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Abstract
Background: Rye products have previously been shown to induce comparatively low post-prandial insulin
responses; irrespectively of their glycaemic indices (GI). However, the mechanism behind this lowered insulin
demand remains unknown. An improved insulin economy might contribute to the benefits seen in epidemiological
studies with whole grain diets on metabolic risk factors and weight regulation. The objective of this study was to
explore the mechanism for a reduced post-prandial insulin demand with rye products.

Methods: 12 healthy subjects were given flour based rye products made from endosperm, whole grain or bran,
produced with different methods (baking, simulated sour-dough baking and boiling) as breakfasts in random order
in a cross-over design. White wheat bread (WWB) was used as a reference. Blood glucose, serum insulin, plasma
ghrelin and subjective satiety were measured during 180 minutes. To evaluate the course of post-meal glycaemia,
a measure of the glycaemic profile (GP) was introduced defined as the duration for the incremental post-prandial
blood glucose response divided with the blood glucose incremental peak (min/mM).

Results: The study shows that whole grain rye breads and endosperm rye products induced significantly (p <
0.05) lower insulinaemic indices (II's) than WWB. Rye bran bread (RBB) produced significantly higher II compared
with all the other rye products. Furthermore, the acute insulin response showed better correlations with the GP
than with the GI of the products. The endosperm rye bread and the whole grain rye bread with lactic acid induced
a significantly higher GP than RBB, WWB, white wheat- and whole grain rye porridge, respectively. A low insulin
incremental peak was associated with less severe late post-prandial hypoglycaemia (r = 0.38, p < 0.001), and
hypoglycaemia was negatively correlated to subjective satiety at 180 min (r = -0.28, p < 0.05). A low insulin
incremental peak was also associated with a milder recovery of plasma ghrelin in the late post-prandial phase (180
min, r = 0.34, p < 0.01).

Conclusion: Our study shows that endosperm and wholegrain rye products induce low acute insulinaemic
responses and improved glycaemic profiles. The results also suggest that the rye products possess beneficial
appetite regulating properties. Further studies are needed to identify the unknown property or bioactive
component(s) responsible for these beneficial metabolic features of rye.
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Background
Whole grain products have been shown to protect against
type 2 diabetes and CVD [1-7] and also to facilitate weight
regulation [2,6,8,9]. Dietary fibre and other potentially
bioactive compounds e.g. antioxidants, vitamins and
minerals present in whole grains have been shown to con-
tribute to the protective properties of whole grains foods
[10-14]. However, the underlying mechanisms remain
unclear. Foods with low glycaemic indices (GI) have also
been demonstrated to protect against type 2 diabetes and
CVD [1,15-18]. One mechanism behind the protective
effect of low GI foods in relation to CVD may be the
avoidance of frequent and elevated blood glucose excur-
sions, which are associated with oxidative stress and
inflammation [19]. Furthermore, a low GI is generally
accompanied by a low acute insulin response. Conse-
quently, hyperinsulinaemia lasting for 48-72 hours under
physiologic euglycaemic conditions has been reported to
decrease insulin sensitivity in healthy subjects [20]. In a
recent dietary intervention in subjects suffering from the
metabolic syndrome, it was shown that foods causing low
acute insulinaemia may be less prone to promote sub-
clinical inflammation [21], a feature commonly associ-
ated with insulin resistance [22,23].

Based on the above, whole grain foods characterized by a
low GI/low insulineamia are of particular interest as type
2 diabetes and CVD preventing foods. Previous studies
have demonstrated that whole grain rye products display
low insulinaemic index (II), regardless of their GI [24-26].
This anomaly between the GI and II that is sometimes is
present in whole grain rye products has not yet been
explained and may indicate improved insulin economy.
One suggested mechanism for the lowered acute insuli-
naemia with whole grain rye bread products include the
structural features of rye bread; leading to obstructed amy-
lolysis and a lowered rate of glucose delivery to the blood
[25]. However, a lowered rate of glucose delivery caused
by such a mechanism is likely to affect also the glycaemia
to rye bread, and the insulin saving properties of certain
whole grain rye products remain obscure.

The aim of the present study was to investigate the poten-
tial improvement of insulin economy following rye prod-
ucts, with a particular focus on evaluating the influence of
different fractions of rye. For this purpose, rye products
were produced from different parts of the rye grain
(endosperm, whole grain and bran), and processed with
different methods (baking vs. boiling). Since rye bread is
commonly produced by use of sour-dough fermentation,
the effect of lactic acid addition was also evaluated. The
products were studied as to their effects on post-prandial
glucose and insulin response in healthy subjects using
white wheat bread as reference. In parallel, subjective sati-
ety and total ghrelin responses were studied in the post-

prandial phase. Additionally, the rate of in vitro starch
hydrolysis was determined in order to evaluate the possi-
bility of obstructed amylolysis.

Methods
Test subjects
Twelve healthy non smoking volunteers (9 men and 3
women) aged 25.3 ± 0.8 y with normal body mass indices:
23.1 ± 0.6 kg/m2, and without drug therapy participated
in the study. All subjects had normal fasting blood glucose
concentrations (4.6 ± 0.03 mM). The subjects were
recruited in August 2005 and the study was performed
from September to December 2005. All test subjects gave
their informed consent and were aware of the possibility
of withdrawing from the study at any time they desired.
Approval of the study was obtained by the Ethics Commit-
tee in Lund, Sweden.

Test meals
Four rye breads, two rye porridges, one white wheat
(endosperm) porridge and white wheat (endosperm)
bread (WWB, reference product) were included in the
study. Whole grain rye flour, endosperm rye flour and rye
bran from commercial blends were provided by Lantmän-
nen R&D (Järna, Sweden) and commercial white wheat
flour was obtained from Kungsörnen AB (Järna, Sweden).
The rye bran was milled to pass through a 0.8 mm screen
(Laboratory Mill 12, Perten, Huddinge, Sweden). Dry
yeast was obtained from Jästbolaget AB (Sollentuna, Swe-
den) and lactic acid (88-92% extra pur) was obtained
from Riedel-de Haën (Morris Township, NJ, USA).
Monoglycerides were obtained from Aromatic (Stock-
holm, Sweden).

