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Postprandial glycaemic control is important in the prevention and therapy of type 2 diabetes and related diseases. Agents that may reduce
postprandial glycaemia and/or insulinaemia, such as consumption of high-amylose foods, are considered beneficial; however, little is known
about the dose– response relationship and the effects of cooking. The aim of the present study was to define the dose– response curve for
postprandial glycaemic and insulinaemic excursions following meals of different amylose content and to compare the dose– response curves
for meals containing cooked and uncooked starches. Following an overnight fast, rats ingested a test meal and blood was sampled over 2 h.
The meal was given at 1·0 g carbohydrate/kg body weight, with an amylose content of 0, 270, 600 or 850 g/kg total starch. The area under
the glucose curve did not differ under any condition investigated. For the uncooked-starch diets, area under the insulin curve was higher for
the 0 g amylose/kg total starch meal than all other meals (P¼ 0·0001). For the cooked-starch diets, area under the insulin curve was higher in
the 0 than the 600 and 850 g amylose/kg total starch groups (P, 0·01), but did not differ from the 270 amylose/kg total starch group. These
results suggest that even a relatively small proportion of uncooked amylose (270 g/kg total starch) is sufficient to achieve a maximal attenuating effect on postprandial insulin concentrations as compared with 0 g amylose/kg total starch. Following cooking, however, a much
higher proportion of amylose ($ 600 g/kg total starch) is needed to achieve a similar effect.
Amylose: Amylopectin: Cooking: Insulin

It has long been recognised that there are major differences
between simple sugars and complex carbohydrates with
regard to their effects on glucose metabolism and insulin
action (Storlien et al. 1988; Higgins et al. 1996). It is
further recognised that different complex carbohydrates
may have different physiological effects. Two polymers
of glucose, amylose and amylopectin, constitute dietary
starch. Amylose is a linear polymer of glucose residues
linked by a(1 ! 4) bonds, whereas amylopectin is a
branched polymer of glucose residues linked by a(1 ! 4)
and a(1 ! 6) bonds. Amylopectin is generally rapidly
digested and absorbed due to its accessibility to digestive
enzymes. Foods that produce such high glycaemic
responses have been linked to diseases such as non-insulin-dependent or type 2 diabetes mellitus (Salmeron et al.
1997a,b; for review, see Morris & Zernal, 1999). In contrast, amylose may form helical inclusion complexes due
to its structure and interaction with dietary lipids and is
less accessible to digestive enzymes and is generally
digested and absorbed more slowly. Digestion of highamylose starches therefore leads to reductions in postpran-

dial glycaemic and insulin excursions relative to high-amylopectin starches.
Studies in animals have compared the impact of highamylose v. high-amylopectin starches on postprandial glycaemic and insulinaemic excursions; however, that work
has been conducted using uncooked starches and choosing
amylose content empirically according to starch availability, rather than for maximal effect (Byrnes et al.
1995; Higgins et al. 1996). One study has evaluated postprandial insulinaemic and glycaemic responses to meals
containing three different amylose contents in healthy subjects (Granfeldt, 1994). However, the range of amylose
contents used was limited, as all three forms are considered
to have a low amylose content (, 500 g amylose/kg total
starch). These starches are rarely consumed raw and it
has been proposed that their granular structure might be
destroyed by cooking (Annison & Topping, 1994). This
could change the digestibility and ultimately the glycaemic
and insulinaemic response to the starch. The work
presented here was undertaken to test the hypothesis that
there is a linear dose – response curve for amylose ingestion

