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Abstract

Background: Dietary fibers are associated with enhanced satiety. However, the mechanism of different dietary
fibers contributing to satiety-related gastrointestinal (GI) peptide release, especially in an obese population, is still
poorly understood. Polydextrose (PDX), a water-soluble glucose polymer, has demonstrated its ability to reduce
energy intake at a subsequent meal, but its mechanism of action requires further research. Also, there is limited
evidence on its capacity to regulate subjective feelings of appetite. This study examines the effects of PDX on
postprandial secretion of satiety-related GI peptides, short chain fatty acids (SCFAs), lactic acid, and subjective
appetite ratings in obese participants.

Methods: 18 non-diabetic, obese participants (42.0 y, 33.6 kg/m2) consumed a high-fat meal (4293 kJ, 36% from fat)
with or without PDX (15 g) in an acute, multicenter, randomized, double-blind, placebo-controlled and crossover
trial. Postprandial plasma concentrations of satiety-related peptides, namely ghrelin, cholecystokinin (CCK),
glucagon-like peptide 1 (GLP-1), and peptide YY (PYY), as well as SCFAs and lactic acid were assessed. GI peptide,
SCFA and lactate concentrations were then modeled using a linear mixed-effects model.
The subjective feelings of hunger, satisfaction, and desire to eat were evaluated using visual analogue scales (VAS),
which were analyzed as incremental areas under the curve (iAUC) during the satiation and satiety periods.

Results: We found that PDX supplementation increased plasma GLP-1 levels more than the placebo treatment
(P = 0.02). In the whole group, GLP-1 concentrations found in participants older than 40 years old were significantly
lower (P = 0.01) as compared to those aged 40 years or less. There were no statistically significant differences in
postprandial ghrelin, CCK, or PYY responses. The lactic acid concentrations were significantly (P = 0.01) decreased in
the PDX group, while no significant changes in SCFAs were found. PDX reduced iAUC for hunger by 40% (P = 0.03)
and marginally increased satisfaction by 22.5% (P = 0.08) during the post-meal satiety period.

Conclusion: Polydextrose increased the postprandial secretion of the satiety hormone GLP-1 and reduced hunger
after a high-fat meal. PDX also reduced the elevated postprandial lactic acid levels in plasma. Therefore, PDX may
offer an additional means to regulate inter-meal satiety and improve postprandial metabolism in obese participants.
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Background
Obesity is characterized by a chronic, low-grade inflam-
mation that increases the prevalence of type 2 diabetes
(T2D), metabolic syndrome, hypertension and cardiovas-
cular disease [1,2]. Adipokines released from the in-
flamed adipose tissue can cause insulin resistance and
endothelial dysfunction [3]. An important link between
obesity, metabolic syndrome and dyslipidemia appears to
be the impaired ability of insulin to regulate glucose
utilization in peripheral tissues [4].
Obesity is also known to affect postprandial metabolic

processes and several implications of this effect have
been reviewed recently [4-6]. Many obesity-associated
metabolic risk factors, such as lipid abnormalities, may
in fact be associated with the pro-inflammatory state ini-
tiated within the adipose tissue. Interestingly, changes in
the concentrations of volatile short chain fatty acids
(SCFAs) have been noted in obese subjects. In addition,
the concentration of lactate seems to positively correlate
with body weight [7] and the production of lactate in adi-
pose tissue increases with the occurrence of obesity [7,8].
Satiation and satiety are processes that are involved

with the body’s appetite control system. Satiation leads
to the termination of eating and it is accompanied by
satisfaction of appetite. Satiety is explained as the feeling
of fullness, which hinders hunger and further consump-
tion of food. Satiation and satiety are both involved with
limiting energy intake and thus it is important for deter-
mining the total energy intake. [9] Satiation and satiety
are both influenced by energy density, macronutrient
composition, physical structure and the sensory quality
of ingested food [10]. If these two indicators of the sub-
jective feelings of appetite could be regulated to the
point where the intake of energy is significantly reduced,
this would eventually lead to the overall control of body
weight. In obese individuals, the ability of the gut to pre-
cisely monitor the luminal contents or relay this infor-
mation back to the central nervous system is hindered
[11]. An example is where the response of the vagal af-
ferent neurons to the presence of gut peptides deterio-
rates, therefore diminishing its normal ability to inhibit
food intake [11,12].
Gastrointestinal peptides and metabolites can help us