Breads
The ingredients of the breads are shown in Table 1. WWB
was made in a bread machine (BM 3983, Severin, Sun-
dern, Germany) using a program for white bread: The
dough was mixed for 30 minutes and was proofed for 130
min, with 10 seconds short stirring every 39, 31 and 60
min. Baking was then performed for 55 minutes.

Four types of rye breads were made: Endosperm rye bread
(ERB), whole grain rye bread (WGRB), whole grain rye
bread with lactic acid (WGRB-lac) containing 18 mmol
lactic acid/100 g flour and rye bran bread (RBB). All rye
breads were made using a uniform method: The dough
was mixed in a mixing bowl for 6 min and was proofed in
room temperature for 30 min. The dough was divided
into pieces of 1 kg each and placed in a bread making tin,
followed by a second proofing for 60 min in room tem-
perature. Baking was performed at 250°C for 40 min.

The WWB was left to cool for 1 hour and the rye breads for
18 hours under a cloth. Thereafter, the crust was removed
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and the breads were sliced and wrapped in aluminium foil
in portions sizes, put into plastic bags and stored in a
freezer (-18°C) until use. The day before the experiment,
the breads were taken from the freezer and were thawed at
ambient temperature, still wrapped in aluminium foil and
in the plastic bag.

Porridges
Three types of porridges were cooked: white wheat por-
ridge (WWP), endosperm rye porridge (ERP) and whole
grain rye porridge (WGRP). The ingredients of the por-
ridges are shown in Table 2. All porridges were cooked in
a microwave oven (MM 140-1, Elektro Helios AB, Stock-
holm, Sweden) at 680 W for 3 min. The porridges were
freshly prepared each experimental day and were left to
cool under aluminium foil for 15 min before serving.

Chemical analysis of the test products
Prior to all analyses, except for the determination of starch
hydrolysis, the samples were dried and milled to pass
through a 0.5 mm screen (Cyclotec, Tecator, Höganäs,
Sweden).

The available starch content of the products was deter-
mined according to Holm et al. [27]. Insoluble and solu-
ble fibres were determined with a gravimetric, enzymatic
method described by Asp et al. [28]. Fat was determined
according to Lange [29] with the exceptions that petro-
leum ether BP 60-80°C was used instead of petroleum
ether BP 40-60°C. 10 ml of each ether was used instead of
15 in the second and third washing step. Protein content
was determined by Kjeldahl analysis (Kjeltec Auto 1030
Analyser, Tecator, Höganäs, Sweden). The rate of starch
hydrolysis (HI) was determined using an in vitro proce-
dure based on chewing [30]. WWB was used as a reference

in the HI analysis. The nutritional compositions and the
HI values of the products are presented in Table 3.

Study design
The products were provided as breakfasts on 8 different
occasions in random order with approximately 1 wk
between each test. The subjects were instructed to eat a
standardized meal in the evening (21.00-22.00) prior to
the test, consisting of a few slices of white wheat bread.
They were instructed to avoid eating and drinking any-
thing but small amounts of water until the start of the test.
In addition, they were told to avoid alcohol and excessive
physical exercise the day before each test. The subjects
arrived at the laboratory at 07.45 on the test day. A periph-
eral venous catheter (BD Venflon, Becton Dickinson,
Helsingborg, Sweden) was inserted into an antecubital
vein to be used for blood sampling and fasting blood sam-
ples were taken prior to the meal. All test products con-
tributed with 40 g of available starch and were served with
250 ml of tap water. The test subjects were instructed to
finish the test product and water within 12 min. The sub-
jects feeling of hunger and satiety was rated on a bipolar
subjective rating scale graded from -10, representing
extreme hunger, to + 10, representing extreme satiety. The
feeling of hunger/satiety was rated before the meal (0
min) and at 15, 30, 45, 70, 95, 120 and 180 min after
commencing breakfast. The test subjects were not allowed
any further water or any caffeinated drinks during the test.

Blood sampling and analysis
Both capillary and venous blood samples were taken at 0,
7.5, 15, 30, 45, 70, 95, 120 and 180 min after the start of
the meal for analysis of blood glucose, serum insulin and
plasma ghrelin. Blood glucose concentrations were deter-
mined in capillary whole blood using a B-glucose analyzer
(mod no. 120401, Hemocue, Ängelholm, Sweden).

Table 1: Bread ingredients.

WWB ERB WGRB WGRB-lac RBB

360 g water 950 g water 1020 g water 995 g water 1100 g water
540 g white wheat flour 348 g white wheat flour 348 g white wheat flour 348 g white wheat flour 905 g white wheat flour
4.8 g dry yeast 1044 g endosperm rye flour 1044 g whole grain rye flour 1044 g whole grain rye flour 487 g rye bran flour
4.8 g NaCl 24 g dry yeast 24 g dry yeast 24 g dry yeast 24 g dry yeast
12 g monoglycerides 12 g NaCl 12 g NaCl 12 g NaCl 12 g NaCl

25 g lactic acid

The breads were divided into portions contributing with 40 g of available starch.

Table 2: Porridge ingredients.

WWP ERP WGRP

231.6 g water 182 g water 204.5 g water
57.9 g white wheat flour 15.2 g white wheat flour 17.0 g white wheat flour
0.5 g NaCl 45.4 g endosperm rye flour 51.1 g whole grain rye flour

0.5 g NaCl 0.6 g NaCl

The porridges contributed with 40 g of available starch.
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Serum and plasma (EDTA) were left in room temperature
for approximately 1 h before being centrifuged for 11 min
(1800·g, 20°C). Serum were frozen at -20°C and plasma
where frozen at -40°C until analysis. The serum insulin
measurement was performed on an integrated immu-
noassay analyzer (CODA Open Microplate System; Bio-
rad Laboratories, Hercules, CA, USA) by using an enzyme
immunoassay kit (Mercodia AB, Uppsala, Sweden).
Plasma ghrelin (total) were determined with a commer-
cially available radioimmunoassay kit (Linco research inc,
St. Charles, MO, USA).

