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Abstract

The objective was to determine the effects of dietary fibre with bulking, viscous and gel-forming properties on satiation, and to identify the
underlying mechanisms. We conducted a randomised crossover study with 121 men and women. Subjects were healthy, non-restrained
eaters, aged 18—50 years and with normal BMI (18-5-25 kg/m?). Test products were cookies containing either: no added fibre (control),
cellulose (bulking, 5g/100 g), guar gum (viscous, 1-25g/100 g and 2-5g/100 g) or alginate (gel forming, 2:5g/100 g and 5g/100 g). Physico-
chemical properties of the test products were confirmed in simulated upper gastrointestinal conditions. In a cinema setting, ad libitum
intake of the test products was measured concurrently with oral exposure time per cookie by video recording. In a separate study with
ten subjects, 4h gastric emptying rate of a fixed amount of test products was assessed by '>C breath tests. Ad libitum energy intake
was 22% lower for the product with 5g/100¢g alginate (3-1 (sp 1-6) M]) compared to control (4-0 (sp 2-2) MJ, P<0-001). Intake of the
other four products did not differ from control. Oral exposure time for the product with 5g/100g alginate (2:3 (sp 1'9) min) was 48%
longer than for control (1:6 (sp 0:9) min, P=0-01). Gastric emptying of the 5g/100g alginate product was faster compared to control
(P<0-05). We concluded that the addition of 5g/100g alginate (i.e. gel-forming fibre) to a low-fibre cookie results in earlier satiation.

This effect might be due to an increased oral exposure time.
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The consumption of dietary fibre has been associated with
increased satiety and reduced energy intake =, Satiety and
satiation are part of a complex system of appetite control,
including cognitive factors, sensory sensations and post-
ingestive feedback mechanisms'®. Satiety is defined as the inhi-
bition of appetite and occurs as a consequence of eating.
Satiation is defined as the satisfaction of appetite that develops
during the course of a meal, and results in meal termination.
Numerous studies have been carried out to clarify the effects
of dietary fibre on satiety™>”. Studies on the effects of fibre
on satiation are, however, limited and show inconsistent
results. For example, Grimes & Gordon® found that the satiat-
ing capacity of wholemeal bread was higher than that for
white bread. Opposing to this, Burley er al.” did not find
differences in ad libitum intake between a meal containing
a meat replacer with chitin and insoluble B-glucan and a
similar low-fibre meal. Odunsi et al."’ also did not find differ-
ences in ad libitum intake after ingestion of capsules with
cellulose and alginate compared to placebo capsules.
Dietary fibre is a term that reflects a heterogeneous group
of compounds that differ in their chemical structure and

physico-chemical properties. Dietary fibres may affect satiation
via diverse related mechanisms”!¥. First, the metabolisable
energy content of fibre is less than that for other nutrients""?
and, as meal intake volume is relatively constant™®, the
inclusion of fibre in foods decreases total energy intake.
Second, adding fibre to a meal can increase chewing activity
or oral exposure time to foods, which may result in earlier satia-
tion'~1® . Third, the addition of fibre can increase viscosity and
water-holding capacity of digesta and induce formation of gels
in the stomach™"'”. These properties can slow down gastric
emptying and concurrently increase stomach distension.
Stomach distension, or fullness, is seen as a causal factor in
the chain of events leading to satiation"®'?. In response to
the mechanical and physico-chemical properties of the ingested
foods, a series of neural and humoral signals develop from the
gut, which can result in satiation®.

The aim of the present research was to determine the
effects of three distinctive dietary fibres with different
physico-chemical properties on satiation. Hence, we selected
cellulose, a bulking fibre; guar gum, a viscous fibre; and
alginate, a gel-forming fibre, and added the selected fibres

Abbreviation: AUC, area under the curve.
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to test products. Two dosages of guar gum and alginate
were included to be able to study effects of high-fibre, but
less palatable products. Physico-chemical properties of the
test products were characterised in simulated upper gastro-
intestinal conditions. Satiation was determined by measuring
ad libitum intake of the test products in a real-life setting.
Furthermore, oral exposure time and gastric emptying rate
were measured.

Subjects and methods

Two short-term intervention studies were conducted. Satiation
and oral exposure time were determined in study one, and
gastric emptying rate was assessed in study two. In both
studies, the subjects participated in six test sessions with six
different test products.

Subjects

For both studies, men and women, aged 18—50 years, were
recruited in Wageningen and Ede, The Netherlands. Subjects
had to have a normal BMI (18-5-25-0kg/m?), and had to be
healthy. Subjects were excluded if they were restrained
eaters according to the Dutch Eating Behaviour Questionnaire
(DEBQ) (score: men >2:89; women >339)?". They were
also excluded if they used an energy-restricted diet or lost
or gained more than Skg body weight during the last
2 months, if they had a lack of appetite, had diabetes, gastro-
intestinal problems or were hypersensitive for any ingredient
in the test products. The present study was conducted
according to the guidelines laid down in the Declaration of
Helsinki, and all procedures involving human subjects were
approved by the Medical Ethics Committee of Wageningen
University (registration no. NL 26703.081.09). Written infor-
med consent was obtained from all subjects. The study was
registered in the National Institutes of Health clinical trial data-
base (ClinicalTrials.gov no. NCT00904124).

