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j Abstract Background Based on
in vitro measurements, it is as-
sumed that starch in wholemeal
bread is rapidly digestible, which
is considered to be less desirable
for health. Aim of the study To
evaluate the in vitro prediction, we
characterized starch digestion of
wholemeal wheat bread (WB) and
postprandial glucose kinetics in
healthy volunteers. Methods In a
crossover study 4 healthy men
ingested either intrinsically 13C-
enriched WB (133 g) or glucose
(55 g) in water. Plasma glucose
and insulin concentrations were
monitored during 6 h postpran-
dially. Using a primed continuous
infusion of D-[6,6-2H2] glucose,
the rate of systemic appearance of
glucose was estimated (reflecting
glucose influx) and the endoge-
nous glucose production calcu-
lated. Results The glucose influx
rate after WB was comparable
with that after glucose in the early
postprandial phase (0–2 h)
(P = 0.396) and higher in the late

postprandial phase (2–4 h)
(P = 0.005). Despite the same ini-
tial glucose influx rate the 0–2 h
incremental area under the curve
(IAUC) of insulin after WB was
41% lower than after glucose
(P = 0.037). Paradoxically endog-
enous glucose production after
WB was significantly more sup-
pressed than after glucose (0–2 h
IAUC: P = 0.015, 2–4 h IAUC:
P = 0.018). Conclusions Starch in
WB seems to be partly rapidly and
partly slowly digestible. Postpran-
dial insulin response and endoge-
nous glucose production after WB
ingestion might not solely be
determined by the digestive char-
acteristics of starch; other com-
ponents of WB seem to affect
glucose homeostasis. In vitro
measurements might not always
predict in vivo starch digestion
precisely.

j Key words bread –
starch digestion – glucose kinet-
ics – stable isotopes

Introduction

Evidence is accumulating that the type of starchy
foods plays a role in the prevention of chronic dis-
eases. Associations are found between high intake of
whole grain products and the protection against car-

diovascular disease and type 2 diabetes [1, 12, 17].
Also, several studies [14, 17, 21], even though not
always consistent [17, 18], have shown that diets that
contain large amounts of foods which elicit relatively
low postprandial blood glucose responses (low gly-
cemic index foods) may protect against chronic dis-
eases. It is generally assumed that the postprandial
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blood glucose response to starchy foods is mainly
determined by the rate of digestion of starch—thus
products with slowly digestible starch features are
considered to be beneficial. These features of starch
digestion can be determined by in vitro assays.
Postprandial blood glucose, however, is the net result
of various postabsorptive processes and—besides
absorption of starch derived glucose—endogenous
glucose production and glucose disposal into various
tissues determine blood glucose response. The con-
tribution of these processes to postprandial blood
glucose and how they are influenced by other food
components has so far received little attention in
nutritional studies.

In many societies bread is an important component
of the diet. Bread made from refined flour and even
wholemeal bread, if made from finely ground whole
grains, has been shown in vitro to contain a high
percentage of rapidly digestible starch (93% of total
starch) [8] which implies that it is a less desirable food
product. Yet so far, no information is available about
the in vivo digestive characteristics of wheat bread
starch in humans. Nor is there information on the
underlying glucose kinetics which determine post-
prandial glucose response. Therefore, the purpose of
our study was to characterize starch digestion of
wholemeal wheat bread and postprandial glucose
kinetics in healthy volunteers by comparing them to
that of the readily absorbable monosaccharide glucose.

Subjects and methods

j Subjects

Four healthy male subjects (age 23.0 ± 1.1 years, BMI
of 21.4 ± 1.3 kg/m2 (mean ± SEM)) were recruited by
advertising. The criteria for exclusion were use of
medications, use of antibiotics in the last 3 mo, gas-
trointestinal symptoms, diabetes mellitus and gas-
trointestinal surgery. Each subject gave written
informed consent for the study, and approval was
obtained from the Medical Ethics Committee of the
University Medical Center in Groningen.

j Test meals

The test meals were either 133 g of wholemeal wheat
bread (WB) and 250 ml of tap water or 55 g glucose
(90% carbohydrates) (glucose-monohydrate, Natu-
food, Natuproducts BV, Harderwijk, The Nether-
lands) which was dissolved in 250 ml of tap water.
Each test meal provided 50 g available carbohydrates.

