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Abstract

Purpose

Inulin-type fructans are recognized as prebiotic dietary fibres and classified as
non-digestible carbohydrates that do not contribute to glycaemia. The aim of
the present studies was to investigate the glycaemic response (GR) and
insulinaemic response (IR) to foods in which sucrose was partially replaced by
inulin or oligofructose from chicory.

Methods

In a double-blind, randomized, controlled cross-over design, 40—-42 healthy
adults consumed a yogurt drink containing oligofructose or fruit jelly
containing inulin and the respective full-sugar variants. Capillary blood



glucose and insulin were measured in fasted participants and at 15, 30, 45, 60,
90, and 120 min after starting to drink/eat. For each test food, the incremental
area under the curve (1IAUC) for glucose and insulin was calculated and the
GR and IR determined.

Results

Consumption of a yogurt drink with oligofructose which was 20% reduced in
sugars significantly lowered the glycaemic response compared to the full-
sugar reference (1IAUC,omin, 31.9 and 37.3 mmol/L/min, respectively; p <
0.05). A fruit jelly made with inulin and containing 30% less sugars than the
full-sugar variant likewise resulted in a significantly reduced blood glucose
response (1IAUC,piq 3.7 and 63.7 mmol/L/min, respectively; p <0.05). In
both studies, the postprandial insulin response was lowered in parallel (p <
0.05). The reduction of postprandial glycaemia was positively correlated to
the proportion of sugars replaced by inulin-type fructans (p <0.001).

Conclusions

In conclusion, the studies confirmed that substitution of glycaemic sugars by
inulin or oligofructose from chicory may be an effective strategy to reduce the
postprandial blood glucose response to foods.
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Introduction

The postprandial blood glucose response as well as the related
hyperinsulinaemia and lipidaemia have been implicated in the cause of chronic
metabolic diseases such as obesity, type 2 diabetes mellitus, and cardiovascular
disease [ 1, 2]. Oxidative stress, insulin resistance, and inflammation caused by
elevated blood glucose levels might play an important role in the development of
such chronic diseases. Prevention is thus of utmost importance in diabetic
patients and high-risk subjects as well as in healthy individuals, and the
modulation of postprandial blood glucose levels in everyday life is essential to



reduce cardiovascular risk [ 1]. There is evidence that over the longer term,
pronounced postprandial glycaemic spikes and large blood glucose fluctuations,
as often elicited by modern high-glycaemic carbohydrate foods, might be even
more important than an increase in fasting glucose levels [3,4, 5].

Inulin-type fructans (inulin, oligofructose) are fermentable dietary fibres that are
composed of fructosyl units linked via B(2-1) glycosidic bonds. Due to the B-
configuration of the anomeric C2 in the fructose monomers, inulin-type fructans
are resistant to hydrolysis by human digestive enzymes that are mostly specific
for a-glycosidic linkages [ 6]. Inulin and oligofructose (shorter chain inulin)
derived from chicory are thus classified as ‘non-digestible carbohydrates’ that do
not contribute to the glycaemic response after ingestion [ 6, 7, 8 ]. Hence, they
can be used to replace glycaemic carbohydrates in foods and drinks to reduce the
postprandial blood glucose response.

Owing to their technical and organoleptic properties, such as an absent aftertaste
and a good stability during food processes, inulin-type fructans are often used in
food products for enrichment with dietary fibre and/or to replace glycaemic
carbohydrates, including sugars [9]. The beneficial effect of lowering the
postprandial blood glucose response by substituting glycaemic carbohydrates
with non-digestible chicory derived fructans has been confirmed by several
research groups [ 10, 11, 12]. A corresponding health claim for inulin and
oligofructose was also positively evaluated by the European Food Safety
Authority [ 13] and recently granted by the European Commission [ 14].

The evidence from earlier studies examining pure carbohydrate solutions should
be further strengthened by two human intervention studies conducted according
to more recent standards and guidance documents for appropriate study designs
to investigate effects on postprandial glycaemia in final and complex food
products [ 15, 16].