Abbreviation: AUC, area under the curve.
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v. glycaemic –insulinaemic response and that cooking
significantly attenuates the postprandial reduction in glycaemia –insulinaemia caused by amylose consumption.
Therefore, the aim of the present study was to define the
dose –response curve for postprandial glycaemic and insulinaemic excursions following meals of different amylose
content and evaluate the effect of cooking by comparing
meals containing cooked and uncooked starches.
Materials and methods
Animals and diets
Male Wistar rats (Rattus norvegicus) were obtained from
the Animal Resource Centre (Murdoch, Western Australia,
Australia) and were housed in groups of three at the
University of Wollongong Animal House. The rats were
maintained at 228C on a 12 h light – dark cycle (lights on
07.00 – 19.00 hours), with free access to a standard
laboratory chow (Young Stock Feed, Young, NSW,
Australia) and water. The study was conducted according
to the National Health and Medical Research Council
(Australia) code of practice for the care and use of animals
for scientific purposes.
Diets were prepared as described by Byrnes et al.
(1995). All diets contained (% total energy): carbohydrate
67 (starch 57, sucrose 10); protein 22; fat 11. All diets were
identical in composition except for the proportions of amylose and amylopectin included in the starch component.
The major forms of carbohydrate were (g/kg): amylose
0– amylopectin 1000; amylose 270– amylopectin 730;
amylose 600– amylopectin 400; amylose 850 –amylopectin
150. Diets were presented to the animals in an unprocessed, unpelleted form. All starches were derived from
maize. Uncooked starches were left in their raw form,
while the cooked starches were prepared by dispersing
the starch in tap water (40 g/l) followed by cooking at
808C in an oil-jacketed kettle for 30 min prior to spray
drying. All starches were cooked at 808C to simulate
normal cooking conditions and were spray dried with the
temperature maintained at 808C to minimise the possibility
of crystals being formed (Siljestrom & Asp, 1985). This
method prevents the resistant starch in the high-amylose
starches from forming resistant starch 3, thus making comparisons between groups more relevant, as all groups will
contain predominantly resistant starch 2. The dietary fibre
level of the starches was determined using the Association
of Official Analytical Chemists’ (1995) enzymatic – gravimetric method; this method is accepted for labelling purposes in many countries. Total dietary fibre (dry solids)
content was similar and low (approximately 10 g/kg) in
both uncooked and cooked forms of the 0 and 270 g amylose/kg total starch. Cooking reduced fibre levels from
161 to 99 g/kg in the 600 g amylose starch/kg total starch
and from 307 to 193 g/kg in the 850 g amylose/kg
total starch. Starches were donated by Penford Australia
Limited, Lane Cove, NSW, Australia.
Surgery
At approximately 8 weeks of age (250 – 300 g; 1 week prior
to testing) rats were anaesthetised with an intramuscular