Calculations and statistical methods
Data are expressed as means ± SEM. The incremental areas
under the curve (iAUC) for blood glucose, serum insulin,
subjective satiety and in vitro rate of starch hydrolysis as
well as the negative area under the curve for glucose (neg
AUC), were calculated using the trapezoid model. The gly-
caemic and insulinaemic indexes (GI and II) were calcu-
lated from the 120 min incremental post-prandial area for
blood glucose and serum insulin by using WWB as a ref-
erence (GI and II = 100). In addition, the course of glycae-
mia was analyzed by calculation a glycaemic profile (GP);
The time (min) during which the blood glucose was
above fasting concentration was divided with the incre-
mental peak value (mM) of blood glucose for each subject
and test meal (Graph Pad Prism, version 4.03, Graph Pad
Software, San Diego, CA, USA). In the cases where the
blood glucose concentration remained above fasting for
the entire 180 min, the duration value was set to 180 min.
A GP index was calculated from the GP by using WWB as
a reference (GP Index = 100). HI was calculated from the
180 min incremental area for starch hydrolysis in vitro by
using WWB as a reference. Relative changes (%) from fast-
ing concentration to the nadir and to the concentration at
180 min after commencing breakfast were calculated for
plasma ghrelin.

The data were analyzed with a general linear model
(ANOVA) followed by Tukey's multiple comparison test

(MINITAB, release 14.13, Minitab Inc, State College, PA).
In the cases of unevenly distributed residuals (tested with
Anderson-Darling and considered unevenly distributed
when p < 0.05), Box Cox transformation were performed
on the data prior to the ANOVA.

Significant difference between the products at different
time points where evaluated using a mixed model (PROC
MIXED in SAS release 8.01, SAS Institute Inc, Cary, NC)
with repeated measures and an autoregressive covariance
structure. When significant interactions between treat-
ment and time were found, Tukey's multiple comparison
test were performed for each time point (MINITAB,
release 14.13, Minitab Inc).

Correlation analysis was conducted to evaluate the rela-
tion among dependent measures with the use of Spear-
man's partial coefficients controlling for subjects (two-
tailed test), (SPSS software, version 16.0; SPSS Inc, Chi-
cago, IL, USA).

Due to problems drawing capillary blood samples from
one subject, the blood glucose statistics was analyzed with
n = 11. One subject failed to ingest the WGRP meal
according to instructions and data from this product for
that subject was therefore excluded from the statistical
analysis.

Results
Blood glucose responses
The endosperm products ERB and ERP, as well as the
whole grain products WGRB-lac and WGRP induced sig-
nificantly lower incremental areas (iAUC 0-120 min) than
WWB, with glycaemic indices (GI's) of 64, 70, 74 and 72,
respectively (Table 4, Figure 1A, B). In the case of the ERB,
WGRB and WGRB-lac, the early incremental blood glu-
cose area (iAUC 0-30) was significantly reduced com-
pared with WWB, WWP and RBB, respectively. When
comparing the endosperm products ERP and ERB, a sig-
nificantly larger incremental area was obtained with the

Table 3: Composition and HI of the test meals.

Meals Weight Available starch Protein Fat Insoluble fibres Soluble fibres Total fibres HI

g/serving
WWB 101.1 40.0 6.2 1.5 1.0 0.8 1.8 100 a

WWP 273.3 38.2 5.7 1.1 2.1 0.5 2.6 85 ± 4.4 bc

ERB 106.2 40.0 5.2 1.3 4.2 2.5 6.7 83 ± 1.8 bc

ERP 227.6 37.7 4.6 1.3 4.9 1.7 6.5 89 ± 3.6 b

WGRB 123.4 40.0 6.5 1.9 6.8 2.8 9.6 101 ± 3.1 a

WGRB-lac 122.6 40.0 6.3 2.0 7.4 2.9 10.2 94 ± 4.4 ab

WGRP 258.2 38.6 5.4 1.7 7.9 2.2 10.1 72 ± 2.4 c

RBB 141.7 40.0 9.7 2.6 10.3 2.0 12.3 93 ± 2.3 ab

HI values are means ± SEM, n = 6. Products not sharing the same letters were significantly different, p < 0.05 (ANOVA, followed by Tukey's test).
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porridge ERP in the early post-prandial phase (iAUC 0-30
min) (+51%) (Paired analysis ANOVA, p < 0.05, data not
shown). Similarly, when comparing the whole grain prod-
ucts, WGRP and WGRB, respectively, the 30 min incre-
mental area (iAUC 0-30 min) was 43% larger following
the porridge (Paired analysis ANOVA, p < 0.05, data not
shown).

The glycaemic profile (GP, min/mM) was significantly
higher for ERB and WGRB-lac compared with WWB, RBB,
WWP and WGRP.

Significant differences in blood glucose were observed at
specific time points (time × treatment p < 0.0001). RBB
and WWB induced significantly higher glucose response

than the non-supplemented rye products at 30 min (data
not shown).

Serum insulin responses
With the exception of RBB, all rye breads, and the ERP,
induced significantly lower incremental insulin areas
(iAUC 0-120 min) than WWB, resulting in insulinaemic
Indices (II's) ranging from 61 to 73 (Table 5, Figure 1C,
D). Instead, RBB showed an II of 128, with a significantly
larger incremental area (iAUC 0-120 min) than all other
rye products and the WWP. The insulin areas at 30 min
(iAUC 0-30) were significantly smaller with the ERB,
WGRB and WGRB-lac than with the enriched rye product
RBB, and the porridges WGRP and WWP. Both rye por-
ridges, ERP and WGRP, induced significantly higher insu-

Incremental change (Δ) in blood glucose in breads (A) and porridges (B)Figure 1
Incremental change (Δ) in blood glucose in breads (A) and porridges (B). Incremental change (Δ) in serum insulin in 
breads (C) and porridges (D). WWB is visible in all graphs. Values are means ± SEM, n = 11 for blood glucose and n = 12 for 
serum insulin (WGRP: n = 10 resp. 11). Significant treatment effect and time × treatment interactions were found, p < 0.0001 
for both blood glucose and serum insulin (PROC MIXED in SAS).
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lin responses (iAUC 0-30 min) than the corresponding
bread products, amounting to +96% and +87%, respec-
tively. RBB and WWP induced significantly higher insulin
incremental peaks compared to the ERB, WGRB and
WGRB-lac

Significant differences in serum insulin were observed at
specific time points (time × treatment p < 0.0001). RBB
induced significantly higher insulin response than all
other rye products at 45 and 70 min (data not shown).