A reduction in postprandial glycaemic responses may be considered a beneficial
physiological effect, as long as postprandial insulin responses are not
disproportionally increased [ 16 ]. The aim of the present studies was to
investigate the effect of partially replacing glycaemic sugars in final and
complex food products with the non-digestible dietary fibres inulin and
oligofructose from chicory on postprandial blood glucose and insulin response.

Methods

Two human blood glucose response studies with oligofructose (study I) and
inulin (study II) from chicory used in partial replacement of glycaemic sugars



were conducted at the Functional Food Centre at Oxford Brookes University,
each using a double-blind, randomized, controlled cross-over design.

Participants

For the studies, 40—42 healthy male and female adults aged 18—60 years were
recruited from staff and students of Oxford Brookes University. Participants
were excluded if they were pregnant or lactating, <18 or >60 years of age, BMI
>30 kg/m?, fasting blood glucose >6.1 mmol/L, any food allergy or intolerance,
medication affecting glucose regulation, appetite, and/or digestion/absorption of
nutrients, history of diabetes mellitus, use of antihyperglycaemic drugs or
insulin, major medical or surgical event requiring hospitalization within the
preceding 3 months, use of steroids, protease inhibitors, or antipsychotics. In
addition, participants were excluded if they were unable to comply with
experimental procedures and safety guidelines.

Ethical approval for both studies was obtained from the University Research
Ethics Committee at Oxford Brookes University (UREC Registration No:
090392 for the glycaemic response studies and UREC Registration No: 080357
for the insulin response studies). Participants were given full details of the study
protocol and the opportunity to ask questions. All participants gave written
informed consent prior to participation.

Test foods
Study I

A yogurt drink containing oligofructose from chicory (Orafti® P95) instead of
sucrose was compared with a full-sugar reference yogurt drink. Both yogurt
drinks had identical macronutrient composition except for a 20% replacement of
glycaemic sugars with oligofructose (Table 1). The yogurt drinks had
comparable taste and appearance and were provided in 250-g portions.

Table 1
Composition of test foods
Study I (yogurt drinks)? Study II (fruit jellies)”
Full-sugar Oligofructose Full-sugar Inulin
version version version version
Protein (g) 6.0 6.0 0.9 0.9
Fat (g) 0.3 0.3 0.3 0.3

Carbohydrates (g)  30.5 24.8 34.0 23.0



Study I (yogurt drinks) Study II (fruit jellies)

Full-sugar Oligofructose Full-sugar Inulin

version version version version
Sugars (g) 29.4 23.7 34.0 23.0
Dietary fibre (g) 1.5 6.8 2.4 15.3
Fructans (g) <0.1 5.6 <0.1 13.0
Energy value 148 (620) 135 (565) 142 (596) 124 (520)

[Kcal (kJ)]
¥Values are given as content per portion, i.e., per 250-g yogurt drink

bValues are given as content per portion, i.e., per 110-g fruit jelly

Study II

A fruit jelly containing inulin from chicory (Orafti® GR) instead of sucrose was
compared with a full-sugar reference fruit jelly. Both fruit jelly preparations had
identical macronutrient composition except that 30% of glycaemic sugars were
replaced by inulin (Table 1). The fruit jellies had similar taste and appearance
and were ingested in 110-g portions.

Oligofructose and inulin are widely used as a sugar substitute in foods such as
ice cream, dairy products, and confectionary, without affecting sweetness and
texture. All products were specially developed for the studies by BENEO
GmbH. Within each study, products were matched for taste, texture, and
sweetness, and were provided as single encoded portions. All participants were
asked to report any adverse events following consumption of the products to the
researchers during the study.

Study protocol

In both studies, the glycaemic response method used by the Functional Food
Centre at Oxford Brookes University was carried out in accordance with ISO
standards [ 15].

On the day prior to a test, participants were asked to restrict their intake of
alcohol and caffeine-containing drinks and participation in intense physical
activity (e.g., long periods in the gym, excessive swimming, running, and
aerobics). Participants were also told not to eat or drink after 9 p.m. the night
before a test, although water was allowed in moderation.



Participants were studied in the morning after a 12-h overnight fast. In both
studies, participants consumed the test foods and reference foods at a
comfortable pace, within 5—10 min, and remained sedentary during each session.