Out of the 124 subjects in study one, three dropped out due
to reasons unrelated to the intervention. We included 121 sub-
jects in data analysis, of which 112 participated in six sessions,
seven in five sessions and two in four sessions. The missed
sessions were due to illness or problems with planning. The
study population for study one consisted of forty-five men

and seventy-six women, aged 25 (sp 7) years, with a BMI of
22:0 (sp 1-9) kg/m2 and a DEBQ score of 2-1 (sp 0:6.). The
number of women in the menstrual phase did not differ
(P=079) between treatments.

A total of ten subjects, six men and four women, parti-
cipated in study two. All subjects were included in data
analysis, of which nine participated in six sessions and one
in five sessions. The missed session was due to problems
with planning. Mean age of the participants was 21 (sp 3)
years, mean BMI 21-8 (sp 19kg/m? and mean DEBQ
score 1:8 (sp 0-7).

Test products

The six test products were one-bite-sized (6:8 (sp 0-3)g)
chocolate cookies. The basic recipe of the cookies contained
36% white flour, 27% butter, 18% sugar, 14% chocolate
chips, 4% egg, 2% cacao powder and 0-1% salt. Flour was
exchanged for dietary fibre. Cellulose (Vitacel L 00, Rettenmaier
& S6hne) was given in a dose of 5 %; guar gum (Viscogum™ MP
41 230, Cargill; molecular weight 60—1000 kDa) in doses of 1-25
and 2:5% and alginate (Protanal LF 5/60, FMC BioPolymer;
molecular weight 17-710kDa; guluronic acid:mannuronic
acid ratio of 1-9) in doses of 25 and 5%. A professional
bakery manufactured the cookies freshly on each test day.

Duplicate portions of the products were collected on
each test day and stored at —20°C pending measurements
for macronutrients and physico-chemical properties. Before
measurements, a homogenised mixture of cookies was
ground until it passed a 2mm sieve. Protein, total fat, total
dietary fibre, moisture and ash were measured according
to methods previously described®®
was estimated by subtracting moisture, ash, protein, fat
and fibre from total weight. Atwater factors were used to
calculate available energy: fat 37kJ/g and protein and carbo-
hydrate 17kJ/g. For fibre, 0kJ/g was used because of
uncertainty about the availability of energy*?. This may
have underestimated the available energy content. Macro-
nutrient composition is shown in Table 1.

Physico-chemical properties were measured only for
the high-dose products and the control. These properties
included viscosity and water-holding capacity using three
conditions to simulate the mouth, stomach and small intestine.

. Available carbohydrate

Table 1. Available energy and macronutrient composition of the test products (per 100 g)

Cellulose Guar gum Guar gum Alginate Alginate

Control 5% 1-25% 2:5% 2:5% 5%
Component g En% g En% En% g En% g En% g En%
Available energy (kJ)* 2241 2087 2204 2171 2180 2122
Fat 333 55 32.2 57 33.3 56 332 57 33.2 56 332 58
Protein 6-4 5 5.9 5 6-3 5 6-2 5 6-5 5 5-8 5
Available carbohydrates 531 40 467 38 51.0 39 49.3 39 49.6 39 46-8 38
Dietary fibre 36 10-6 5.6 6-9 6-0 9.0

En%, percentage of energy, as derived from the specific nutrient compared to the total calculated energy content of the test product.
* Available energy was calculated based on chemical analysis of the macronutrient composition. Energy conversion factors used: fat 37 kJ/g, protein and carbohydrate 17 kJ/g.
Energy content of fibre was set at 0kJ/g.
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Measurements were performed according to methods
described by Turnbull et al*®, with modifications for the
amount of samples and types of reagents. Reagents used
included a-amylase from porcine pancreas (1.16.312.0001,
Merck), pepsin from porcine gastric mucosa (P6887, Sigma-
Aldrich), pancreatin from porcine pancreas (P1625, Sigma-
Aldrich) and bile extract (B8631, Sigma-Aldrich). The amount
of sample was increased by 4-fold, to compensate for lower
fibre levels. Furthermore, the volume for each simulation was
set to 30 ml, and amounts of sample and reagents were adjusted
comparatively. In addition, amounts of enzymes were adjusted
to obtain similar activity. Bile was increased by 4-fold to ensure
good emulsification of fat. After each simulation, samples were
centrifuged at 4250 g for 20 min. The supernatant was decanted
and used for viscosity measurements. The tube with the remain-
ing pellet was inverted to remove excess water. The pellet that
contained insoluble material was weighed and the DM was
measured. Water-holding capacity was expressed as the
amount of water held after centrifugation by the insoluble
material from 1g of cookie.

The viscosity of the supernatant was measured at 37°C,
using a rheometer (MCR 501, Anton Paar) with double gap
geometry. A shear sweep was performed at 1-1000/s in logar-
ithmic scale during 5min. The data obtained at shear rate of
100/s were used to compare between samples.