Glucose was corn derived and therefore naturally
labeled with 13C, which is necessary to be able to

apply the dual isotope technique. The 13C abundance
of glucose was 1.09824 atom % 13C. 13C-labelling of
wheat (Durum wheat var Lloyd) was achieved by
subjecting plants to a 13CO2 enriched atmosphere. For
preparation of WB 11.00 g 13C-enriched wheat grains
(3.034 atom % 13C) and 355 g unlabelled wheat grains
(1.085 atom % 13C) of the same variety were milled in
an electric household grain mill (SAMAP Elsasser
grain mill F 100) on the finest grade. The wholemeal
flour, 320 g lukewarm water, 6.4 g dry yeast and 6.4 g
salt was used to bake bread in a Panasonic home
bread maker with the wholemeal bread program of
5 h. After cooling, the bread was sliced and the crusty
ends removed. Portions of 133 g bread were frozen.
To measure the level of 13C-enrichment of the bread
starch was isolated and hydrolysed. The 13C abun-
dance of starch in bread was 1.1176 atom % 13C. One
portion of bread consisted of 50 g available carbo-
hydrates, 11.5 g protein, 2.1 g fat, 54.8 g water and
14.6 g fiber.

In vitro analysis

In vitro carbohydrate analysis of WB was conducted
according to the method of Englyst [9].

j Study protocol

The study was performed in a crossover manner, with
each subject studied on two occasions at least 1 week
apart. The subjects were asked to refrain from con-
suming foods enriched in 13C, like cane sugar, corn
products and pineapple, for 3 days preceding the
experiments. The subject’s food intake after 1700 h the
day before each experiment was individually stan-
dardized. Subjects refrained from alcohol and stren-
uous exercise for 24 h before each study day. They
fasted and drank only water, coffee or tea without
sugar and milk from 2200 h the night before the study.
Subjects arrived at 0800 h and cannulas were inserted
into veins in both forearms, one for collection of
blood, kept patent with heparin (50 IE/ml), and the
other for infusion of D-[6,6-2H2]glucose (98% 2H APE)
(Isotec Inc, Miamisburg, OH, USA). Throughout the 8-
h study period subjects relaxed by reading or watching
videos. A primed-continuous infusion of D-
[6,6-2H2]glucose (prime: 342 mg, continuous infusion:
3.5 mg/min (9.5 mg/ml)) was started at time minus
120 min. 120 min after the beginning of the infusion
(t = 0) the test meal was ingested.

Sample collection

Blood and breath samples were collected every 30 min
for 90 min, every 15 min for the following 150 min
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and every 30 min thereafter. Blood was collected into
tubes containing sodium fluoride and potassium
oxalate. After centrifugation (3,000·g; 7 min) at 4�C,
the plasma samples were stored at )20�C until as-
sayed.

Analytical procedures

Glucose was measured with an ECA-180 glucose
analyzer (Medingen, Dresden, Germany). The inter-
assay and intra-assay coefficient of variation was 3
and 1%, respectively. Insulin concentrations were
measured in duplicate using a commercially available
RIA (Diagnostic Systems Laboratories, Webster,
Texas, USA). The inter-assay and intra-assay coeffi-
cient of variation was 9.9 and 4.5%, respectively. The
sample preparation procedure for the analysis of the
isotopic enrichment of plasma glucose is described in
detail elsewhere [26, 27]. The 13C/12C isotope ratio
measurement of the glucose penta-acetate derivative
was determined by GC/Combustion/Isotope Ratio MS
[25] and the 2H enrichment in the derivative by GC/
MS [26].

Calculations

The enrichment of [6,6-2H2]glucose (in mole% ex-
cess) and 13C (expressed in atom % excess) were
calculated as previously described [26], and smoothed
using the Optimized Optimal Segments program
developed by Bradley et al. [2]. The rate of total
(endogenous and exogenous) glucose appearance
(RaT) in plasma was estimated using the non-steady
state equation of Steele as modified by De Bodo [7,
22]. Identical behavior of labeled and unlabeled glu-
cose molecules was assumed. The effective volume of
distribution was assumed to be 200 ml/kg and the
pool fraction value 0.75 [24]. The RaEx was calculated
according to Tissot et al. [24] and endogenous glucose
production (EGP) by subtracting RaEx from RaT [24].