to understand the mechanism by which ingredients may
affect food consumption and energy balance. Ghrelin is
the first hormone to act in the appetite processes. It is
involved in the meal initiation and peak levels of ghrelin
are recorded just prior to food consumption [13]. Short-
term signals that are released during, or between, meals
include gastrointestinal (GI) peptides such as cholecysto-
kinin (CCK), glucagon-like peptide 1 (GLP-1), and pep-
tide tyrosine tyrosine (PYY) [14]. The gut hormone CCK
appears to be involved in satiation [14] and its experi-
mental administration reduces subsequent meal size
[15]. However, CCK’s effect on suppressing food intake
is enhanced by stomach distension [16]. GLP-1 is a po-
tential biomarker for satiety [14]. When administered
experimentally to humans it can suppress energy intake,
promote satiety and decrease hunger [17,18]. There is
also evidence showing reduced GLP-1 levels in obese
subjects [19]. In addition, the administration of PYY, an-
other GI peptide affecting satiety, has been reported to
reduce food intake in humans [20]. CCK, GLP-1, and
PYY are released by the enteroendocrine I and L cells of
the small and large intestine in response to food intake,
i.e. during a meal [14,21]. However, the release of PYY
begins even before the nutrients reach the part of the
gut where it is produced [22]. These peptides are in-
volved with the process which helps to regulate the in-
testinal secretion and gut motility by transporting
signals to the brain which then reduce appetite [14,23].
Different foods have varying effects on postprandial me-

tabolism and more specifically on the secretion of gut pep-
tides [24]. Generally, fibers in food are able to enhance
satiety by adding bulk and viscosity [25]. They can also
alter the secretion of gut hormones and, thus, influence
metabolism and energy expenditure [26]. The impact of
different non-starch polysaccharides on satiety and sati-
ation have recently been reported [27]. In addition, previ-
ous studies on prebiotic fibers carried out on humans and
animals have shown that the consumption of lactitol [28]
and other highly fermentable fibers [29,30] is able to stimu-
late the secretion of GLP-1. On the other hand, increased
concentrations of plasma PYY have also been reported fol-
lowing the ingestion of lactitol [28] and inulin [31].
Polydextrose (PDX) is a randomly bonded, soluble and

branched glucose polymer with a high molecular weight
and low colonic fermentation rate [32,33]. PDX has been
recognized as soluble fiber and several studies have dem-
onstrated beneficial physiological effects associated with
this feature [34]. PDX is approved for use in foods in
over 60 nations and recognized as a dietary fiber in more
than 20 countries [35]. In addition, PDX is widely used
as a sugar and fat replacement in various food products
[36,37]. PDX has a low energy-density (4 kJ/g) and has
been shown to increase satiety and reduce energy intake
during a subsequent meal when administered as a sup-
plement 1.5 to 1 h before ad libitum lunch [38-41].
However, this effect was not significant when PDX was
given as a part of a breakfast meal [42,43]. PDX was re-
cently demonstrated to reduce the desire to eat and the
feeling of hunger when it replaced 30% of the other
available carbohydrates in the diet [44] equivalent to a
supplement of almost 50 g of PDX per day. But when
lower concentrations of PDX were used the results on
appetite ratings were not consistent [41,42,45]. However,
PDX can help maintain low postprandial blood glucose
levels [46].
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Even though PDX has demonstrated to reduce energy
intake during a subsequent meal, its mechanism of ac-
tion is not yet fully understood. This study examines the
effects of a PDX-supplemented meal on appetite regula-
tion in obese participants. There are several studies
showing a reduction in appetite following the ingestion
of PDX as reported in both normal weight and over-
weight volunteers [39-41], however the data on obese par-
ticipants is lacking. The appetite suppressing mechanism
of PDX is hypothesized to function through satiety hor-
mones. Since satiety can also be linked to intestinal fer-
mentation [47,48], the postprandial plasma concentrations
of lactate and SCFAs were also evaluated.

Methods
Participants
The protocol was approved by the Research Ethics
Committee from the Hospital District of Northern Savo
in Finland (123/2007). The study was conducted in
2008 in two Finnish research centers located in Kuopio
and Vierumäki following the guidelines laid down by
the Declaration of Helsinki. The purpose of the study
was explained to all participants who gave their written
informed consent to be included in the study.
The inclusion criteria for participants were as follows:

age between 20 to 55 years old, body mass index (BMI)
between 30 to 37 kg/m2, and non-diabetic. In addition,
PDX is considered to be a dietary fiber [34]; hence the
participants had to have adapted a diet with moderately
low fiber content (typical fiber intake of less than 19 g/day
for men and 17 g/day for women). Participants were ex-
cluded if they presented any critical illness, inflammatory
bowel disease, celiac disease or malignancy in the GI track,
pregnancy, cardiovascular or metabolic diseases, or if they
were using any lipid lowering medication affecting serum
triglyceride concentrations, anti-obesity drugs or dietary
supplements with a high fiber content. Furthermore, the
regular (daily) use of fiber supplements, bran or seeds as
well as the regular and abundant use of non-steroidal anti-
inflammatory drugs was not allowed. In addition, persons
with familial hyperlipidemia were excluded from the study.
A structured interview focusing on previous and current
diseases, current medication, and alcohol and tobacco
consumption was carried out during a screening process
to clarify the health status and suitability of the partici-
pants. Body weight and height were also measured and
fasting blood samples were taken during this screening
process.

Study design
An acute, standardized, postprandial, randomized,
double-blind, placebo-controlled, cross-over (10 days
wash-out) and multicenter study using a high-fat meal
(4293 kJ, 36% from fat) was conducted on 18 volunteers
according to a similar protocol as described earlier by
Ahotupa et al. [49]. The primary outcome of this study
was to determine any postprandial changes in serum tri-
glycerides (Tiihonen et al., unpublished observations).
The secondary outcomes assessed and reported in this
article were the effects of polydextrose on the satiety
hormone levels and subjective feelings of appetite using
VAS scores.
The participants included in this acute study were se-

lected from a related 4-week intervention study (not re-
ported here). Each participant was examined on two
separate occasions. Their body weight and height were
determined during the initial screening. The participants
were asked not to alter their medication, lifestyle or
body weight during the study and were advised to avoid
strenuous exercise and not to consume alcohol for 24 h
before the test days, nor to eat any items rich in fat on
the day before the test days. Participants’ use of
nicotine-containing products was noted from 24 h prior
to the start of the study. They were allowed to consume
up to 10 cigarettes (or equivalent) per day. Participants
also recorded their dietary intake from 3 p.m. the day
before the first postprandial test day and were asked to
adhere to this diet prior to the second postprandial test
to ensure a standardized meal load for both sessions.
After a 10 to 12 h fasting period on the study day, a

high-fat meal was provided to the participants in a ran-
domized order. The intervention meals were served at 10
a.m. and the last blood samples were taken at 4.30 p.m.
Participants were asked to eat the meal in 20 minutes and
they were not allowed to consume any additional food
during the 6 h testing period, except for water. Partici-
pants spent the study days in the laboratory and all phys-
ical exercise was forbidden during that time.

Composition of the study meal
The study meal consisted of a standard commercial
hamburger, french-fries and a carbonated drink. The en-
ergy and nutrient content of the study meal is presented
in Table 1. The experimental meals contained either 15
g of PDX (Litesse® Ultra™, DuPont) or not (placebo) in-
corporated into the drink. The amount of PDX used in
this study was aligned with the effective doses reported
in previous clinical trials [39,41]. The placebo drink con-
tained no additional ingredients. The addition of PDX
to the test drink increased the energy content of the
meal only by 60 kJ. A previous blind sensory test en-
sured that PDX did not change the appearance or taste
of the drink.
The meal termination time was the point at which the

whole meal had been consumed. Two hundred mL of
water was served to the participants two and four hours
after the meal. Additional spices were not allowed dur-
ing the meal.



Table 1 The energy and nutrient content of the study meals in placebo and PDX groups [50]

Weight (g)/volume (mL) Energy (kJ) Protein (g) Carbohydrates (g) Fat (g) Fiber (g) Salt (g)

Hamburger

Both groups 219 2071 27 40 (incl. 8 g sugar) 25 (SFAs 10 g) 3 2.3

French fries

Both groups 114 1423 5 42 (incl. 1 g sugar) 17 (SFAs 3 g) 4 0.4

Carbonated drink

Placebo group 450 799 < 0.1 42 < 0.1 0 0

PDX group 450 799 < 0.1 42 < 0.1 15 0

Total

Placebo group 783 4293 32 124 42 7 2.7

PDX group 783 4353 32 124 42 22 2.7

PDX, polydextrose; SFA, saturated fatty acid.
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Blood sampling and analysis
Fasting blood samples used to analyze the lipid profile,
plasma glucose and serum insulin concentrations were
taken during the initial screening. To determine the con-
centration of ghrelin, CCK, GLP-1, PYY, SCFAs and lac-
tate, venous blood samples (10 mL) were taken through
a cannula inserted in a forearm vein twice before the
meal (0-sample), and 60, 120, 240 and 360 minutes after
the beginning of the meal during both study periods. A
baseline was set up with two measurements (0-samples)
taken within 10 minutes of each other. Serum was sepa-
rated by centrifugation (3000 rpm, 10 to 15 min) after
which it was stored at –70°C until analyzed. Plasma
samples were frozen at –70°C until analyzed.
The total plasma cholesterol content was analyzed