Experimental procedure: study one

Ad libitum intake was measured in a randomised single-blind
cross-over study with six test sessions, separated by at least
2d. Ad libitum intake was calculated from the weight of the
test products before and after consumption. Products were
weighed in duplicate on a digital scale, with a precision of
0-1g. Subjects were not aware that the primary outcome was
ad libitum intake, as this could have affected the outcome
of the study.

The study was performed in a cinema (Cinemec) to create a
real-life setting aimed to distract subjects from visual and
weight cues®?. During each test session, subjects watched a
movie in the genres romance or comedy. On each test day,
the subjects arrived at 18.00 hours. At 18.45 hours, they
were seated in the theatre. Just before entering the theatre,
400 g of test product was served in a white carton box and a
bottle with 500 ml water was provided. The subjects were
instructed to eat as little or as much of the test product as
they wanted until they felt comfortably full. The movie was
divided in two parts of 45min, with a 15min break. During
the break, subjects left the theatre and handed in the box
with test product. At the restart, they received a new box
with 400g of test product. The participants were instructed
to finish the bottle of water before the end of the movie.

Before and after ad libitum intake, subjects rated five appe-
tite questions on 100 mm visual analogue scales. Scales were
anchored from ‘not at all’ to ‘very much’ and included feelings
of hunger, fullness, desire to eat, prospective food consump-
tion and thirst. Before ad libitum intake, the participants
were also asked to rate palatability, expected satiation and
sensory attributes (sweetness, bitterness, chocolate taste,

freshness, dryness, stickiness and difficulty to swallow) of
the test product on 100 mm visual analogue scales.

To standardise the individual state of satiety, subjects were
instructed to eat the same breakfast and lunch at all six test
days and to record this in a diary. Individual state of satiety
was further standardised by consuming a preload at 18.00
hours. The preload provided approximately 18% of the
daily energy requirements. This was chosen to correspond
to half the energy content of a normal Dutch dinner®. Indi-
vidual energy requirements were calculated by the Schofield
equation@@ , and subjects were divided into one of three pre-
load groups. Group one (estimated energy need = 10M]J, 1 63)
received 05 pizza, group two (10-14MJ, n 56) received 0-75
pizza and group three (=14 M]J, n 2) received 1-0 pizza.

Oral exposure time

Oral exposure time of the test products was measured by
means of video recording a random subgroup of eleven
men and twenty-five women. To record eating time, five
video cameras were used (Sony Handycam DCR-HC51/DCR-
SR55E; Sony). These were set at night shot mode and sup-
ported by two separate IR lights. Video analysis on oral
exposure time over the first 45 min of the movie was done
through The Observer®XT9 (Noldus). Oral exposure time
was measured in seconds and defined as time spent on
chewing, swallowing, cleaning the mouth and teeth with
tongue or fingers. Breaks were considered as not eating.
Two researchers coded the video recordings. Reliability
analysis was carried out regularly, which resulted in an
inter-observer agreement of k = 0-75 (P<0:01). Due to vary-
ing reasons (e.g. view blocked, poor quality of light) videos
of twenty-one to twenty-seven subjects per test product
were suitable for quantifying oral exposure time.

Experimental procedure: study two

In a second randomised single-blind crossover trial, gastric
emptying rate and appetite sensations were measured in six
test sessions, separated by at least 7d. Subjects consumed a
fixed amount of the test products, which corresponded to
approximately 20% of daily energy requirements®”. This
resulted in dosages varying from 80 to 100g. Each portion
was supplemented with 87-4mg
(Campro Scientific GmbH). Breath samples were collected
by breathing into a 10 ml Exetainer tube (Labco) via a drinking
straw and then closing the tube with a cap. Samples were
stored at room temperature and were analysed for '>C enrich-
ment in CO, on a Finnigan Delta C continuous-flow isotope
ratio mass spectrometer (Finnigan MAT).

Subjects arrived at our research centre between 07.30 and
08.00 hours after a 10h overnight fast. They were asked to
consume a low-fibre meal on evenings before test sessions.
In addition, they should avoid unusual vigorous physical
activity and consuming products naturally enriched in '°C
(maize, millet, sorghum and cane sugar). Before ingestion of
the test product, within 10 min together with 300ml water,
two baseline breath samples were taken. Subsequent breath

[1-"*Cloctanoic  acid
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samples were taken after exactly 15, 30, 45, 60, 75, 90, 105,
120, 150, 180, 210 and 240 min. Appetite sensations were
rated on 100 mm visual analogue scales, as described for
study one, and measured at baseline and after 30, 60, 90,
120, 150, 180, 210 and 240 min. Subjects were seated at a
desk and allowed to do light desk work during the session.