Ghrelin responses
Plasma ghrelin levels after all products decreased to a
nadir, occurring at 64.9 ± 3.1 min in the post-prandial
phase. (Table 6, Figure 2A, B). The ghrelin levels following
WWB, ERP, WWP and RBB all rose significantly above the
fasting level at 180 min, with the WWB and WWP causing
a higher relative increase in ghrelin from fasting level to
180 min than WGRB-lac.

Subjective satiety
WGRP and ERP induced significantly higher subjective
satiety (expressed as iAUC from 0 to 180 min) than WWB
and WGRB, with the iAUC for WGRP being 123% larger

than that of WGRB (Table 6, Figure 2C, D). RBB induced
a higher feeling of subjective satiety (iAUC) than WWB at
0-180 min.

In vitro rate of starch hydrolysis
All porridges and the ERB were characterized by a lower
hydrolysis index (HI) than WWB and WGRB. In addition,
WGRP showed a lower HI than WGRB-lac, RBB and ERP
(Table 1).

Correlations
Correlations between II, insulin incremental peak, GI, GP,
hypoglycaemia, ghrelin and subjective satiety are pre-
sented in Table 7. The hydrolysis index (HI) was neither
correlated with the GI, II, GP or with the hypoglycaemia.
The subjective satiety (iAUC 0-180 min) was not corre-
lated with the protein, caloric, starch, fat, water or fibre
contents of the test meals.

Discussion
In the present study, the endosperm products and whole
grain rye breads induced significantly lower II's than
WWB, which is in agreement with previous findings [24-
26]. In contrast to the other rye breads in the study, the

Table 4: Blood glucose responses after the test meals

Meals GP GPI Glucose
iAUC (0-30 min)

Glucose
iAUC (0-120 min)

GI

min/mM % min·mM min·mM %
WWB 37.0 ± 5.6 b 100 ± 0.0 b 34.6 ± 4.1 a 167.5 ± 17.8 a 100 ± 0.0 a

WWP 35.2 ± 5.0 b 107 ± 15.6 b 34.2 ± 4.7 a 119.0 ± 13.0 ab 77 ± 9.8 ab

ERB 69.2 ± 10.1 a 200 ± 24.9 a 17.0 ± 3.2 c 104.0 ± 15.9 b 64 ± 7.5 b

ERP 49.7 ± 6.3 ab 145 ± 18.6 ab 25.7 ± 3.0 abc 103.1 ± 7.6 b 70 ± 6.3 b

WGRB 51.0 ± 7.0 ab 142 ± 11.5 ab 22.1 ± 3.6 bc 118.9 ± 21.8 ab 71 ± 9.7 ab

WGRB-lac 74.3 ± 9.7 a 226 ± 32.9 a 17.9 ± 3.1 c 113.6 ± 11.0 b 74 ± 9.5 b

WGRP 39.7 ± 7.3 b 111 ± 17.7 b 31.5 ± 3.8 ab 110.0 ± 14.4 b 72 ± 10.2 b

RBB 35.7 ± 3.4 b 113 ± 17.7 b 33.5 ± 3.0 a 147.2 ± 23.1 ab 87 ± 6.7 ab

Values are means ± SEM, n = 11 (WGRP: n = 10). Products not sharing the same letters were significantly different, p < 0.05 (ANOVA, followed by 
Tukey's test).

Table 5: Serum insulin responses after the test meals

Meals Insulin
incremental peak

Insulin
iAUC (0-30 min)

Insulin
iAUC (0-120 min)

II

nM min·nM min·nM %
WWB 0.168 ± 0.011 ab 1.42 ± 0.15 ab 8.35 ± 0.50 ab 100 ± 0.0ab

WWP 0.201 ± 0.029 a 1.96 ± 0.32 a 7.19 ± 0.66 bc 87 ± 7.8 bc

ERB 0.089 ± 0.011 d 0.76 ± 0.12 c 4.99 ± 0.57 d 61 ± 8.1 d

ERP 0.131 ± 0.018 bc 1.49 ± 0.24 ab 5.77 ± 0.55 cd 71 ± 6.9 cd

WGRB 0.124 ± 0.013 bcd 1.03 ± 0.16 bc 6.06 ± 0.59 cd 73 ± 7.5 cd

WGRB-lac 0.103 ± 0.014 cd 0.91 ± 0.20 bc 5.98 ± 0.70 cd 71 ± 8.9 cd

WGRP 0.177 ± 0.019 ab 1.93 ± 0.31 a 7.31 ± 0.69 bcd 88 ± 8.7 bcd

RBB 0.202 ± 0.016 a 1.87 ± 0.22 a 10.45 ± 1.06 a 128 ± 15.9 a

Values are means ± SEM, n = 12 (WGRP: n = 11). Products not sharing the same letters were significantly different, p < 0.05 (ANOVA, followed by 
Tukey's test).
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RBB i.e. white wheat flour enriched with rye bran (35 wt
%) showed a significantly higher II compared to all other
rye products.