using an enzymatic, photometric method. High and low
density lipoprotein (HDL and LDL, respectively) choles-
terols were analyzed by direct measurement and the
total triglyceride concentrations were analyzed by en-
zymatic colorimetric assay using an automatic analyzer
(Roche/Hitachi MODULAR ANALYTICS, Roche Diag-
nostics GmbH, Mannheim, Germany) and commercial
reagents (cholesterol CHOD-PAP, Cat. No. 11875540;
HDL-cholesterol, Cat. No. 04713214; LDL-cholesterol, Cat.
No. 03038777; triglycerides, GPO-PAP, Cat. No. 11730711,
Roche Diagnostics GmbH, Mannheim, Germany). The
plasma LDL-cholesterol concentration was calculated
using the Friedewald formula [51]. Plasma glucose con-
centrations were analyzed using the hexokinase method
with citrate-fluoride. The serum insulin concentrations
were determined using an immunoluminometric assay
measured with an Immulite 2000 Analyzer (Thermo
Fisher Scientific Inc.).
The GI peptide (ghrelin, CCK, GLP-1, and PYY) con-

centrations in the plasma samples were analyzed by com-
petitive enzyme immunoassays (Phoenix Pharmaceutical,
Burlingame, CA, USA) according to the assays’ manufac-
turer’s instructions.
Plasma SCFAs (acetic acid, propionic acid, butyric
acid, isobutyric acid, valeric acid, isovaleric acid, and 2-
methylbutyric acid) and lactic acid were analyzed by gas
chromatography as follows: internal standard (25 μL
20 mM pivalic acid) and 1.5 mL of acetonitrile were
added to 0.5 mL of the plasma sample. The sample was
then mixed thoroughly and centrifuged at 16000 × g for
3 min. The supernatant was then transferred to a 2 mL
centrifuge tube and 25 μL of 0.2 M NaOH was added. After
mixing, the sample was heated in a vacuum centrifuge at
60°C until dry. The residue was re-dissolved in 100 μL of
saturated oxalic acid–water solution (37:63). Then, 1 μL of
the sample solution was analyzed by gas chromatography
using a glass column packed with 80/120 Carbopack B-
DA/4% Carbowax 20 M stationary phase (2 m × 2 mm,
Supelco, Bellefonte PA, USA) at 175°C and using helium as
the carrier gas at flow rate of 24 mL/min. The
temperature of the injector and the flame ionization de-
tector were 200°C and 245°C, respectively.

Appetite ratings
Participants reported their subjective feelings of appetite
at time-point 0 (prior to the consumption of the meal)
and 40, 70, 140 and 280 minutes after the initiation of
the study meal. They rated their appetite feelings using
100 mm visual analogue scales (VAS) anchored at both
extremes, which were presented in paper form. Three
appetite ratings were evaluated in the study: hunger
(How hungry do you feel at the moment? I am not at all
hungry – I am very hungry), satisfaction (How satisfied
do you feel at the moment? I do not feel satisfied at all –
I feel very satisfied), and desire to eat (How strong is your
desire to eat at the moment? I do not have desire to eat
at all – My desire to eat is very strong). These questions
were adapted from [52] and [53]. The participants made
a vertical mark between the two extremities at the place
corresponding to what they were feeling at the exact
moment when the VAS was presented. The scores for



Table 2 The demographic and clinical characteristics of
the study participants

Characteristic

Men/women* 5/13

Age (years) 42.0 (26–53)

Weight (kg) 94.8 (73–114)

BMI (kg/m2) 33.6 (30–37)

Glucose (mmol/L) 5.65 ± 0.58

Insulin (mU/L) 9.75 ± 6.81

Triglycerides (mmol/L) 1.71 ± 0.96

Total cholesterol (mmol/L) 5.28 ± 1.19

LDL-cholesterol (mmol/L) 3.12 ± 0.96

HDL-cholesterol (mmol/L) 1.43 ± 0.51

Values are expressed as ratios*, mean values with their ranges (min–max) or
standard deviations (±SD).
BMI, body mass index; HDL, high density lipoprotein; LDL, low density lipoprotein.