In both studies, the reference and test foods were tested once in random order,
with at least a 1-day gap between measurements to minimize carry-over effects.
The sequence of product intake was randomized using a computer-based random
order generator (Department of Psychology, Oxford Brookes University). Both
studies were carried out double-blind with researchers and participants blinded
to the nature of the test and reference products. Decoding of the products was
only done after completion of data collection and blind data review.

Anthropometric measurements

Anthropometric measurements were made in the fasting state prior to the first
test in each of the two studies. Height was recorded to the nearest centimetre
using a stadiometer (Seca Ltd., UK), with participants standing erect and without
shoes. Body weight was recorded to the nearest 0.1 kg, with participants wearing
light clothing and no shoes. Body mass index (BMI) was calculated using the
standard formula: weight (kg)/height (m)?. Body fat percentage was measured
using a body composition analyser (Tanita BC-418 MA; Tanita UK Ltd).

Blood glucose measurement

Fasting blood samples were taken at —5 and 0 min before consumption of the test
products and reference products and the baseline value taken as a mean of these
two values. Products were consumed immediately after this and further blood
samples were taken at 15, 30, 45, 60, 90, and 120 min after starting to drink/eat.

Blood was obtained by finger-prick using the Unistik® 3 single-use lancing
device (Owen Mumford). The previous reports suggest that capillary rather than
venous blood sampling is preferred for reliable GR testing [ 17]. Prior to a
finger-prick, participants were encouraged to warm their hand to increase blood
flow. Fingers were not squeezed to extract blood from the fingertip as this may
dilute with plasma. Blood glucose was measured using the HemoCue Glucose
201+ analyser (HemoCue® Ltd), which was calibrated daily using control
solution from the manufacturer.

The laboratory’s coefficient of variation for 20 or more duplicate measurements
of fasting glucose (i.e., minute-to-minute variation in human participants) was
<5%. The inter-assay coefficient of variation (i.e., analytical variation) on
standard solutions was <3.6%.



Insulin measurements

The same puncture site and time points were used for sampling blood for both
glucose and insulin. For each insulin measurement, 300 uL of capillary blood
was obtained and collected into chilled microvette® capillary blood collection
tubes treated with di Pottasium EDTA (CB 300 K2E; Sarstedt Ltd.). The
microvette® tubes were centrifuged and 200 pL of the supernatant plasma
obtained. Insulin concentrations in the plasma samples were determined by
electrochemiluminescence immunoassay using an automated analyzer (Cobas®
E411; Roche diagnostics). The Cobas® system is a reliable method of plasma
insulin determination [ 18].

Main study outcomes

Both studies were designed to detect differences in the incremental area under
the blood glucose response curve (glucose iAUC) as the primary outcome
parameter. Secondary outcomes of both studies comprised differences in insulin
1AUC and peak blood glucose and insulin concentrations.

Sample size calculation

Sample size calculation for both studies was based on published GI data of full-
sugar and sugar-reduced versions of dairy products [ 19]. To detect a reduction
in postprandial glycaemia with a two-sided a-level of 5% and a power of 80%, a
sample size of at least 35 participants was necessary. To account for any
dropouts, 40—42 participants were recruited for the studies.

Statistical analysis

In both studies, data were analysed using the IBM Statistical Package SPSS
version 19.0 (SPSS Inc., Chicago, Illinois). Prior to statistical analysis, the
normality of the data was tested using the Shapiro—Wilk test. Tests for paired
samples (paired ¢ test for normally distributed data and Wilcoxon matched-pairs
signed rank test for not normally distributed data) were used to compare the peak
and 1AUC values of blood glucose and insulin between the reference product and
test product. If not indicated otherwise, data are presented as mean + standard
error of the mean (SEM). Pearson’s correlation was used to determine if a linear
relationship exists between the percentage of glycaemic sugars replaced by
inulin-type fructans and the percentage reduction of blood glucose response.
Statistical significance was set at p <0.05 (two-sided).

Results
Study I: yogurt drink with oligofructose



Initially, 40 participants were recruited, of which one dropped out before
collecting any data due to time commitments. Hence, 39 participants completed
the study and are included in the statistical analysis. Baseline characteristics of
participants are shown in Table 2.