Statistical analysis

Data are presented as means and standard deviations.
Statistical analyses were performed with SAS (version 9.2;
SAS Institute, Inc.). Significance was set at P<0-05. One-way
ANOVA was used to analyse differences between physico-
chemical properties of the cookies. For study one, treatment
effects on sensory ratings, palatability ratings, ad [libitum
intakes and eating time were analysed by means of a mixed-
model ANOVA (proc mixed). Treatment, day and treatment
Xday interaction (= order) were included as fixed factors
and subject was included as a random factor. For dose—
response effects, orthogonal contrasts among control, low-
and high-dose fibres were calculated. If the treatment effect
was statistically significant, Dunnett’s procedure was used
to compare the fibre treatments with the control treatment,
to control for multiple testing. The appetite ratings were ana-
lysed according to a similar procedure, with the addition of
time (before and after ad libitum intake) and treatment X time
as fixed factors in the model. Additionally, to control for
differences in appetite ratings at baseline, baseline values
were added to the model as a covariate. For study two, treat-
ment effects were analysed according to a similar procedure,
after calculation of total area under the curve (AUC) for
appetite ratings and gastric emptying rate (proc expand).
Time-to-peak data were not normally distributed and were
therefore log-transformed for analysis and presented as
back-transformed geometric means (£95% CD. Pearson’s
partial correlation coefficient, controlled for subject, was
calculated to assess relations among sensory properties,
palatability and ad libitum intake for the treatments separately
and together.

Results
Physico-chemical properties

Physico-chemical properties of the test products in simulated
upper gastrointestinal conditions are presented in Table 2.
Under mouth-like conditions, high-dose guar gum increased
viscosity up to 24-fold compared to control (P<0:001).
The increased viscosity for high-dose guar gum persisted
under simulated conditions for stomach and small intestine
(P<0:001). High-dose alginate increased water-holding capa-
city up to 3-fold in the stomach-like conditions compared
to control (P<0-001).

Study one

Palatability and sensory ratings of test products. Mean palat-
ability and sensory ratings of the test products are given in
Table 3. Products with cellulose (P<0-001), high-dose guar
gum (P=0-001) and high-dose alginate (P=0-023) were
rated lower on palatability than control. Expected satiation
was rated similar for all test products compared to control.
All fibre-enriched products changed in texture ratings com-
pared to the control product. The products with cellulose,
high-dose guar gum and both dosages of alginate were
rated to be more sticky (P<0-001) than control.

Appetite ratings. After ad libitum intake, ratings for
hunger, desire to eat and prospective consumption decreased
(P<0:001) and ratings for fullness increased (P<<0-001) for all
test products compared to before ad libitum intake. The
change in ratings compared to baseline did not differ between
test products (data not shown).

Ad libitum intake. Fig. 1 shows the total ad libitum intake
of the test products. Before the break, at 45 min, ad libitum
intake represented 67—70 % of total intake for all test products.
Intake of the products containing cellulose, both dosages of
guar gum and the low-dose alginate did not change compared
to the control product, regardless of the dimension used
(i.e. g or MJ). Compared to the control product, high-dose
alginate reduced ad [libitum intake in grams by 17%

Table 2. Viscosity and water-holding capacity of the test products in simulated upper gastrointestinal conditions

(Mean values and standard deviations)

Cellulose Guar gum Alginate
Control 5% 2:5% 5%

Properties Mean sD Mean SD Mean SD Mean SD Pt
Viscosity (mPas)t

Mouth 1-4 0-2 1. 0-3 34.5*** 9-4 5.9 0-7 <0-001

Stomach 1.2 0-3 1.0 0-1 8-4*** 1.8 1.7 04 <0-001

Small intestine 2.5 1.3 35 11 5.6*** 0-9 4.1* 0-8 <0-001
Water-holding capacity (g water/g cookie)§

Mouth 0-41 0-02 0-47 0-06 0-70*** 0-02 0-37 0-01 <0-001

Stomach 0-47 0-06 0-53 0-06 0-48 0.-02 1.51* 0-12 <0-001

Small intestine 0-28 0-06 0-46 0-07 0-37 0-06 0-33 0-12 0-052

Mean values were significantly different from control: * P<0-05, *** P<0-001.

1 P-value from one-way ANOVA, subsequently all fibre treatments were compared to control with Dunnett’s procedure.

1 Viscosity in mPa's at shear rate 100/s; mean of six measurements.

§ The amount of water held by the insoluble material from 1 g of cookie; mean of four measurements.
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Table 3. Palatability ratings, expected satiation and analytical attributest by test products, before ad libitum intake
(Mean values and standard deviations)

Cellulose Guar gum Guar gum Alginate Alginate
Control 5% 1.25% 2-5% 2:5% 5%

Attribute Mean sD Mean sSD Mean SD Mean sD Mean SD Mean sD Pt

Palatability 66 17 51*** 21 62 17 59** 17 63 17 61* 18 <0-001
Expected satiation 52 19 53 18 49 18 51 17 52 18 55 16 0-022
Sweetness 58 18 50*** 20 55 19 48*** 21 52* 19 55 18 <0-001
Bitterness 30 20 29 21 32 21 31 21 30 21 28 20 0-082
Chocolate taste 64 17 57** 18 58* 19 53*** 20 60 17 59* 19 <0-001
Freshness 68 20 41 22 64 19 56*** 20 64 20 63* 19 <0-001
Dryness 45 22 58*** 23 50 21 52 22 50 23 53** 23 <0-001
Stickiness 40 23 49** 23 47 24 55*** 24 57** 23 71 16 <0-001
Difficulty to swallow 31 21 42+ 26 37 22 41*+* 24 42+** 25 51*** 25 <0-001