Olli et al. Nutrition Journal 2015, 14:2 Page 5 of 12
http://www.nutritionj.com/content/14/1/2
appetite ratings were obtained by measuring the interval
between the extreme left and the mark made by the
participant.

Statistical analyses
Baseline characteristics
The similarity of the groups for the continuous-valued
parameters was assessed using the Student’s t test (nor-
mally distributed parameters) or Mann-Whitney U test
(other parameters). For the discrete-valued gender par-
ameter, Fisher’s exact test was used.

GI peptides, SCFAs and lactate
The results showing GI peptide, SCFA and lactate con-
centrations are presented here using an exploratory stat-
istical model. The concentrations were modeled using a
linear mixed-effects model which had fixed effect terms
for treatment, time point and interaction between treat-
ment and time point, as well as covariates for baseline
value, gender, BMI and age - i.e. the models were adjusted
for these factors. In addition, each model had a random ef-
fect, which is a subject-wise intercept term that takes into
account the fact that a setting with repeated measures per
subject was used. Post-hoc comparisons for GI peptides
and lactic acid were carried out for statistically significant
model terms of interest, e.g. age, BMI, or treatment. The
comparisons were carried out using model contrasts and
if multiple hypotheses were tested, the p values were ad-
justed to avoid false positives. If the model terms of inter-
est of BMI and age were significant, further post-hoc
analyses were conducted considering the following cut-off
values: BMI ≤ 34 kg/m2 and BMI > 34 kg/m2; and age ≤ 40 y
and age > 40 y.
Distribution of data values have been presented separ-

ately for each treatment and time point using box plots.
The whiskers represent minimum and maximum values
of the data (exceptionally large or small values outside
this range are shown using black dots). The box borders
indicate the 25% and 75% percentiles of the data and the
line inside the box is median of the data. As presented
in the figures, values in the y-axis are the original values
that have been subtracted from the treatment-wise me-
dian of values at time point 0. Vertical shifting of the
curves was done in order to ensure that their medians
are 0 at time point 0.
The linear mixed-effects model analyses were carried

out using R: A Language and Environment for Statistical
Computing ver. 3.01 [54]. The models were computed
using package nlme ver. 3.1 [55] and the contrasts were
computed using package multcomp ver. 1.2 [56].

Appetite ratings
Appetite ratings of hunger, satisfaction, and desire to eat
were divided into two periods, namely ‘satiation’ and
‘satiety’, and expressed as incremental areas under the
curve (iAUC). To this end, appetite rating curves were ad-
justed to zero intensity at time point 40 min (post meal).
Thus, iAUC for satiation corresponds to the time points
starting immediately before the meal (0 min) and continu-
ing 40 minutes after the initiation of the meal; and iAUC
for satiety corresponds to the period between the
finalization of the meal (40 min) and the end of the appe-
tite ratings assessment (280 min). iAUC are reported as
mean ± SEM in min.mm. iAUC results for satiation and
satiety periods of each appetite rating for PDX or placebo
were compared using Student’s t tests (paired, two-tailed).

Sample size
Since the primary outcome of this clinical study was to de-
termine postprandial changes in serum triglycerides (not
reported here), the sample size was estimated according to
this parameter. Therefore, the sample size of 18 partici-
pants was calculated to be able to detect 86 mmol/L ×
min difference in iAUC for serum triglyceride concentra-
tion between the study periods with 80% power at α-level
of 0.05. The assumed standard deviation for iAUC for
serum triglyceride concentration was 130 mmol/L × min.
Equivalent sample sizes have been used in similar

study designs investigating changes in gastric peptides
[24,28,57,58].

Results
Characteristics of the study participants
Thirteen females and five males participated in the study.
The demographics and clinical characteristics of the partici-
pants are presented in Table 2. These parameters are refer-
ential values from the 4-week intervention that were taken
at screening. The mean BMI of study participants was 33.6
(min 30 – max 37) and the mean age 42 (±8) years. There
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were nine participants with a BMI exactly or less than 34
kg/m2 and nine participants with a BMI higher than 34
kg/m2. With regards to age, seven participants were youn-
ger or 40 years old and eleven participants were older than
40 years. Although the participants were clinically obese,
their glucose and lipid metabolism appeared not to be sig-
nificantly disturbed. The average serum triglycerides were
slightly above the normal level and the total cholesterol
was at borderline of high risk according to the American
Heart Association’s guidelines [59]. However, the serum
concentrations of LDL and HDL-cholesterol were near
optimal or medium levels, respectively [59].
The population randomly selected into two arms was

homogenous, except for weight, which differed slightly
(P = 0.04) between the two populations. However, this
did not affect the results of this study, since weight gain
was not followed here. Additionally, there were no statis-
tical differences between the baseline values for satiety
peptides in the placebo and PDX groups.