To explain the low post-prandial insulin response of the
endosperm and whole grain rye products, the course of
glycaemia was analyzed. The rye products tended to
induce blood glucose curves that remained above fasting
for a longer time, with a lower glucose peak and a less pro-
nounced late hypoglycaemia. It could be hypothesized
that the inconsistency between GI and II, reported for
some rye products, is caused by this low but prolonged
net increment in post-prandial blood glucose response,
resulting in an improved insulin economy, but maintain-

ing a high GI as calculated from the 120 min area. In order
to quantify the profile of the blood glucose curve, the gly-
caemic profile (GP) was introduced, defined as the dura-
tion for incremental post-prandial blood glucose
response divided with the blood glucose incremental
peak. Thus, a high GP is indicative of a facilitated post-
prandial glycaemic regulation, with a lower glucose peak
and a less pronounced hypoglycaemia. As judged from
their higher GP's, it could be argued that ERB and WGRB-
lac are characterized by a more beneficial glucose regula-
tion than RBB, WWB, WWP and WGRP, respectively.

In the present study, the II showed a stronger correlation
with GP than with the GI of the products. Furthermore,

Incremental change (Δ) in plasma ghrelin in breads (A) and porridges (B)Figure 2
Incremental change (Δ) in plasma ghrelin in breads (A) and porridges (B). Incremental change (Δ) in subjective sati-
ety scores in breads (C) and porridges (D). WWB is visible in all graphs. Values are means ± SEM, n = 12 (WGRP: n = 11). A 
significant treatment effect was found (p < 0.0001), but no significant time × treatment interaction, p = 0.67 for ghrelin and p = 
0.97 for subjective feeling of satiety) (PROC MIXED in SAS)
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the insulin incremental peak was negatively correlated to
the GP but showed no correlation with the GI. This indi-
cates that the GP is a better predictor, than the GI, of the
acute insulin response of rye products.

We suggest that the GP is a useful tool for evaluation of
post-prandial glycaemia to carbohydrate foods in general.
Granfeldt et al. [31] noted that although the time course
for the post-prandial glycaemia were considerably differ-
ent with pasta and white wheat bread in healthy elderly
subjects; the GI's remained similar due to enduring incre-
mental blood glucose response in the late phase with
pasta. If calculating GP values from estimated data in that
study; GP's of 120 and 41 were estimated for pasta and
bread, respectively. The high GP pasta meal significantly

improved glucose tolerance at a standardized "second-
meal", ingested after 4 h, compared with the low GP white
wheat bread reference [32]. Moreover, when studying a
range of cereal breakfasts in healthy subjects it was found
that the blood glucose level 4 h after commencing the test
breakfast was negatively correlated to the blood glucose
incremental peak at a following standardized lunch (r = -
0.29, p = 0.043) [33]. These results suggest that products
characterized by high GP's are more prone to induce ben-
efits on second-meal glucose tolerance.

The beneficial glycaemic profile and low post-prandial
insulin response seen with endosperm rye bread does not
rule out a dietary fibre-related mechanism. In contrast to
WWB (1.8 g DF/100 g bread), the endosperm rye bread

Table 6: Plasma ghrelin responses and subjective satiety responses after the test meals

Meals Ghrelin
relative decrease (from fasting to nadir)

Ghrelin
relative increase (0 to180 min)

Subjective satiety iAUC (0-180 min)

% % min·cm
WWB -20.5 ± 2.4 a * 17.1 ± 4.6 a * 220 ± 71 c

WWP -17.2 ± 1.9 a * 15.5 ± 4.7 a * 371 ± 78 abc

ERB -16.7 ± 2.9 a * 8.0 ± 4.3 ab 465 ± 146 abc

ERP -16.9 ± 3.6 a * 14.4 ± 5.2 ab * 716 ± 109 a

WGRB -16.9 ± 2. 8 a * 11.1 ± 5.4 ab 321 ± 99 bc

WGRB-lac -18.1 ± 3.5 a * 1.3 ± 3.4 b 570 ± 126 abc

WGRP -18.3 ± 2.1 a * 7.0 ± 4.0 ab 718 ± 162 a

RBB -20.3 ± 1.8 a * 12.2 ± 4.0 ab * 587 ± 154 ab

Values are means ± SEM, n = 12 (WGRP: n = 11). Products not sharing the same letters were significantly different, p < 0.05 (ANOVA, followed by 
Tukey's test). * indicates significant difference from fasting concentration (p < 0.05, ANOVA, followed by Tukey's test).

Table 7: Correlations between blood glucose, serum insulin, plasma ghrelin and subjective satiety responses following the test meals

GP II Insulin
Incremental peak

GI Hypoglycaemia
neg AUC (30-180 min)

Subjective satiety
180 min

(delta from fasting)

NS NS NS NS -0.28*

Ghrelin
relative increase
(0 to180 min)

-0.40 *** 0.33 ** 0.34 ** NS 0.26*

Hypoglycaemia
neg AUC 1

(30-180 min)

-0.43 *** 0.22 * 0.38 *** -0.39 ***

GI NS 0.35 ** NS

Insulin
incremental peak

-0.64 *** 0.72 ***

II -0.48 ***

* p < 0.05, ** p < 0.01, *** p < 0.001, NS = non significant. (Spearman's partial coefficients controlling for subjects (two-tailed test)).
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(ERB) are rich in soluble fibres (6.7 g DF/100 g bread of
which 2.5 g was soluble and 4.2 g insoluble fibres). How-
ever, since the more fibre rich RBB appeared to be devoid
of acute metabolic benefits, it could be suggested that
some unknown property or component(s) present in the
endosperm, but not the bran fraction of rye, affects the
course of glycaemia and lowers the insulin demand. This
is a new observation showing that the benefits of rye prod-
ucts on insulin demand cannot be mimicked by adding
rye bran to a white wheat background. The results also
show the importance of maintaining all parts of the whole
grain, including the endosperm, in rye products. The
improved insulin economy seen with endosperm and
whole grain rye breads could possibly be due to an
improvement in insulin sensitivity or by an increase in
first phase insulin release, previously seen with rye breads
[34,35].