To describe postprandial kinetics the time to peak,
the peak values and the incremental areas under the
postprandial curves (IAUCs) were used and com-
pared. The time to peak was defined as time period
between the intake of the test meal and the appear-
ance of peak plasma concentration or rate. Using the
trapezoidal rule [11] the IAUCs for all parameters
were calculated for 2-h time periods (0–120, 120–240,
240–360 min) for the periods before values stayed at
baseline levels. For the IAUC calculations of RaT and
RaEx values were multiplied by body weight and for
RaEx expressed as percentage of the administered
dose of glucose equivalents (cum dose %). EGP was
expressed as % suppression of the mean of the
baseline values and IAUC values calculated for the
time periods 0–120, 120–240 and 240–360 min.

j Statistics

Data are presented as mean ± SEM. Rates are ex-
pressed as milligrams per kilogram total body weight
per minute. Differences between the results of the test
meals were assessed with the two-tailed paired Stu-
dent’s t test. All analyses were performed with the
statistical program SPSS 11.0 for Windows software
(SPSS inc., Chicago, IL). P < 0.05 was considered to
be significant.

Results

j Test meals

In vitro determination showed that 90.5% of the total
amount of carbohydrates in wholemeal wheat bread
(WB) was rapidly available glucose (RAG), 3.6% slowly
available glucose (SAG) and 5.9% resistant starch (RS).

j Postprandial plasma glucose and insulin response

Fasting plasma glucose concentrations did not differ
on the glucose (5.1 ± 0.2 mmol/l) and WB (4.9 ±
0.1 mmol/l) study days (P = 0.607). Neither the peak
glucose concentrations nor the IAUC of the WB dif-
fered significantly (P = 0.239 and P = 0.078, respec-
tively) from that of glucose (Fig. 1, Table 1).

Fasting insulin concentrations did not differ on
the glucose (36.7 ± 4.3 pmol/l) and WB (27.0 ±
1.8 pmol/l) study days (P = 0.178). After WB a lower
insulin peak concentration than after glucose was
observed (168.2 ± 37.6 and 251.6 ± 36.2 pmol/l,
respectively; P = 0.01) as well as a 41% lower 0–
120 min IAUC (P = 0.037) (Fig. 2, Table 1).
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Fig. 1 Postprandial plasma glucose concentrations in healthy men after
ingestion of 55 g 13C-enriched glucose (open square) and 133 g 13C-enriched
wholemeal wheat bread (multi symbol). Values are means ± SEM, n = 4. The
0–120 min incremental area under the curve was not significantly (P = 0.078)
lower after WB than after glucose
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j Rate of systemic appearance of total glucose
(RaT)

The basal RaT was different on the glucose and the
WB study day (2.2 ± 0.2 and 2.6 ± 0.2 mg/kg . min,
respectively; P = 0.010). The RaT increased to a
maximum above baseline of 3.0 ± 0.4 mg/kg min
after WB at 15 ± 0 min and of 4.3 ± 0.4 mg/kg min
after glucose at 34 ± 7 min (Fig. 3). Peak RaT and
time to peak was not statistically different (P = 0.058
and P = 0.080, respectively) nor was the 120–240 min
IAUC (P = 0.640). The 0–120 min IAUC was signifi-
cantly higher after glucose than after WB (P = 0.038)
(Fig. 3, Table 1).

j Rate of systemic appearance of exogenous glucose
(RaEx)

The peak values of RaEx did not differ between the
WB meal and the glucose meal (4.8 ± 0.5 and

5.1 ± 0.2 mg/kg min, respectively, P = 0.397) nor did
the time to peak (45 ± 12 and 41 ± 4 min respec-
tively, P = 0.718) (Fig. 4). The 0–120 min IAUC after
WB was the same as after glucose (P = 0.396), how-
ever after 120 min the RaEx after WB declined sig-
nificantly slower than after glucose. The differences in
RaEx kinetics resulted in a higher 120–240 and 240–
360 min IAUC after WB as compared to glucose
(P = 0.005 and P = 0.001) (Table 1).

j Endogenous glucose production (EGP)

Maximum suppression after WB did not differ from that
after glucose (76 ± 6 and 68 ± 8%, respectively;
P = 0.239) nor did the time to maximum suppression
(71 ± 21 and 53 ± 14%, respectively; P = 0.137). In the
0–120, 120–240, 240–360 min period EGP was more
suppressed after ingestion of WB than after glucose
(P = 0.015, P = 0.018 and P = 0.005, respectively)

Table 1 Incremental areas under the curve of glucose, insulin, RaT, RaEx and EGP after ingestion of 55 g of glucose and 133 g of wholemeal wheat bread in healthy
mena

IAUC IAUC IAUC

0–120 min 120–240 min 240–360 min

Glucose WB Glucose WB Glucose WB

Glucose (mmol/l/2 h) 196 ± 51 81 ± 28
Insulin (pmol/l/2 h) 13,994 ± 3,725 8,272 ± 2,294b