Gastrointestinal peptides
The kinetic parameters of GI peptides are presented in
Table 3. Baseline values were statistically significant factors
(P < 0.0001) explaining the differences in the responses of
CCK, GLP-1, and PYY. Of all the GI peptides that were
monitored, only the secretion of GLP-1 was significantly
affected (P = 0.006) by the treatment effect; placebo vs.
PDX. In addition, GLP-1 and CCK concentrations were af-
fected by the time (P < 0.01). Furthermore, both age and
BMI significantly affected the concentration of GLP-1
(P = 0.02 and P = 0.04, respectively) and therefore a post-
hoc test was carried out. When these factors were taken
into consideration within a post-hoc multiple-hypothesis
test, it was observed that GLP-1 secretion into the plasma
increased significantly (P = 0.02) after the consumption of
PDX compared to the placebo (Figure 1C).
Because the model terms of interest of BMI and age

were statistically significant in the GLP-1 model, a further
post-hoc analysis was conducted with selected cut-off
values in the whole group. Results show that concentra-
tions of GLP-1 in participants older than 40 years old were
significantly lower (P = 0.01) as compared to those aged 40
years or less. However, there were no significant differ-
ences between participants with a BMI that was higher or
lower than 34 kg/m2 (P = 0.1).
Table 3 Kinetic parameters of gastrointestinal peptides

Ghrelin CCK

Placebo PDX Placebo PD

Baseline (ng/mL) 0.41 ± 0.26 0.32 ± 0.17 0.33 ± 0.32 0.24 ±

Cmax (ng/mL) 0.54 ± 0.31 0.52 ± 0.35 0.8 ± 1.21 1.14 ±

Tmax (min) 100 ± 122 163 ± 160 120 ± 101 147 ±

Values are shown as means ± standard deviations.
CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; PDX, polydextrose; PYY, pepti
There were no statistically significant differences in the
concentrations of ghrelin, CCK or PYY (Figure 1A,
B and D) between the placebo and the PDX test meals
when analyzed by a linear mixed-effects model. How-
ever, there was a tendency for the concentrations of
ghrelin and PYY to decrease after the consumption of
PDX, but the values did not reach statistically signifi-
cant levels due to a large standard deviation (P = 0.06
and P = 0.08, respectively).

Plasma SCFAs and lactic acid
The kinetic parameters of acetic acid and lactic acid are
presented in Table 4. The baseline values were statisti-
cally significant factors (P < 0.0001) which explain the
differences in the responses of acetic acid and lactic acid.
All other SCFAs were below detection limits. Acetate
and lactate exist in an ionized form within the usual
plasma pH range (7.35–7.45), thus they were analyzed in
the form of acetic acid and lactic acid.
A marginal 14.3% reduction in the concentration of

acetic acid after the consumption of PDX was observed
(P = 0.07) when analyzed by a linear mixed-effects model
(Figure 2A). The concentration of lactic acid was signifi-
cantly (P = 0.01) affected by the consumption of PDX
when compared to the control treatment. A linear
mixed-effects model with a post-hoc comparison for a
treatment effect shows that the concentration of lactic
acid decreased by 11.9% after the consumption of PDX
(Figure 2B). In addition, the time-point had a statistically
significant (P < 0.0001) effect on the differences in lactic
acid concentrations.

Appetite ratings
Results on appetite ratings are presented for hunger
(Figure 3), satisfaction (Figure 4), and the desire to eat
(Figure 5). There were no significant differences on the
satiation effects for the three appetite ratings tested
(Figures 3B, 4B and 5B). PDX significantly (P = 0.03) re-
duced hunger by 40.4% as compared to the placebo during
the satiety period (Figure 3C). In addition, PDX marginally
(P = 0.08) increased satisfaction by 22.5% as compared to
the placebo during the same period (Figure 4C). There
were no statistically significant differences on the subject-
ive feelings of desire to eat during the satiety period
(Figure 5C).
GLP-1 PYY