Mean values were significantly different from control: * P<0-05, ** P<0.01, *** P<0-001.
1 Values were measured on a 100 mm visual analogue scale anchored from ‘not at all’ to ‘very much’ (0 to 100). Measured in 121 subjects.
1 P-value from mixed-model ANOVA, subsequently all fibre treatments were compared to control with Dunnett’s procedure.

(P<0:001), which corresponded to a reduction in MJ of 22 %
(P<0-001). In addition, a dose—response effect of alginate
was found; increasing fibre dose reduced ad libitum intake
(P<0:05).

Palatability scores were positively correlated with ad libitum
intake (r 0-17; P<0-001). For the individual products, this
correlation was only found for test products containing
cellulose (r 0-18; P=0-045), low-dose guar gum (r 0-40;
P<0-001) and high-dose guar gum (r 0-19; P=0-041). Scores
for stickiness were inversely correlated with ad [libitum
intake (» —0-10; P=0:008), but this was not found for the
individual test products. Adjusting the results of ad libitum
intake for palatability and stickiness of the test products, by
including these variables as covariates in the model did not
change the findings.

Oral exposure time.
(n 36), ad libitum intake of test products did not differ from
the intake in the complete group. Although there was an

In the subgroup for video analysis

effect of treatment on total oral exposure time (P=0-045),
this effect could not be localised to specific test products
compared to control (Table 4). Oral exposure time per

(a)

Intake (MJ)

o = N W b~ o O N
T

Intake (g)

cookie was only longer for the high-dose alginate, compared
to control (P=0-0D).

Study two

Table 5 shows the AUC and time to peak for gastric emptying.
Compared to control, AUC for gastric emptying was larger
after consumption of the products with cellulose (P=0-048),
low-dose alginate (P=0-027) and high-dose alginate (P=0-004).
Additionally, time to reach the peak percentage dose recovery
of °C per h was 27 % shorter for high-dose alginate compared
to control (P=0-03). AUC for 4h ratings of hunger, fullness,
desire to eat and prospective consumption did not differ bet-
ween the test products and control (data not shown).

Discussion

In the present study, we found that cookies supplemented
with 5% alginate (i.e. gel-forming fibre) reduced ad libitum
intake in energy by 22%, compared to cookies without
added fibre. Addition of guar gum (i.e. viscous fibre) and
cellulose (i.e. bulking fibre) did not affect ad libitum intake.
300
250 |
200
150 |
100 |

50

Fig. 1. Ad libitum intake of the test products in (a) MJ (sp) (n 121) and (b) g (sp) (n 121). Analysis with mixed-model ANOVA resulted in P<0-001, subsequently
all fibre treatments were compared to control with Dunnett’s procedure. Orthogonal contrasts among control, low- and high-dose guar gum and alginate showed a
dose—response effect of alginate (P<0-05). ***Values were significantly different from control (P<0-001).
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Table 4. Total oral exposure time and oral exposure timet of the test products measured by video observation

(Mean values and standard deviations)

Cellulose Guar gum Guar gum Alginate Alginate
Control 5% 1.25% 2:5% 2:5% 5%
n 26 n25 n27 n22 n24 n21
Mean SD Mean sD Mean SD Mean SD Mean SD Mean sD Pt
Total oral exposure time (min)t 20-2 8-9 20-2 10-6 24.9 1.7 241 14.0 22.3 95 229 12.5 0-045
Oral exposure time per cookie (min) 1.6 0-9 1.7 1.5 1.7 1.3 2.0 1.6 1.7 0-8 2.3** 1.9  0.043
Oral exposure time/MJ (min) 94 4.9 10-7 81 10-2 7-0 11-8 91 10-1 4.5 131* 8.3  0.031

Mean values were significantly different from control: ** P<<0.01.

1 Total oral exposure time and oral exposure time per cookie are reported in minutes over the first 45 min of a test day. Measured in a subgroup of thirty-six subjects.
1 P-value from mixed-model ANOVA, subsequently all fibre treatments were compared to control with Dunnett’s procedure.

Cookies with 5% alginate increased oral exposure time by
48%, but also increased the rate of gastric emptying. The
present study was performed in a real-life setting to distract
subjects from visual and weight cues. We included two differ-
ent dosages of guar gum and alginate to be able to study
effects of high-fibre, but less palatable products.

Selection of the types of fibre for the present study was
based on anticipated working mechanisms of bulking, viscous
and gelling fibres on satiation. By definition, all fibres
have bulking properties, as inclusion of dietary fibre in food
products reduces energy density'®. In the present study,
ad libitum intake in weight remained unchanged after
inclusion of cellulose compared to the control product
without added fibre. The change in energy content after
inclusion of cellulose was, however, not large enough to
lead to significant decreases in energy intake.