Whole grain and endosperm rye porridges induced signif-
icantly higher early insulin and glucose responses (0-30
min) compared with the corresponding bread products.
Also the insulin incremental peak was higher for the por-
ridges; ERP inducing a 48% higher peak than ERB and
WGRP a 42% higher insulin peak than WGRB. Thus, in
the present study, the type of processing affects the glycae-
mic and hormonal responses to flour based rye products,
in favour of bread making.

In a study by Juntunen et al [25] it was suggested that a
lowered post-prandial insulin response to rye products
could be explained by a mechanically firmer structure,
leading to obstructed amylolysis and a slower rate of glu-
cose delivery. The hydrolysis index (HI), calculated with
WWB as reference, was lower than that of WWB for some,
but not all whole grain and endosperm rye products in the
present study. HI was not correlated with GI, GP or II.
Hence, in the present work, the high GP and low II of rye
products are not explained by obstructed amylolysis.

A connection between low II features of foods and
increased post-meal satiety has been shown in several
studies comparing equicarbohydrate food portions [36-
39]. In the present study, the insulin incremental peak was
related to the extent of hypoglycaemia (neg AUC 30-180);
a higher insulin surge being related to a more pronounced
dip in blood glucose below fasting level (r = 0.38, p <
0.01). The extent of hypoglycaemia was in turn negatively
correlated to the feeling of subjective satiety at 180 min (r
= -0.28, p < 0.05). As a possible measure of appetite regu-
lation, we studied total plasma ghrelin in the post-pran-
dial phase. In the present study, a high insulin
incremental peak was related to a more potent recovery of
ghrelin in the later post-prandial phase (r = 0.34, p <
0.01). Also, previous studies, both clamp [40-42] and
meal studies [43,44], has found that total ghrelin concen-

trations were influenced by insulin. High levels of total
ghrelin at 4 h after a preload has been demonstrated to
increase voluntary energy intake at a subsequent meal
[45]. Thus, it can be hypothesized that a whole grain- or
endosperm rye bread breakfast, causing low acute insulin
response might reduce hunger in the late post-prandial
phase and possibly lower energy intake at a subsequent
meal compared with a high II breakfast such as WWB.
Semi-acute and longer term studies are needed to verify
this hypothesis.

Conclusion
Endosperm rye products and whole grain rye breads
induced significantly lower II's than white wheat bread
(WWB). In addition, these products induced low and pro-
longed glucose profiles i.e. high GP's, in the post-prandial
phase. The rye bran bread, devoid of the endosperm part
of the rye grain, induced GI, GP and II similar to that of a
WWB. The finding that the presently introduced GP better
predict the insulin response of rye products in the acute
post-prandial phase, compared with the GI, is important.
It is put forward that the GP could be exploited when eval-
uating post-prandial glycaemia of food products. The
results also indicate that a higher acute insulin response
was associated with more prominent late hypoglycaemia,
feeling of hunger and an increase in plasma ghrelin,
respectively. Thus, low II rye breakfast products may
improve appetite regulation. The latter warrants further
investigations which are currently under way.

List of abbreviations
BMI: body mass index; CVD: cardiovascular diseases; ERB:
endosperm rye bread; ERP: endosperm rye porridge; GI:
glycaemic index; GP: Glycaemic profile; HI: hydrolysis
index; iAUC: incremental area under the curve; II: insuli-
naemic index; neg AUC: negative area under the curve;
RBB: rye bran bread; WGRB: whole grain rye bread;
WGRB-lac; whole grain rye bread made with lactic acid;
WGRP: whole grain porridge; WWB: white wheat bread;
WWP: white wheat porridge.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
LAHR coordinated the study and was responsible for the
study design, the collection and analysis of the data, sta-
tistical analysis and for writing the paper. EMÖ was
involved in the study design, interpretation of data and in
writing the paper. IMEB was the guarantor for the found-
ing of the study and was involved in the study design,
interpretation of data and writing of the paper. LOBS was
involved in the analysis and statistical analysis of total
ghrelin. UKA and CH was involved in the study design.
Page 9 of 11
(page number not for citation purposes)



Nutrition Journal 2009, 8:42 http://www.nutritionj.com/content/8/1/42
Acknowledgements
For their analytical help we thank Lisbeth Persson and Laure Hardel. The 
study was supported by the Interdisciplinary PHD program in functional 
food sciences (FUNCFOOD) at Lund University. Rye flours were donated 
by Lantmännen R&D (Järna, Sweden).

References
1. McKeown NM, Meigs JB, Liu S, Saltzman E, Wilson PW, Jacques PF:

Carbohydrate nutrition, insulin resistance, and the preva-
lence of the metabolic syndrome in the Framingham Off-
spring Cohort.  Diabetes Care 2004, 27:538-546.

2. McKeown NM, Meigs JB, Liu S, Wilson PW, Jacques PF: Whole-
grain intake is favorably associated with metabolic risk fac-
tors for type 2 diabetes and cardiovascular disease in the
Framingham Offspring Study.  Am J Clin Nutr 2002, 76:390-398.

3. Meyer KA, Kushi LH, Jacobs DR Jr, Slavin J, Sellers TA, Folsom AR:
Carbohydrates, dietary fiber, and incident type 2 diabetes in
older women.  Am J Clin Nutr 2000, 71:921-930.

4. Liese AD, Roach AK, Sparks KC, Marquart L, D'Agostino RB Jr,
Mayer-Davis EJ: Whole-grain intake and insulin sensitivity: the
Insulin Resistance Atherosclerosis Study.  Am J Clin Nutr 2003,
78:965-971.

5. Fung TT, Hu FB, Pereira MA, Liu S, Stampfer MJ, Colditz GA, Willett
WC: Whole-grain intake and the risk of type 2 diabetes: a
prospective study in men.  Am J Clin Nutr 2002, 76:535-540.

6. Lutsey PL, Jacobs DR, Kori S, Mayer-Davis E, Shea S, Steffen LM, Szklo
M, Tracy R: Whole grain intake and its cross-sectional associ-
ation with obesity, insulin resistance, inflammation, diabetes
and subclinical CVD: The MESA Study.  Br J Nutr 2007,
98:397-405.