injection of 50 mg Ketamine/kg followed by an
intraperitoneal injection of 30 mg Xylazine/kg. Rats were
surgically fitted with an in-dwelling (intravenous) jugular
cannula (Silastic; Dow Corning Corporation, Midland,
MI, USA), as described by Pascoe et al. (1992). The
in-dwelling cannula was used to withdraw blood and
re-infuse erythrocytes during the acute meal test. Post-cannulation, rats were housed individually and given free
access to rat chow and water. All rats recovered to preoperative body weight within 3 d postoperatively and
were gaining weight normally within 5 d of surgery.
Acute meal test
As there were eight different conditions to be tested (0, 270,
600 or 850 g amylose/kg total starch, cooked or uncooked),
it was not possible to keep the animals’ cannulae patent
long enough to test all eight diets in each rat. Therefore,
each animal received a single, acute meal test. Each diet
was tested on a total of seven animals (i.e. seven for
each group). To ensure that rats would consume all of
the test meal within the allotted time (15 min), they were
meal trained before the test day. Two weeks prior to a
meal test, rats were presented with the test diet ad libitum
overnight to familiarise them with this diet and prevent
neophobia on the test day. Twice over the next week,
rats were starved for 5 h then placed in testing cages and
presented with a meal of similar size to that which they
would receive during the meal test (approximately 0·4 g
diet). Rats had no exposure to test diet or disruption of
normal eating habits for 7 d prior to the meal test.
On the test day, rats were starved overnight (15 h). The
following morning, the rats were placed in 250 £ 250 mm
wire testing cages and allowed 30 min to acclimatise
before testing commenced. A blood sample (400 ml) was
taken before the rat was presented with a test meal of
1·0 g carbohydrate/kg body weight (1·49 g diet/kg body
weight). Rats were allowed 15 min to eat and blood
samples (200 ml) were taken 10, 20, 30, 45, 60, 80, 100
and 120 min after eating commenced. Blood samples
were centrifuged for 2 min at 13 000 g. Plasma was pipetted
into fresh tubes and stored at 2 208C for subsequent analysis of glucose and insulin concentration. Erythrocytes from
the 0, 10, 20 and 30 min samples were pooled
and resuspended in physiological saline (9 g NaCl/l) to a
total volume of 800 ml. Resuspended cells were infused
between the 30 and 45 min blood samples in order to maintain blood volume and packed cell volume during
testing. Upon completion of the testing period, rats were
killed by intravenous infusion of 150 mg pentobarbitone
sodium/kg.
Plasma assays
All plasma samples were assayed in duplicate. Glucose concentration was measured using a GOD-PAP glucose assay
kit (Boehringer Mannheim, Mannheim, Germany) and analysed using a microplate reader (model 550; BioRad,
Hercules, CA, USA). Insulin concentration was estimated
with a double-antibody radioimmunoassay using rat insulin
standards, [125I]insulin and antibodies according to the
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manufacturer’s instructions (Linco, St Charles, MO, USA).
Radioimmuno-complex pellets, containing insulin, were
counted for 125I using an automatic g-counter (Wallac
Wizard 1480-011; Wallac Turku, Finland).
Statistical analysis
Results are expressed as mean values with their standard
errors using Statistics for Windows (Analytical Software,
Tallahassee, FL, USA). The concentration of the fasting
plasma sample was used as baseline for calculation of
the incremental area under the plasma glucose and insulin
curves (AUC). Values below fasting (i.e. ‘negative values’)
did not contribute to the AUC value. Statistical differences
between diet groups were determined using an ANOVA
with repeated measures and Bonferroni’s test for comparison of mean values.
Results
There was no significant difference in either peak glucose
concentration (Fig. 1) or glucose AUC in response to amylose content of the diet or cooking (Fig. 3(A)).
There was a significant difference (P, 0·005) in peak
insulin values between the 0 g amylose/kg total starch
group and all other groups for the uncooked state
(Fig. 2(A)). However, there was no difference in peak insulin values between any groups for the cooked starches
(Fig. 2(B)). Insulin AUC differed according to the amylose
content of the meal for both the cooked and uncooked
starches (Fig. 3(B)). For uncooked starches, the AUC for
insulin was higher in the 0 g amylose/kg total starch
group than all other groups (P¼ 0·0001). In the case of
cooked starches, the 0 and 270 g amylose/kg total starch
groups exhibited a higher AUC for insulin than the 600
or 850 g amylose/kg total starch groups (P, 0·01).
There were also differences in the insulin AUC between
cooked and uncooked starches with the same amylose content (Fig. 3(B)). Although there were no differences
between the cooked and uncooked starches for the 0 and
850 g amylose/kg total starch diets, there was a significant
difference for the 270 g amylose/kg total starch diets
(P, 0·0005) and the 600 g amylose/kg total starch diets
(P, 0·01).
Discussion
High postprandial glycaemic and insulinaemic responses
are linked to development of type 2 diabetes and related
diseases (Salmeron et al. 1997a,b). The present results
demonstrate that high amylopectin starches (0 g amylose/
kg total starch group) are readily digestible and provide a
high insulinaemic response in either the uncooked or
cooked form. Even a relatively small proportion of
uncooked amylose starch (270 g amylose/kg total starch)
was sufficient to achieve a maximal attenuating effect on
postprandial insulin concentrations. Following cooking,
however, a much higher proportion of amylose was
needed to achieve the same effect. These responses
resulted in a linear dose –response curve for the cooked
starches, whereas there was no such relationship for

Fig. 1. Postprandial plasma glucose concentrations in response to
cooked (A) or uncooked (B) starches of different amylose concentrations. -A-, 0 g amylose/kg total starch; – -O– -, 270 g amylose/kg
total starch; -W-, 600 g amylose/kg total starch; – -X–-, 850 g
amylose/kg total starch. For details of subjects and procedures,
see p. 824. Values are means with their standard errors shown by
vertical bars (n 7).