In addition to weight or volume of foods, palatability is an
important determinant of meal size®”. A very pleasant-tasting
meal may result in higher ad libitum intake. In the present
study, palatability ratings for the high-dose fibre products
were lower than that for the control product. However, adjust-
ing for palatability did not explain the difference in ad libitum
intake between high-dose alginate and control products.

We hypothesised that addition of guar gum would
reduce ad libitum intake"**® by increasing oral exposure
time'®*”. The measurements of physico-chemical properties

confirmed that guar gum was highly viscous in mouth con-
ditions. However, in the satiation study, we showed that
guar gum neither reduced ad [libitum intake nor increased
oral exposure time. Although there were texture differences,
we speculate that these were not large enough to prolong
oral exposure time®”. Previous studies showing effects on
oral exposure time used liquid and semi-liquid test products
with large differences in texture™*#®,

While no effect of guar gum was observed, oral exposure
time increased after high-dose alginate supplementation,
although viscosity in the simulated mouth condition did not
differ from control. Alginate forms a gel either at a low
pH or in the presence of divalent cations (e.g. Ca*' or
Mg*hH®P. We postulate that alginate already started forming
a gel in the oral cavity due to the presence of water and
G2 This is also in agreement
with the sensory ratings, as alginate was rated the most
sticky and difficult to swallow.

We further hypothesised that increased viscosity of digesta
as well as formation of gels would reduce gastric emptying
rate, and as a result reduce ad libitum intake'*'71  The
measurements of physico-chemical properties confirmed that
guar gum increased viscosity in all three upper gastrointestinal
conditions, and that alginate increased water-holding capacity
in stomach conditions. In the gastric emptying study, we
found, however, that none of the test products reduced gastric

divalent cations from saliva

Table 5. Gastric emptying rate by test product expressed as area under the curve (AUC) and time to peakt

(Mean values and 95 % confidence intervals)

Cellulose Guar gum Guar gum Alginate Alginate
Control 5% 1.25% 2:5% 2:5% 5%
n10 n9 n10 n10 n10 n10
Mean 95% ClI Mean 95% CI Mean 95% ClI Mean 95% ClI Mean 95% CI Mean 95% CI Pt
AUC 1780 1513,2047 2045" 1769, 2321 1918 1650, 2185 1864 1579,2149 2126™ 1860, 2392 2145 1877,2412  0-007
Time to 83 56, 123 64 41,102 81 59, 110 99 67, 148 66 44, 99 61* 45, 83 0-006

peak (min)

Mean values were significantly different from control: * P<0.-05, ** P<0-01.

t Gastric emptying was measured as percentage dose recovery of '3C per h after ingestion of a fixed amount of test product. Total AUC over 240 min was calculated according
to the trapezoid method. An increase in AUC reflects an increased amount of test product that is emptied into the duodenum over 240 min. Data on time to peak were log-
transformed for analysis and are presented as back-transformed geometric means (+ 95 % ClI).

1 P-value from mixed model ANOVA, and subsequently all fibre treatments were compared to control with Dunnett’s procedure.
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emptying rate. Gastric emptying rate even increased for algi-
nate. Previous findings on the effects of viscous fibre?333%
and gelling fibre®*'” on gastric emptying have also been
inconclusive. Despite this, increased viscosity as well as gel
formation in digesta generally results in prolonged presence
of nutrients in the small intestine, which in turn inhibits
the absorption of glucose in blood and affects appetite-
regulating peptides®. This process may have contributed
to the reduced intake of high-dose alginate cookies in the
present study.

The initial hypotheses on oral exposure time, gastric empty-
ing rate and ad libitum intake could not be confirmed. This
may be explained by the rate of hydration. When mixed
with liquids (e.g. saliva and gastric secretion), viscous and
gelling fibres are expected to be hydrated and induce thicken-
ing or form a gel. The thickening of a fibre depends not only
on factors such as structure, dose and molecular weight, but
also on the rate of hydration®~3”. For gelling fibre, factors
such as dose, pH, presence of Ca** and rate of hydration
are crucial®”. In the simulation study, the test product was
finely ground and the incubation time in mouth, stomach
and small-intestinal conditions were relatively long, respect-
ively, 10, 60 and 180 min®. In real life, oro-gastric transit
time may be faster, so fibres may not have been fully hydrated
before arriving in the stomach and therefore not behave
according to the anticipated working mechanisms.

In the present study, we showed that physico-chemical
properties of fibres can affect food intake and satiation-
related mechanisms in the upper gastrointestinal tract. Apart
from the physico-chemical properties, as determined in
simulated conditions, it should be realised that intraluminal
conditions in the upper gastrointestinal tract, such as inter-
actions with the digesta matrix, pH, hydration status and
passage rate, have an impact on fibre properties and post-
meal effects in vivo.