RaT (g/2 h) 32.6 ± 1.1 18.2 ± 0.8b 3.2 ± 0.6 4.0 ± 1.6
RaEx (%dose/2 h) 62.4 ± 4.3 64.9 ± 4.0 11.4 ± 1.5 29.6 ± 1.82 0.3 ± 1.0 9.9 ± 1.4b

EGP (%supp/2 h)c )4,887 ± 892 )7,751 ± 7872 )2,171 ± 749 )6,398 ± 6482 )975 ± 387 )4,370 ± 476b

aRaT systemic rate of appearance of total glucose, RaEx systemic rate of appearance of exogenous glucose, EGP endogenous glucose production, mean ± SEM; n = 4
bSignificantly different from glucose, P < 0.05 (Student’s t test)
c% suppression of mean baseline values
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Fig. 2 Postprandial plasma insulin concentrations in healthy men after
ingestion of 55 g 13C-enriched glucose (open square) and 133 g 13C-enriched
wholemeal wheat bread (WB) (multi symbol). Values are means ± SEM, n = 4.
The 0–120 min incremental area under the curve was significantly (P = 0.037)
lower after WB than after glucose
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Fig. 3 Rate of systemic appearance of total glucose above baseline in healthy
men after ingestion of 55 g 13C-enriched glucose (open square) and 133 g 13C-
enriched wholemeal wheat bread (multi symbol). Values are means ± SEM,
n = 4. The 0–120 min incremental area under the curve (IAUC) was
significantly (P = 0.038) lower after WB than after glucose. The 120–
240 min IAUC were the same
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(Fig. 5, Table 1). Endogenous glucose production re-
turned to near baseline values at 180 min after glucose
whereas it remained still suppressed 6 h after WB.

Discussion

We determined the starch digestive characteristics of
WB and compared the postprandial glucose kinetics
with that of glucose dissolved in water.

We found that in the early postprandial phase (0–
120 min) the influx rate of glucose derived from WB
starch was comparable to that of glucose from the
glucose solution. Despite of this the insulin response
was significantly lower after WB and paradoxically the
EGP was significantly more suppressed after WB. This
indicates that in the case of WB consumption sup-

pression of EGP is largely insulin independent. The
same glucose influx rate accompanied by enhanced
suppression of EGP after WB resulted in lower RaT as
compared to glucose.

The comparison of the physiological responses to
the ingestion of glucose with that of a starchy food
with a comparable glucose influx rate makes it pos-
sible to identify which responses are related to either
starch characteristics or other food components. De-
creased insulin response after bread as compared to
glucose can not be explained by a slower influx rate of
starch derived glucose in our study. Therefore, the
effect of other components present in bread on
insulin concentrations need to be considered. WB
contains yeast, fiber and a small amount of protein as
well as a wide range of micronutrients and phyto-
chemicals. Protein is capable of enhancing insulin
response which would be the opposite effect of what
we have observed. Dietary viscous fiber have been
described to be able to blunt insulin response but are
unlikely to be responsible in our case since wheat
fiber is predominantly non-viscous fiber [20]. Indirect
effects of those components on the insulin response
have also to be taken into account since more than
50% of the increase in plasma insulin concentrations
after a glucose load is accounted for by incretin re-
lease [19]. Glucose-dependent insulinotropic poly-
peptide (GIP) and glucagon-like peptide-1 are
incretin hormones which are released from the gut
after ingestion of a meal. It is therefore possible that
less pronounced concentrations of these hormones
are responsible for the reduced insulin concentrations
after WB as compared to glucose. Other factors than
the glucose influx rate need then to be responsible for
the difference of effect. For GIP this would be in
contrast to the results of our recent study [27] in
which we showed that the influx rate of glucose was
correlated to GIP plasma concentrations after inges-
tion of glucose, corn pasta and uncooked cornstarch.
However, these test meals were much simpler in
composition and did not contain a comparable vari-
ety of nutrients and phytochemicals nor did they
contain dietary fiber. So far very limited information
[28] is available about the effects of cereal fiber—
which are independent from the glucose influx rate -
on incretin concentrations. Only one study [28]
investigated the effect of insoluble fiber on incretin
response. Insoluble oat fiber added to bread acceler-
ated GIP response whereas added insoluble wheat fi-
ber did not. GLP-1 plasma concentrations were not
affected by the addition of fiber.

