligofructose in high fat
diet-fed mice. Life Sci 2006;79:1007-13.

. Cani PD, Knauf C, Iglesias MA, Drucker DJ, Delzenne NM, Burcelin R.

Improvement of glucose tolerance and hepatic insulin sensitivity by
oligofructose requires a functional glucagon-like peptide 1 receptor.
Diabetes 2006;55:1484-90.

. Cani PD, Neyrinck AM, Maton N, Delzenne NM. Oligofructose pro-

motes satiety in rats fed a high-fat diet: involvement of glucagon-like
peptide-1. Obes Res 2005;13:1000-7.

. Cani PD, Daubioul CA, Reusens B, Remacle C, Catillon G, Delzenne

NM. Involvement of endogenous glucagon-like peptide-1(7-36) amide
on glycaemia-lowering effect of oligofructose in streptozotocin-treated
rats. J Endocrinol 2005;185:457-65.

. Cani PD, Dewever C, Delzenne NM. Inulin-type fructans modulate

gastrointestinal peptides involved in appetite regulation (glucagon-like
peptide-1 and ghrelin) in rats. Br J Nutr 2004;92:521-6.

. Keenan MJ, Zhou J, McCutcheon KL, et al. Effects of resistant starch,

a non-digestible fermentable fiber, on reducing body fat. Obesity (Silver
Spring) 2006;14:1523-34.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

1243

Zhou J, Hegsted M, McCutcheon KL, et al. Peptide YY and proglucagon
mRNA expression patterns and regulation in the gut. Obesity (Silver
Spring) 2006;14:683-9.

So PW, Yu WS, Kuo YT, et al. Impact of resistant starch on body fat
patterning and central appetite regulation. PLoS One 2007;2:e1309.
Gee JM, Johnson IT. Dietary lactitol fermentation increases circulating
peptide YY and glucagon-like peptide-1 in rats and humans. Nutrition
2005;21:1036-43.

Cani PD, Joly E, Horsmans Y, Delzenne NM. Oligofructose promotes
satiety in healthy human: a pilot study. Eur J Clin Nutr 2006;60:567-72.
Whelan K, Efthymiou L, Judd PA, Preedy VR, Taylor MA. Appetite
during consumption of enteral formula as a sole source of nutrition: the
effect of supplementing pea-fibre and fructo-oligosaccharides. Br J Nutr
2006;96:350-6.

Parnell JA, Reimer RA. Weight loss during oligofructose supplemen-
tation is associated with decreased ghrelin and increased peptide YY in
overweight and obese adults. Am J Clin Nutr 2009;89:1751-9.

Genta S, Cabrera W, Habib N, et al. Yacon syrup: beneficial effects on
obesity and insulin resistance in humans. Clin Nutr 2009;28:182-7.
Hochstenbach-Waelen A, Veldhorst MA, Nieuwenhuizen AG,
Westerterp-Plantenga MS, Westerterp KR. Comparison of 2 diets with
either 25% or 10% of energy as casein on energy expenditure, substrate
balance, and appetite profile. Am J Clin Nutr 2009;89:831-8.

Raben A, Tagliabue A, Astrup A. The reproducibility of subjective
appetite scores. Br J Nutr 1995;73:517-30.

Lejeune MP, Westerterp KR, Adam TC, Luscombe-Marsh ND,
Westerterp-Plantenga MS. Ghrelin and glucagon-like peptide 1 con-
centrations, 24-h satiety, and energy and substrate metabolism during
a high-protein diet and measured in a respiration chamber. Am J Clin
Nutr 2006;83:89-94.

van Loo J, Coussement P, de Leenheer L, Hoebregs H, Smits G. On the
presence of inulin and oligofructose as natural ingredients in the Western
diet. Crit Rev Food Sci Nutr 1995;35:525-52.

Reimer RA, McBurney MI. Dietary fiber modulates intestinal progluca-
gon messenger ribonucleic acid and postprandial secretion of glucagon-
like peptide-1 and insulin in rats. Endocrinology 1996;137:3948-56.
Delzenne NM, Cani PD, Daubioul C, Neyrinck AM. Impact of inulin
and oligofructose on gastrointestinal peptides. Br J Nutr 2005;
93(suppl 1):S157-61.

Archer BJ, Johnson SK, Devereux HM, Baxter AL. Effect of fat re-
placement by inulin or lupin-kernel fibre on sausage patty acceptability,
post-meal perceptions of satiety and food intake in men. Br J Nutr 2004;
91:591-9.

Peters HP, Boers HM, Haddeman E, Melnikov SM, Qvyjt F. No effect of
added beta-glucan or of fructooligosaccharide on appetite or energy
intake. Am J Clin Nutr 2009;89:58-63.

Gregersen NT, Flint A, Bitz C, Blundell JE, Raben A, Astrup A. Re-
producibility and power of ad libitum energy intake assessed by repeated
single meals. Am J Clin Nutr 2008;87:1277-81.

Cani PD, Delzenne NM. The role of the gut microbiota in energy me-
tabolism and metabolic disease. Curr Pharm Des 2009;15:1546-58.

. Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates

obesity and insulin resistance. Diabetes 2007;56:1761-72.

Holst JJ, Deacon CF. Glucagon-like peptide 1 and inhibitors of di-
peptidyl peptidase IV in the treatment of type 2 diabetes mellitus. Curr
Opin Pharmacol 2004;4:589-96.

Drucker DJ. The biology of incretin hormones. Cell Metab 2006;3:
153-65.

Lugari R, Dei CA, Ugolotti D, et al. Glucagon-like peptide 1 (GLP-1)
secretion and plasma dipeptidyl peptidase IV (DPP-IV) activity in
morbidly obese patients undergoing biliopancreatic diversion. Horm
Metab Res 2004;36:111-5.

Menne E, Guggenbuhl N, Roberfroid M. Fn-type chicory inulin hy-
drolysate has a prebiotic effect in humans. J Nutr 2000;130:1197-9.
Louis P, Scott KP, Duncan SH, Flint HJ. Understanding the effects of
diet on bacterial metabolism in the large intestine. J Appl Microbiol
2007;102:1197-208.

Ramirez-Farias C, Slezak K, Fuller Z, Duncan A, Holtrop G, Louis P.
Effect of insulin on the human gut microbiota: stimulation of Bifido-
bacterium adolescentis and Faecalibacterium prausnitzii. Br J Nutr
2009;101:541-50.

0202 8unp BZ UO 1SN UlBANoON,| 9P sanbayolaig Aq £01865H/9€Z 1/S/06/10811Sqe-a[o1e/udfe/Wwoo"dno-o1Wapeo.//:SdjlYy WOy papeojumMod