It is important to note that fibre properties associated with
satiation (i.e. gel-forming in the present study) may not auto-
matically be associated with a reduced energy intake or
sustained satiety after repeated exposure. We previously
showed that in the short term, viscous fibre increased satiety
more than non-viscous fibre, whereas in the longer term,
effects on energy intake and body weight were independent
of viscosity'”. Other mechanisms related to specific fibre
properties, such as secretion of appetite-regulating peptides,
inhibited absorption of nutrients from the lumen, enhanced
insulin sensitivity and enhanced prebiotic activity, may inter-
play and affect energy intake or sustained satiety®*>%.

Conclusion

Addition of 5g/100 g alginate (i.e. gel-forming fibre) to a low-
fibre cookie resulted in earlier satiation in a real-life setting.
This effect may be mediated by an increased oral exposure
time. Guar gum (i.e. viscous fibre) and cellulose (i.e. bulking
fibre) did not affect ad libitum intake. Fibre properties
can% change after interaction with the food matrix and the
environment in the upper gastrointestinal tract, and as a
result this can change the effect on satiation.

Acknowledgements

We are indebted to all subjects for their enthusiastic partici-
pation, to Miriam Contreras Fernandez, Christianne de Kort,
Els Siebelink and all student assistants for their assistance
during the present study. We would like to thank Jane-Martine
Muijlaert for analysing breath samples and Nhien Ly for ana-
lysing macronutrients in the cookies. Furthermore, we
would like to thank CineMec cinema in Ede for their hospital-
ity, and Bakkerij Stroop in Wageningen for production of the
cookies. The present work was funded by the Dutch Ministry
of Economic Affairs, Agriculture and Innovation (project
KB-05-009-003). The author contributions were as follows:
A J.W.,J.]J.G.C.v.d. B, E.J. M. F. and C. d. G. designed
studies 1 and 2; M. C. J. and H. A. S. designed the simulation
study; A. J. W. and M. C. J. conducted the studies; A. J. W. and
M. C. J. analysed the data and wrote the manuscript with
J.J.G. C.v.d. B, M. M, H. A. S, E. J. M. F. and C. d. G.
Al authors read and approved the final manuscript.
The authors state that there are no conflicts of interest.

References
1. Slavin J & Green H (2007) Dietary fibre and satiety. Nutr Bull
32, 32-42.
2. Slavin JL (2005) Dietary fiber and body weight. Nutrition 21,
411-418.

3. Burton-Freeman B (2000) Dietary fiber and energy regu-
lation. J Nutr 130, 272S-275S.

4. Howarth NC, Saltzman E & Roberts SB (2001) Dietary fiber
and weight regulation. Nutr Rev 59, 129-139.

5. Pereira MA & Ludwig DS (2001) Dietary fiber and body-
weight regulation: observations and mechanisms. Pediatr
Clin North Am 48, 969—-980.

6. Benelam B (2009) Satiation, satiety and their effects on
eating behaviour. Nutr Bull 34, 126—173.

7. Wanders AJ, van den Borne JJ, de Graaf C, et al. (2011)
Effects of dietary fibre on subjective appetite, energy
intake and body weight: a systematic review of randomized
controlled trials. Obes Rev 12, 724—739.

8. Grimes DS & Gordon C (1978) Satiety value of wholemeal
and white bread. Lancet 2, 106.

9. Burley VJ, Paul AW & Blundell JE (1993) Influence of a high-
fibre food (myco-protein) on appetite: effects on satiation
(within meals) and satiety (following meals). Eur J Clin
Nutr 47, 409-418.

10. Odunsi ST, Vazquez-Roque MI, Camilleri M, et al. (2010)
Effect of alginate on satiation, appetite, gastric function,
and selected gut satiety hormones in overweight and obes-
ity. Obesity 18, 1579—-1584.

11. Blackwood AD, Salter J, Dettmar PW, et al. (2000)
Dietary fibre, physicochemical properties and their
relationship to health. J R Soc Promot Health 120,
242-247.

12. Livesey G (1992) The energy values of dietary fibre and
sugar alcohols for man. Nutr Res Rev 5, 61-84.

13.  Poppitt SD & Prentice AM (1996) Energy density and its role
in the control of food intake: evidence from metabolic and
community studies. Appetite 26, 153—174.

14. Zijlstra N, Mars M, De Wijk RA, et al. (2008) The effect
of viscosity on ad libitum food intake. Int | Obes 32,
676-683.

SHLE00ZLSYLLZ000S/2 101 0L/610"10p//:5d1Yy "swia1/2103/610 8bplIqUEd MMM//:Sd1Y I8 3|ge|ieAR ‘SN JO SWJa) 3107 abpLiquie) ay) 03 193qns ‘0Z:81:01 38 1LZ0Z UN[$Z U0 ‘9p L 'Z'v0Z'8 L :SSa4PPe dI "2402/6.10°a6pLiquies mmm//:sd1y woly papeojumoq


https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0007114512003145

o

British Journal of Nutrition

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Properties of dietary fibre and satiation

Li J, Zhang N, Hu L, et al. (2011) Improvement in chewing
activity reduces energy intake in one meal and modulates
plasma gut hormone concentrations in obese and lean
young Chinese men. Am J Clin Nutr 94, 709-716.