X Placebo PDX Placebo PDX

0.15 130.8 ± 151.4 143.6 ± 218.4 0.43 ± 0.11 0.47 ± 0.14

1.64 212.7 ± 269.5 226.1 ± 229.6 0.53 ± 0.14 0.56 ± 0.19

113 157 ± 135 177 ± 119 173 ± 107 163 ± 139

de YY.
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Figure 1 Changes in the concentrations of gastrointestinal peptides in plasma. Changes in ghrelin (A), CCK (B), GLP-1 (C) and PYY (D) after
the ingestion of the study meal supplemented with the placebo or polydextrose (PDX) presented as box plots and analyzed by a linear mixed-effects
model. The GLP-1 response was increased significantly (P = 0.02) with PDX when compared to the placebo. The concentrations of ghrelin, CCK, and
PYY were not significantly altered by the treatments. The median of all values at the first time point (0 min) has been subtracted from the parameter
values presented in the box plots. CCK, cholecystokinin; GLP-1, glucagon-like peptide 1; PYY, peptide YY.

Table 4 Kinetic parameters of acetic acid and lactic acid

Acetic acid Lactic acid

Placebo PDX Placebo PDX

Baseline (mmol/L) 0.12 ± 0.1 0.16 ± 0.22 1.52 ± 0.44 1.79 ± 1.23

Cmax (mmol/L) 0.17 ± 0.14 0.17 ± 0.22 3.39 ± 1.35 3.32 ± 1.09

Tmax (min) 127 ± 142 80 ± 105 83 ± 72 67 ± 46

Values are shown as means ± standard deviations.
PDX, polydextrose.
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Discussion
Dietary fibers are known to be associated with an en-
hanced satiety. However, the mechanism by which the
different dietary fibers contribute to the satiety-related
GI peptide release, especially in an obese population, is
still poorly understood. PDX shows similar beneficial
gastrointestinal functionalities as conventional grains
and thus fulfils the definition of dietary fiber in this
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respect [34]. However, there are not enough data to con-
clude the effects of PDX on postprandial blood glucose
and fasting cholesterol levels [34]. As hypothesized in
this study, the potential for dietary PDX to affect the
postprandial metabolic parameters in obese subjects was
evaluated here with significant results in GLP-1 secre-
tion, plasma lactate concentration and the subjective
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feelings of hunger. The hypothesis was based on the ob-
servations found in the preliminary study conducted
with obese participants [60].
In this study, the obese - but otherwise healthy - partici-

pants consumed a typical western, moderately low fiber
diet. A high-fat hamburger meal was used as a model and
it has been reported to function successfully as a
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postprandial lipaemia model [49]. Here, PDX was added
to a carbonated beverage consumed simultaneously with
the study meal. This presented a practical and efficient
way to increase the fiber content of a meal as well as to
study the postprandial effects of fiber-enrichment.
Different fermentable dietary fibers have previously

been reported to increase GLP-1 concentrations in ani-
mal studies [29,61,62], however similar results from hu-
man studies conducted with PDX had been few until
now, or reported in combination with other satiating
enhanced products [63]. In the present study, supple-
menting a high-fat meal with dietary PDX significantly
increased the concentration of postprandial plasma
GLP-1, when compared to the placebo. The GLP-1 re-
sponse 120 min after PDX supplementation correlates
kinetically with the intestinal fermentation pattern of
PDX as measured by breath hydrogen [64]. The most
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important metabolic actions of GLP-1 are the stimula-
tion of insulin secretion and inhibition of glucagon se-
cretion; both of which are considered glucose-dependent
[65]. Native GLP-1 has a short half-life, but its longer-
acting analogues have been used successfully in the
treatment of obesity and T2D [65], and GLP-1 has been
shown to decrease blood glucose in human subjects with
T2D (reviewed in [66]). In the GI tract, GLP-1 can slow
down the postprandial gastric emptying rate and pro-
mote satiety through interactions with the gut and brain
[65]. Hence, the increased postprandial GLP-1 observed
in this study can present one mechanistic explanation
for the capability of PDX to increase satiety [39].
One of the most striking results of our study was to

find that age might also be an important factor in the
GLP-1 response. Here we report lower GLP-1 concen-
trations in participants older than 40 years old when
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compared to those aged 40 years or less in the whole
group of obese people. It is known that aging impairs in-
sulin sensitivity and reduces insulin and incretin produc-
tion [67]. In healthy subjects GLP-1 plays a key role in
the postprandial process which leads to the secretion of
insulin. However, this incretin effect is diminished in
subjects with T2D and those with impaired glucose tol-
erance. [68] Postprandial GLP-1 and PYY responses have
also been shown to be impaired in obese subjects com-
pared to those of normal weight [19,20].
The effect of PDX on postprandial ghrelin, CCK or