the uncooked starches, as a low amylose content causes
maximal attenuation of insulinaemic response under this
condition.
The amount of carbohydrate fed per meal in the present
study is comparable with that used in oral glucose tolerance tests by other investigators (e.g. Byrnes et al. 1995).
The small size of this meal (mean value 0·4 g) facilitated
relatively uniform and complete consumption of the meal
by all animals. In addition, a small meal size reflects the
nibbling nature of a rat’s natural eating pattern and is therefore physiologically appropriate for use in a rodent model.
The higher amylose (600 and 850 g amylose/kg total
starch) meals produced a significant reduction in insulinaemic response compared with the 0 g amylose/kg total
starch meal in both the uncooked and cooked form. This
is presumably due to the higher gelatinisation temperature
of high-amylose starches (154 –1718C) compared with
waxy maize starch (, 708C) (Doublier & Chopin, 1989),
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Fig. 2. Postprandial plasma insulin concentrations in response to
cooked (A) or uncooked (B) starches of different amylose concentrations. -A-, 0 g amylose/kg total starch; –-O– -, 270 g amylose/kg
total starch; -W-, 600 g amylose/kg total starch; – X–, 850 g
amylose/kg total starch. For details of subjects and procedures,
see p. 824. Values are means with their standard errors shown by
vertical bars (n 7).

which enables the granules to maintain their structure and
conformation even after cooking.
The postprandial glycaemic and insulinaemic excursions
were substantially higher for cooked than uncooked
starches (Fig. 3). However, basal insulin concentrations
were similar for all rats. The process of cooking the
high-amylose starches to 808C in a low-solids aqueous suspension resulted in a decrease in the amount of dietary
fibre contained in the starches. While this may explain
some of the difference in the 600 and 850 g amylose/kg
total starch groups, it does not explain the differences
between the 0 and 270 g amylose/kg total starch groups,
where the fibre content was very low and equivalent
between the cooked and uncooked starches.
It has been shown that postprandial insulin levels can be
decreased slightly when one-third of the carbohydrate in a
test meal is an 850 g amylose/kg total starch rather than an
amylopectin-based starch (Noakes et al. 1996). However,
definitive dose – response curves for the postprandial
insulinaemic and glycaemic effects of meals of differing

Fig. 3. Incremental area under the curve for glucose (A) and insulin
(B) in response to meals of different amylose concentration. B,
Uncooked; K, cooked. For details of subjects and procedures, see
p. 824. Values are means with their standard errors shown by vertical bars (n 7). Mean values were significantly different from those
of the 0 g/kg amylose group in the same category (i.e. cooked or
uncooked): *P¼0·0075, **P¼ 0·001. Mean values were significantly
different from those of the uncooked starch of the same amylose
concentration (†P¼0·0068, ††P¼ 0·0009).

amylose concentrations had not previously been
determined. Results presented here indicate that, in rats,
diets high in waxy maize starches (0 g amylose/kg total
starch group) led to relatively high insulinaemic excursions
after meals. Regular maize starch (270 g amylose/kg total
starch) appears to have some resistance to digestion in
the granular form, leading to a decrease in postprandial
insulin response. However, this resistance is largely lost
following cooking, when the postprandial insulinaemic
response is similar to that for 0 g amylose/kg total starch
(Fig. 1(B)). Therefore, there may be no dietary advantage
in consuming foods containing regular maize (270 g amylose/kg total starch) rather than waxy maize (0 g amylose/kg total starch). Conversely, higher amylose (600
and 850 g amylose/kg total starch) meals produced a significant reduction in insulinaemic response compared
with the 0 g amylose/kg total starch meal in both the
uncooked and cooked form, and may confer some metabolic benefit when consumed as part of a mixed meal.
The results presented herein show that in the uncooked
form, only 270 g amylose/kg total starch is required
to achieve a maximal attenuating effect on postprandial

Dose – response curve for cooked v. uncooked starch

insulin concentrations as compared with 0 g amylose/kg
total starch. Following cooking, however, at least 600 g
amylose/kg total starch is needed to achieve a similar
effect. These results have important ramifications for the
design of human feeding studies using high-amylose
starches: these studies often utilise foods in the cooked
state.
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