7. Fung TT, Rimm EB, Spiegelman D, Rifai N, Tofler GH, Willett WC,
Hu FB: Association between dietary patterns and plasma
biomarkers of obesity and cardiovascular disease risk.  Am J
Clin Nutr 2001, 73:61-67.

8. Liu S, Willett WC, Manson JE, Hu FB, Rosner B, Colditz G: Relation
between changes in intakes of dietary fiber and grain prod-
ucts and changes in weight and development of obesity
among middle-aged women.  Am J Clin Nutr 2003, 78:920-927.

9. Steffen LM, Jacobs DR Jr, Murtaugh MA, Moran A, Steinberger J, Hong
C-P, Sinaiko AR: Whole Grain Intake Is Associated with Lower
Body Mass and Greater Insulin Sensitivity among Adoles-
cents.  Am J Epidemiol 2003, 158:243-250.

10. Slavin JL, Martini MC, Jacobs DR Jr, Marquart L: Plausible mecha-
nisms for the protectiveness of whole grains.  Am J Clin Nutr
1999, 70:459S-463S.

11. Slavin Jl, Jacobs D, Marquart L, Wiemer K: The Role of Whole
Grains in Disease Prevention.  Journal of the American Dietetic Asso-
ciation 2001, 101:780-785.

12. Brenneisen P, Steinbrenner H, Sies H: Selenium, oxidative stress,
and health aspects.  Mol Aspects Med 2005, 26:256-267.

13. Guerrero-Romero F, Tamez-Perez HE, Gonzalez-Gonzalez G, Sali-
nas-Martinez AM, Montes-Villarreal J, Trevino-Ortiz JH, Rodriguez-
Moran M: Oral Magnesium supplementation improves insulin
sensitivity in non-diabetic subjects with insulin resistance. A
double-blind placebo-controlled randomized trial.  Diabetes
Metab 2004, 30:253.

14. Nadler JL, Buchanan T, Natarajan R, Antonipillai I, Bergman R, Rude
R: Magnesium deficiency produces insulin resistance and
increased thromboxane synthesis.  Hypertension 1993,
21:1024-1029.

15. Salmerón J, Ascherio A, Rimm EB, Colditz GA, Spiegelman D, Jenkins
DJ, Stampfer MJ, Wing AL, Willett WC: Dietary fibre, glycemic
load, and risk of NIDDM in men.  Diabetes Care 1997,
20:545-550.

16. Salmerón J, Manson JE, Stampfer MJ, Colditz GA, Wing AL, Willett
WC: Dietary fibre, glycemic load, and risk of non-insulin-
dependent diabetes mellitus in women.  Journal of the American
Medical Association 1997, 277:472-477.

17. Schulze MB, Liu S, Rimm EB, Manson JE, Willett WC, Hu FB: Glyc-
emic index, glycemic load, and dietary fiber intake and inci-
dence of type 2 diabetes in younger and middle-aged
women.  Am J Clin Nutr 2004, 80:348-356.

18. Liu S, Willett WC, Stampfer MJ, Hu FB, Franz M, Sampson L, Hen-
nekens CH, Manson JE: A prospective study of dietary glycemic

load, carbohydrate intake, and risk of coronary heart disease
in US women.  Am J Clin Nutr 2000, 71:1455-1461.

19. Ceriello A: The post-prandial state and cardiovascular dis-
ease: relevance to diabetes mellitus.  Diabetes/Metabolism
Research and Reviews 2000, 16:125-132.

20. Del Prato S, Leonetti F, Simonson DC, Sheehan P, Matsuda M,
DeFronzo RA: Effect of sustained physiologic hyperinsulinae-
mia and hyperglycaemia on insulin secretion and insulin sen-
sitivity in man.  Diabetologia 1994, 37:1025-1035.

21. Kallio P, Kolehmainen M, Laaksonen DE, Pulkkinen L, Atalay M,
Mykkanen H, Uusitupa M, Poutanen K, Niskanen L: Inflammation
markers are modulated by responses to diets differing in
postprandial insulin responses in individuals with the meta-
bolic syndrome.  Am J Clin Nutr 2008, 87:1497-1503.

22. Festa A, D'Agostino R Jr, Howard G, Mykkanen L, Tracy RP, Haffner
SM: Chronic Subclinical Inflammation as Part of the Insulin
Resistance Syndrome: The Insulin Resistance Atherosclero-
sis Study (IRAS).  Circulation 2000, 102:42-47.

23. Yudkin JS, Stehouwer CDA, Emeis JJ, Coppack SW: C-Reactive
Protein in Healthy Subjects: Associations With Obesity,
Insulin Resistance, and Endothelial Dysfunction: A Potential
Role for Cytokines Originating From Adipose Tissue?  Arteri-
oscler Thromb Vasc Biol 1999, 19:972-978.

24. Björck I, Östman E, Nilsson A: Modulating glycaemia to cereal
products.  In Whole Grains and Health First edition. Edited by: Mar-
quart L, Jacobs D, McIntosh G, Poutanen K, Reicks M. Ames, Iowa,
USA: Blackwell Publishing; 2007:177-184. 

25. Juntunen KS, Laaksonen DE, Autio K, Niskanen LK, Holst JJ, Savol-
ainen KE, Liukkonen K-H, Poutanen KS, Mykkanen HM: Structural
differences between rye and wheat breads but not total fiber
content may explain the lower postprandial insulin response
to rye bread.  Am J Clin Nutr 2003, 78:957-964.

26. Leinonen K, Liukkonen K, Poutanen K, Uusitupa M, Mykkänen H: Rye
bread decreases postprandial insulin response but does not
alter glucose response in healthy Finnish subjects.  Eur J Clin
Nutr 1999, 53:262-267.

27. Holm J, Björck IME, Drews A, Asp N-G: A rapid method for the
analysis of starch.  Starch/Stärke 1986, 38:224-226.

28. Asp N-G, Johansson C-G, Hallmer H, Siljeström M: Rapid enzy-
matic assay of insoluble and soluble dietary fiber.  J Agric Food
Chem 1983, 31:476-482.