Table 2

Baseline characteristics of participants (mean = SD)

Parameter Study I (N=39) Study II (N =42)
Male/female 13/26 16/26

Age (years) 2626.0+ 8.2 26.2+7.0

Height (m) 1.71 £0.07 1.72+0.09
Weight (kg) 6767.0+12.0 67.3+13.2

BMI (kg/m?) 223+4.6 22.6+2.7

Fat mass (%) 24240+ 8.4 22.2+8.2

Lean body mass (kg) 51.0+£10.6 52.7+£12.0

Blood glucose and insulin response curves are shown in Fig. 1. The glucose
1AUC (i, Was significantly lower after consumption of the yogurt drink with
oligofructose compared to the full-sugar reference variant (—14%, p <0.05;
Table 3). Likewise, the peak blood glucose concentration following ingestion of
the yogurt drink with oligofructose was significantly lower (p < 0.05; Table 3).
In parallel, insulin iAUC ,, . (p <0.01; Table 3) and peak insulin
concentration (n.s.) were lower following ingestion of the oligofructose-
containing yogurt drink. Both product variants were accepted and tolerated well,
and there were no adverse events during the course of the study.

Fig. 1
Blood glucose (a) and insulin response (b) to yogurt drink variants (means + SEM,
N=39)
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Table 3
Results of study I (yogurt drinks)
Blood glucose?® Insulin®
iIAUC 50min Peak iIAUC 50min Peak
(mmol/L/min) (mmol/L) | (nU/mL/min) (nU/mL)
Full-sugar 37.3+3.0 6.3+0.1 1924.9 + 144.6 75.8 +6.1

version



e.Proofing

Blood glucose Insulin

iAUC Peak iAUC Peak

(mmol/L/min) (mmol/L) | (nU/mL/min) (nU/mL)
Oligofructose 31 9,35 6.0+0.1  15982+115.0 68.2+4.3
vVersion
p value 0.02%* 0.029* 0.007* 0.151

*p value considered statistically significant

aResults for blood glucose and insulin measurements are means + SEM of 39
participants

Study II: fruit jelly with inulin

Forty-two participants completed the study. Due to an equipment error, insulin
data from three participants could not be analysed. Hence, the presented blood
glucose data are means of 42 participants’ results and insulin data are reported as
means of 39 participants. Baseline characteristics of participants are shown in
Table 2.

Blood glucose and insulin response curves are depicted in Fig. 2. The glucose
1AUC |, i, Was significantly lower after consumption of the fruit jelly with
inulin as compared to the full-sugar reference version (—16%, p <0.05; Table 4).
Peak blood glucose concentration was likewise significantly lower after
consumption of the inulin-containing fruit jelly (p <0.05; Table 4). In parallel,
insulin iIAUC ,, . and peak insulin concentration were significantly lower
following ingestion of the fruit jelly with inulin (both p <0.001; Table 4). Both
product variants were accepted and tolerated well, and there were no adverse
events during the course of the study.

Fig. 2

Blood glucose (a) and insulin response (b) to fruit jelly variants (means = SEM, N
=42 for glucose, N =39 for insulin)
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Table 4

Results of study II (fruit jellies)

a

Blood glucose Insulin®

1IAUC | 5o Peak 1IAUC | 5omi Peak
(mmol/L/min) (mmol/L)  (uU/mL/min) (WU/mL)



e.Proofing

Blood glucose Insulin
Full-sugar
version 63.7+4.7 6.7+0.12  1201.1 +100.0 452 +3.7
Inulin 53.7+4.8 6.4+0.12  725.7+65.7 327426
Version
p value 0.045% 0.010%* <0.001%* <0.001%*

aResults for blood glucose measurements are means + SEM of 42 participants
PResults for insulin measurements are means + SEM of 39 participants

*p value considered statistically significant

Correlation between sugar replacement and reduction in
postprandial blood glucose

To identify further human intervention studies investigating the effect of inulin-
type fructans from chicory used in replacement of glycaemic sugars on the
postprandial blood glucose response, a review of the literature was performed.
Four studies reporting the results of in total seven blood glucose response trials
were identified as being pertinent to the current research question [ 10, 11, 12,
Hull et al. (unpublished report)].