PYY release had not previously been reviewed in obese
subjects. However, Astbury et al. [63] have shown that
PDX is associated with higher GLP-1 and PYY responses
and with lower ghrelin responses in lean men. The
present study observed a trend in the decreasing levels
of ghrelin and PYY with PDX consumption; however,
the CCK concentration lacked any statistical significance
due to vast variations recorded with the measurements.
PYY is known to inhibit appetite and PDX has previ-
ously been demonstrated to increase acute satiety [39].
However, PYY also has other roles in appetite regulation
[23,69], and soluble fibers such as PDX do not necessar-
ily have a similar effect on all satiety-promoting pep-
tides. Endogenous ghrelin, on the other hand, stimulates
gastric motility and appetite [23]. A recent animal study
suggests that the SCFAs produced by colonic microbes
as a result of the fermentation of dietary fiber can also
cause L cells to trigger the release of GLP-1 and PYY
[70]. This may also influence appetite by sustaining sati-
ety after the meal and during the next meal.
It has been proposed that elevated triglyceride levels and

an elevated expression of appetite hormones are related
[71]. Obese individuals, in comparison to those of normal
weight, have important differences in their expression of
satiety hormones [14]. In fact, severely obese individuals
have higher levels of leptin and lower levels of adiponectin
[71] than those of normal weight. However, elevated levels
to leptin have less impact on satiety in obese subjects [72].
Meier et al. [73] have proposed that GLP-1 abolishes the
postprandial rise in triglyceride concentrations; therefore,
our findings indicating that PDX increases the level of
GLP-1 may be beneficial in reducing triglyceride lipids in
obese individuals following a high energy meal.
Given the findings of decreased postprandial plasma

lactate concentrations after the ingestion of the dietary sup-
plemented PDX, this study brings new insights into
obesity-linked postprandial metabolism. Obese subjects are
known to have high plasma lactate levels caused by the in-
creased lactate production in hypoxic adipose tissue [7,8].
Lactate has several metabolic roles; it functions as an en-
ergy source and as a metabolic product in the muscle dur-
ing intense exercise. It also induces insulin resistance in
muscle cells [74] and stimulates inflammation in
macrophages [75]. Lactate also modulates lipolysis in adi-
pocytes [76], mediating the anti-lipolytic action of insulin
[8,76]. However, in the obese state an increase in lactate
levels does not raise the anti-lipolytic effect of insulin
because of the loss of insulin sensitivity [8]. This study
shows the effect of dietary PDX on lower plasma lactate
levels after the consumption of a high-fat meal. A lipid-
containing meal is also reported to increase postprandial
endotoxemia [77], and other recent clinical trials have also
showed transient growth of circulating lipopolysaccharide
(LPS) levels after the consumption of energy-rich meals
(reviewed in [78]). In healthy humans the intravenous LPS
treatment has also been shown to raise lactate levels
within 90 minutes [79]. Both high-glucose and high-fat
meals are reported to induce postprandial inflammation,
while dietary fiber intake, in general, is associated with a
reduced, low-grade inflammation [3].
Statistically significant changes were noted in the ap-

petite ratings between the meals of this study, even
though the power calculation was carried out according
to the serum triglycerides (Tiihonen et al., unpublished
observations). In this study, PDX reduced hunger by
40.4% as compared to the placebo during the satiety
period. PDX also had a marginal effect on the feelings of
satisfaction increasing them by 22.5% as compared to the
placebo during the same period. Similar results have been
observed previously regarding hunger [39]. However, this
is the first time that this effect has been demonstrated
with obese individuals. In addition, PDX has been shown
to decrease energy intake in previous studies with normal
weight and overweight participants [39,40,63]. These ef-
fects, however, were observed when PDX was adminis-
tered as part of a mid-morning snack.

Conclusion
The present study demonstrates that PDX induces an en-
hanced GLP-1 response after the ingestion of a high-fat
meal by obese participants. GLP-1 secretion from the GI
tract is known to decrease gastric emptying and to con-
tribute to a decrease in food intake. PDX also induces a
lower postprandial plasma lactate concentration, which
can be associated with a lower post-meal inflammatory
status. In addition, age seemed to have an effect on GLP-1
response showing lower GLP-1 levels with older partici-
pants. Finally, this study shows that PDX can decrease the
subjective feelings of hunger. Thus, PDX may offer an
additional way of regulating inter-meal satiety and improv-
ing postprandial metabolism in obese subjects.
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