Until now measures aimed to decrease postpran-
dial insulin concentrations were to decrease the load
of carbohydrates or to slow down the rate of
absorption by inhibitors or by choosing low GI foods
[29]. Based on the results of this study it seems that
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Fig. 4 Rate of systemic appearance of exogenous glucose in healthy men after
ingestion of 55 g 13C-enriched glucose (open square) and 133 g 13C-enriched
wholemeal wheat bread (multi symbol). Values are means ± SEM, n = 4. The
0–120 min incremental area under the curve (IAUC) after WB and glucose were
the same. The 120–240 and 240–360 min IAUC were significantly (P < 0.05)
higher after WB than after glucose

20

0

0 60 120 180 240 300

Time (min)

EG
P 

(%
 s

up
pr

es
si

on
)

360

–20

–40

–60

–80

Fig. 5 Percentage suppression from baseline of endogenous glucose produc-
tion in healthy men after ingestion of 55 g 13C-enriched glucose (open square)
and 133 g 13C-enriched wholemeal wheat bread (multi symbol). Values are
means ± SEM, n = 4. The 0–120, 120–240 and 240–360 min incremental
areas under the curve were significantly (P < 0.05) higher after WB than after
glucose

M.G. Priebe et al. 421
Postprandial glucose kinetics of wholemeal wheat bread



food characteristics other than the digestion rate also
should to be considered. In view of the adverse health
effects of high insulin concentrations [13, 16], inves-
tigating which factors are responsible is highly rele-
vant.

EGP in this study is not measured directly but
derived from the RaT and RaEx values. The appar-
ently insulin-independent effect on EGP is very
intriguing. Insulin is regarded as the primary deter-
minant of EGP which exerts its effect in humans
mainly in a direct manner [4]. However, indirect ac-
tions also play a role which comprise inhibition of
glucagon secretion, decrease in release of nonesteri-
fied fatty acids and glycerol from adipose tissue and
gluconeogenic precursors from skeletal muscles as
well as changes in neural signalling to the liver [3].
Furthermore, EGP might also be influenced by adi-
pokines (e.g. adiponectin [5, 23]) and gastrointestinal
hormones (e.g. GLP-1 [6]) either directly or by their
insulin-sensitizing effects on the liver. In view of the
complexity of the regulation of EGP, identifying food
components involved in modulation of EGP is very
challenging.

In the late postprandial phase (120–240 min) the
influx rate of starch derived glucose was significantly
higher after WB than after glucose and suggests that
wheat starch in bread is in part slowly digestible. Data
of the influx rate of slowly digestible starch (uncooked
corn starch) of our previously study [27] support this
suggestion. After consumption of uncooked corn
starch we found a similar 120–240 min influx rate of
34.6 ± 2.7 cum % dose/2 h, whereas the 0–120 min
influx rate was lower than that of wheat bread
(35.4 ± 3.9 cum % dose/2 h)—as expected. Even
though release of 13C-glucose that has initially been
taken up by the liver could contribute to the late 13C-
appearance, this contribution has been shown to be
quantitatively very small (<3%, [15]).

The high influx rate in the late postprandial phase
amounted to 30% of the dose ingested. This was not
expected based on the in vitro data which predicted a

very low amount of SAG (4% of total carbohydrates).
So far studies evaluating the predictive value of in
vitro measurement of RAG and SAG have been based
on total blood glucose concentrations during the first
two postprandial hours since it is generally assumed
that blood glucose concentrations directly reflect the
rate of digestion and influx of exogenous glucose into
the systemic circulation. For a number of cereal
products the glycemic index values could be ex-
plained by the RAG or SAG content of the product
[10]. However, our study implies that blood glucose
concentrations do not adequately reflect in vivo
digestion rate because influx of exogenous glucose
from a starchy meal can be ongoing after blood glu-
cose concentrations are back to basal levels after 2 h.
Therefore in vitro measurements can be useful for
predicting glucose response but the predictive value
for the in vivo rate of digestion seems to be limited.

In conclusion, our data suggest that WB starch is
partly rapidly and partly slowly digestible which could
not be derived from in vitro determinations.

Furthermore, our data suggest that decreased ins-
ulinemic response is not necessarily caused by a lower
intestinal rate of starch digestion and absorption. The
physiological response after whole meal bread con-
sumption seems not only be determined by the
characteristics of the starch but also by other com-
ponents of the bread. If our observations can be
confirmed with other starchy products this will have
implications for the classification of food products
which is currently focused on starch characteristics.
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