The main findings of the above-mentioned studies as well as the current data are
summarized in Table 5. The percentage of glycaemic sugars that have been
replaced by chicory inulin or oligofructose was calculated in the same way as for
the yogurt drink and fruit jelly tested in the present studies. All studies measured
the postprandial glycaemic responses over 120 min.

Table 5

Summary of data on the effect of chicory inulin-type fructans used in partial replacement
of glycaemic sugars on the postprandial blood glucose response

Chicory Replacement of glycaemic | Reduction of
Reference inulin-type sugars by inulin-type postprandial blood
fructan fructans® (%) glucose responseb (%)
Study I
(current Oligofructose 20 14
data)
Study II
(current Inulin 30 16

data)



e.Proofing

Chicory Replacement of glycaemic | Reduction of

Reference inulin-type sugars by inulin-type postprandial blood
fructan fructans (%) glucose response (%)

Tarini and

Wolever Inulin 30 26

[10]

Grysman et .

al.T9] Inulin 30 32

Meyer [ 8] Oligofructose 60 52

Hull et al

(unpublished Oligofructose 74 65

data)

Meyer [ 8] Oligofructose 85 80

Meyer [ 8] Inulin 90 86

Meyer [ 8] Inulin 99.5 95

“The percentage of sugars replacement was calculated based on a weight by weight
basis taking into account the actual inulin/oligofructose content of commercial
products

bAll studies measured the postprandial glycaemic response over 120 min

Analysis revealed that the relationship between the percentage of glycaemic
sugars replaced by inulin-type fructans and the extent to which the postprandial
blood glucose response was reduced could be described by a linear slope

(Fig. 3) with a statistically significant positive correlation (»=0.990, p <0.001).

Fig. 3

Relationship between the percentage of sugars replaced by chicory inulin-type
fructans and the reduction of the postprandial glycaemic response
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Discussion

The current studies have shown that chicory inulin-type fructans (oligofructose,
inulin) are able to significantly reduce the postprandial glycaemic and
insulinaemic response to foods and drinks when used in replacement of
glycaemic sugars. The glucose iIAUC as well as peak blood glucose
concentrations were significantly lower compared to the respective full-sugar
reference. Moreover, the attenuated postprandial glycaemia was shown to be
accompanied by a significantly decreased insulin response. Lowering the
postprandial blood glucose response to food products using chicory inulin or
oligofructose instead of glycaemic sugars could contribute to prevention and
reducing the risk of chronic metabolic diseases [ 1, 2 ]. Importantly, based on the
generally accepted suitability of oligofructose and inulin as sugar replacers in
food products, this could be achieved without compromising taste and sensory
qualities which is essential for their acceptance of lower-glycaemic food
products at the consumer level and during everyday life.

Following a health claim application, the principle of lowering the postprandial
glycaemic response to a food product by substituting glycaemic sugars with non-
digestible inulin or oligofructose has been positively evaluated by the European
Food Safety Authority [ 13 ] and the corresponding health claim was recently
granted by the European Commission [ 14].



The findings of both blood glucose response studies reported here are in line
with results of the previous human intervention studies examining the glycaemic
response to foods or drinks in which glycaemic sugars have been (partially)
substituted by inulin-type fructans from chicory [ 10, 11, 12]. The available data
consistently show a reduction of the postprandial blood glucose response when
inulin-type fructans are used to replace sugars in foods and drinks [ 11]. This
effect refers to the non-digestibility of chicory inulin-type fructans in the human
small intestine and the fact that they do not contribute to glycaemia after
ingestion [6, 7, 8 ].

Our studies have demonstrated a 14 and 16% reduction in glycaemic iAUC
following consumption of the inulin-supplemented yogurt and fruit jellies,
respectively. Similarly, the previous research has shown a 12% difference in
postprandial glucose following consumption of a low-GI and high GI diet [20].
Moreover, levels of fructosamine and cholesterol were less when reductions in
postprandial glycaemia of 29% were maintained over a period of 2 weeks in
people with type 2 diabetes [21].