29. Lange HJ: Fettbestimmung. (Fat analysis).  In Untersuchungsmeth-
oden in der Konservenindustrie (Analysis methods in the canning industry)
Edited by: Lange HJ. Berlin: Paul Parey; 1972:211-213. 

30. Granfeldt Y, Bjorck I, Drews A, Tovar J: An in vitro procedure
based on chewing to predict metabolic response to starch in
cereal and legume products.  Eur J Clin Nutr 1992, 46:649-660.

31. Granfeldt Y, Bjorck I, Hagander B: On the importance of process-
ing conditions, product thickness and egg addition for the
glycaemic and hormonal responses to pasta: a comparison
with bread made from 'pasta ingredients'.  Eur J Clin Nutr 1991,
45:489-499.

32. Liljeberg HGM, Åkerberg AKE, Björck IME: Effect of the glycemic
index and content of indigestible carbohydrates of cereal-
based breakfast meals on glucose tolerance at lunch in
healthy subjects.  Am J Clin Nutr 1999, 69:647-655.

33. Nilsson AC, Ostman EM, Granfeldt Y, Bjorck IM: Effect of cereal
test breakfasts differing in glycemic index and content of
indigestible carbohydrates on daylong glucose tolerance in
healthy subjects.  Am J Clin Nutr 2008, 87:645-654.

34. Laaksonen DE, Toppinen LK, Juntunen KS, Autio K, Liukkonen K-H,
Poutanen KS, Niskanen L, Mykkanen HM: Dietary carbohydrate
modification enhances insulin secretion in persons with the
metabolic syndrome.  Am J Clin Nutr 2005, 82:1218-1227.

35. Juntunen KS, Laaksonen DE, Poutanen KS, Niskanen LK, Mykkanen
HM: High-fiber rye bread and insulin secretion and sensitivity
in healthy postmenopausal women.  Am J Clin Nutr 2003,
77:385-391.

36. Holt S, Brand J, Soveny C, Hansky J: Relationship of satiety to
postprandial glycaemic, insulin and cholecystokinin
responses.  Appetite 1992, 18:129-141.

37. Holt SH, Miller JB: Increased insulin responses to ingested
foods are associated with lessened satiety.  Appetite 1995,
24:43-54.

38. Pasman WJ, Blokdijk VM, Bertina FM, Hopman WP, Hendriks HF:
Effect of two breakfasts, different in carbohydrate composi-
Page 10 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14747241
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14747241
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14747241
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12145012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12145012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12145012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10731498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10731498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10731498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12197996
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12197996
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17391554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17391554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17391554
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11124751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11124751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12882946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12882946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12882946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10479218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10479218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11478475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11478475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16105679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16105679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15223977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15223977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15223977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8505087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8505087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9096978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9096978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9020271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9020271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15277155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15277155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15277155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10837285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10837285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10837285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10751752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10751752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7851681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7851681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7851681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18469276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18469276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18469276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10880413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10880413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10880413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10195925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10195925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10195925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14594782
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10334650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10334650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10334650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6309935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6309935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1396482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1396482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1396482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1782920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1782920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1782920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10197565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18326603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18326603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18326603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16332654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16332654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16332654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12540398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12540398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1610161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1610161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1610161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7741535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7741535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12833109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12833109


Nutrition Journal 2009, 8:42 http://www.nutritionj.com/content/8/1/42
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

tion, on hunger and satiety and mood in healthy men.  Int J
Obes Relat Metab Disord 2003, 27:663-668.

39. Haber GB, Heaton KW, Murphy D, Burroughs LF: Depletion and
disruption of dietary fibre. Effects on satiety, plasma-glucose,
and serum-insulin.  Lancet 1977, 2:679-682.

40. Flanagan DE, Evans ML, Monsod TP, Rife F, Heptulla RA, Tamborlane
WV, Sherwin RS: The influence of insulin on circulating ghrelin.
Am J Physiol Endocrinol Metab 2003, 284:E313-316.

41. Saad MF, Bernaba B, Hwu CM, Jinagouda S, Fahmi S, Kogosov E, Boy-
adjian R: Insulin regulates plasma ghrelin concentration.  J Clin
Endocrinol Metab 2002, 87:3997-4000.

42. Möhlig M, Spranger J, Otto B, Ristow M, Tschop M, Pfeiffer AF: Eug-
lycemic hyperinsulinemia, but not lipid infusion, decreases
circulating ghrelin levels in humans.  J Endocrinol Invest 2002,
25:RC36-38.

43. Reynolds RC, Stockmann KS, Atkinson FS, Denyer GS, Brand-Miller
JC: Effect of the glycemic index of carbohydrates on day-long
(10h) profiles of plasma glucose, insulin, cholecystokinin and
ghrelin.  Eur J Clin Nutr 2008.

44. Blom WA, Stafleu A, de Graaf C, Kok FJ, Schaafsma G, Hendriks HF:
Ghrelin response to carbohydrate-enriched breakfast is
related to insulin.  Am J Clin Nutr 2005, 81:367-375.

45. Erdmann J, Topsch R, Lippl F, Gussmann P, Schusdziarra V: Post-
prandial response of plasma ghrelin levels to various test
meals in relation to food intake, plasma insulin, and glucose.
J Clin Endocrinol Metab 2004, 89:3048-3054.
Page 11 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12833109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=71495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=71495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=71495
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12531744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12161550
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12553549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12553549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12553549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18957972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18957972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18957972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15699223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15699223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15699223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15181097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15181097
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Test subjects
	Test meals
	Breads
	Porridges

	Chemical analysis of the test products
	Study design
	Blood sampling and analysis
	Calculations and statistical methods

	Results
	Blood glucose responses
	Serum insulin responses
	Ghrelin responses
	Subjective satiety
	In vitro rate of starch hydrolysis
	Correlations

	Discussion
	Conclusion
	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