Zijlstra N, de Wijk RA, Mars M, et al. (2009) Effect of bite size
and oral processing time of a semisolid food on satiation.
Am J Clin Nutr 90, 269-275.

Hoad CL, Rayment P, Spiller RC, et al. (2004) In vivo imaging
of intragastric gelation and its effect on satiety in humans.
J Nutr 134, 2293—2300.

De Graaf C, Blom WAM, Smeets PAM, et al. (2004) Bio-
markers of satiation and satiety. Am_J Clin Nutr 79, 946—961.
Ritter RC (2004) Gastrointestinal mechanisms of satiation for
food. Physiol Behav 81, 249—273.

Cummings DE & Overduin J (2007) Gastrointestinal regu-
lation of food intake. J Clin Invest 117, 13—23.

Van Strien T (2005) Handleiding Nederlandse Vragenlijst
voor Eetgedrag (NVE) (Manual Dutch Eating Bebaviour
Questionnaire). Amsterdam: Boom Test Publishers.
Mitchikpe ECS, Dossa RAM, Ategbo EAD, et al. (2008) The
supply of bioavailable iron and zinc may be affected by
phytate in Beninese children. J Food Compos Anal 21, 17-25.
Turnbull CM, Baxter AL & Johnson SK (2005) Water-binding
capacity and viscosity of Australian sweet lupin kernel
fibre under in vitro conditions simulating the human upper
gastrointestinal tract. Int J Food Sci Nutr 56, 87—94.
Stroebele N & De Castro JM (2004) Effect of ambience on
food intake and food choice. Nutrition 20, 821—-838.
Voedingscentrum (1998) Zo eet Nederland: resultaten van de
Voedselconsumptiepeiling 1997— 1998 (Results of the Food Con-
sumption Study 1997-1998 ). The Hague: Duth Nutrition Center.
Schofield WN (1985) Predicting basal metabolic rate, new
standards and review of previous work. Hum Nutr Clin
Nutr 39, Suppl. 1, 5-41.

Drewnowski A (1998) Energy density, palatability, and satiety:
implications for weight control. Nutr Rev 56, 347-353.

28.

29.

30.

31.
32.

33.

34.

3s.

36.

37.

38.

39.

1337

Mattes RD & Rothacker D (2001) Beverage viscosity is inver-
sely related to postprandial hunger in humans. Physiol
Bebav 74, 551-557.

Marciani L, Gowland PA, Spiller RC, et al. (2001) Effect of
meal viscosity and nutrients on satiety, intragastric dilution,
and emptying assessed by MRI. Am J Physiol Gastrointest
Liver Physiol 280, G1227-G1233.

Zijlstra N, Mars M, Stafleu A, et al. (2010) The effect of
texture differences on satiation in 3 pairs of solid foods.
Appetite 55, 490—497.

Gacesa P (1988) Alginates. Carbobydr Polym 8, 161-182.
Aps JKM & Martens LC (2005) Review: the physiology of saliva
and transfer of drugs into saliva. Forensic Sci Int 150,
119-131.

Juvonen KR, Purhonen A-K, Salmenkallio-Marttila M, et al.
(2009) Viscosity of oat bran-enriched beverages influences
gastrointestinal hormonal responses in healthy humans.
J Nutr 139, 461—466.

Van Nieuwenhoven MA, Kovacs EMR, Brummer RJM, et al.
(2001) The effect of different dosages of guar gum on gastric
emptying and small intestinal transit of a consumed semi-
solid meal. J Am Coll Nutr 20, 87-91.

Kristensen M & Jensen MG (2011) Dietary fibres in the regu-
lation of appetite and food intake. Importance of viscosity.
Appetite 56, 65-70.

Ellis PR & Morris ER (1991) Importance of the rate of
hydration of pharmaceutical preparations of guar gum; a
new in vitro monitoring method. Diabet Med 8, 378—381.
Vuksan V, Panahi S, Lyon M, et al. (2009) Viscosity of fiber
preloads affects food intake in adolescents. Nutr Metab
Cardiovasc Dis 19, 498—503.

Scott KP, Duncan SH & Flint HJ (2008) Dietary fibre and the
gut microbiota. Nutr Bull 33, 201-211.

Delzenne NM & Cani PD (2005) A place for dietary fibre in
the management of the metabolic syndrome. Curr Opin
Clin Nutr Metab Care 8, 636—640.

SHLE00ZLSYLLZ000S/2 101 0L/610"10p//:5d1Yy "swia1/2103/610 8bplIqUEd MMM//:Sd1Y I8 3|ge|ieAR ‘SN JO SWJa) 3107 abpLiquie) ay) 03 193qns ‘0Z:81:01 38 1LZ0Z UN[$Z U0 ‘9p L 'Z'v0Z'8 L :SSa4PPe dI "2402/6.10°a6pLiquies mmm//:sd1y woly papeojumoq


https://www.cambridge.org/core
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0007114512003145