The significant positive correlation found between the percentage of sugars
replaced by inulin-type fructans from chicory and the reduction of the
postprandial blood glucose response demonstrates that the higher the proportion
of sugars replaced by non-digestible chicory inulin-type fructans, the lower the
postprandial blood glucose response to the food. This finding is anything but
surprising, because the causal relationship is explained by the lower amount of
available carbohydrates contained in the food product that could contribute to
postprandial glycaemia [22, 23 ]. Although this linear relationship is logical and
perfectly obvious, this is, to the best of our knowledge, the first time that such
correlation is reported. Based on this analysis, it can also be assumed that lower
levels of sugar replacement by chicory inulin and oligofructose than the
confirmed 20% may lead to a proportionately attenuated postprandial blood
glucose response.

One of the strengths of the current studies is that they were well controlled.
Specifically developed tests and reference products were used which were
essentially identical in terms of macronutrient content except that sucrose was
replaced by inulin or oligofructose on a weight by weight basis. This allowed the
identification of the effect of replacing glycaemic sugars by inulin-type fructans
without confounding factors. Both studies were conducted according to current
ISO standards [ 15] and fulfilling EFSA’s requirements for appropriate study
designs for blood glucose response trials [ 16 ]. By assessing insulin
concentrations in parallel to blood glucose levels, the results showed that the
reduced-sugars variants containing inulin or oligofructose from chicory do not



lead to a disproportionally increased insulin response (rather they lowered the
insulinaemic response as well). This is considered an important aspect to be
accepted as a beneficial physiological effect by regulatory authorities [ 13, 16].
Furthermore, the current studies examined the blood glucose response to yogurt
drinks and fruit jellies and thus realistic product formulations rather than only
sugary solutions. The portion sizes tested were with 250-g yogurt drink and 110-
g fruit jelly realistic in view of the typical serving sizes for such products.
Hence, the results clearly demonstrate that the effect of lowering the
postprandial glycaemic response to foods and drinks by replacing glycaemic
sugars with non-digestible inulin-type fructans is confirmed for final food
products consumed in realistic amounts. Thus, the effect is relevant at the
consumer level and for everyday life.

Most importantly, the current studies showed a significantly reduced blood
glucose response with a sugars replacement by inulin-type fructans of only 20%.
This is even lower than the 30% sugar reduction level that is generally required
in Europe to bear the claim “reduced sugar” [24].

In addition to the acute postprandial effects highlighted in the present
publication, inulin-type fructans have also been shown to have long-term
benefits for blood glucose management. Recent studies indicate lower fasting
blood glucose levels and a reduction of the postprandial blood glucose response
also after continued intake of inulin-type fructans [ 25, 26, 27].

Inulin and oligofructose offer technological benefits (such as, e.g., a good
stability during food processes), improved organoleptic features (no aftertaste,
better mouthfeel), and enhanced nutritional properties that are linked for
instance to the higher fibre content or a reduced sugar content of the final
product [ 9]. Hence, the replacement of glycaemic carbohydrates with inulin-
type fructans from chicory provides two major advantages to the consumer: an
attenuated postprandial blood glucose response and at the same time a higher
intake of dietary fibre.

Daily intake of dietary fibre is below the recommended intake levels all over the
world [ 28 ] with important consequences for public health such as for instance
an increased risk of coronary heart disease, hypertension, adiposity, and
metabolic dysfunctions including type 2 diabetes [29 ]. Hence, fortifying foods
with added dietary fibre is an important strategy for increasing fibre intakes
while maintaining calories at the recommended levels [ 28, 29]. The application
of chicory root fibre, 1.e., inulin and oligofructose, at the expense of glycaemic
carbohydrates in foods and drinks could thus contribute to fill in the fibre gap
among the population [30].



Conclusions

In conclusion, the current findings show that inulin-type fructans from chicory
(inulin, oligofructose) can be used in foods and drinks by partially replacing
glycaemic carbohydrates, leading to a significant reduction in postprandial blood
glucose response without disproportionately increasing the insulin response. The
extent to which postprandial glycaemia is reduced depends on the percentage of
glycaemic carbohydrates replaced by inulin or oligofructose from chicory. A
significant reduction of the postprandial blood glucose response has been
demonstrated starting from 20% of the glycaemic sugars replaced with chicory
inulin-type fructans in a final food product. Based on the current findings,
further research into the longer term effects of replacing the conventional food
and drink products with such sugar-reduced versions is warranted.
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