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Postprandial concentrations of glucose, insulin and triacylglycerols (TG) correlate to risk for
CHD. Carbohydrates affect many metabolites that could have a potential effect on cardiovascular risk factors. The objective of the present study was to examine, using a randomised
prospective study, the acute (day 1) and ad libitum medium-term (day 24) effects of four
diets: a high-fat diet (HIGH-FAT; 50 % fat, . 34 % monounsaturated fatty acids); a low-glycaemic index (GI) diet (LOW-GI; high-carbohydrate, low-GI); a high-sucrose diet (SUCROSE;
high carbohydrate increase of 90 g sucrose/d); a high-GI diet (HIGH-GI; high-carbohydrate,
high-GI). Daytime profiles (8 h) (breakfast, lunch and tea) of lipid and carbohydrate metabolism
were completed during day 1 and day 24. Seventeen middle-aged men with one or more cardiac
risk factors completed the study. There was no change from day 1 or between diets in fasting
glucose, lipids or homeostatic assessment model (HOMA) on day 24. The HIGH-FAT compared with the three high-carbohydrate diets was associated with lower postprandial insulin
and glucose but higher postprandial TG and non-esterified fatty acids (NEFA). There was a significant increase in the 6 h (15.00 hours) TG concentration (day 1, 2·6 (SEM 0·3) mmol/l v. day
24, 3·3 (SEM 0·3) mmol/l; P, 0·01) on the SUCROSE diet. Postprandial HOMA (i.e. incremental area under the curve (IAUC) glucose (mmol/l per min) £ IAUC insulin/22·5 (mU/l per min))
median changes from day 1 to day 24 were 2 61, 2 43, 2 20 and þ31 % for the HIGH-FAT,
LOW-GI, SUCROSE and HIGH-GI diets respectively. The HIGH-GI percentage change was
significantly different from the other three diets (P, 0·001). Despite being advised to maintain
an identical energy intake there was a significant weight change (2 0·27 (SEM 0·3) kg; P, 0·02)
on the LOW-GI diet compared with the SUCROSE diet (þ 0·84 (SEM 0·3) kg). In conclusion the
HIGH-FAT diet had a beneficial effect on postprandial glucose and insulin over time but it was
associated with higher postprandial concentrations of TG and NEFA. Conversely the HIGH-GI
diet appeared to increase postprandial insulin resistance over the study period.
Insulin resistance: Postprandial homeostatic assessment model: High-sucrose diet:
High-fat diet: Glycaemic index

CHD remains the major cause of death in the Western
world (Murray & Lopez, 1997), despite modest falls in
CHD mortality over the last three decades (Gillum,
1994). The insulin resistance syndrome is increasingly
recognised as an important risk factor for CHD (Reaven,

1995). Several epidemiological studies have demonstrated
an association between hyperinsulinaemia, a surrogate
maker of insulin resistance, obesity, and CHD risk
(Fontbonne et al. 1991; McKeigue et al. 1993; Despres
et al. 1996).

Abbreviations: GI, glycaemic index; HIGH-FAT, high-fat intervention; HIGH-GI, high-carbohydrate high-glycaemic index intervention; HOMA,
homeostatic assessment model; HOMA-PP, postprandial homeostatic assessment model; IAUC, incremental area under the curve; LOW-GI, highcarbohydrate low-glycaemic index intervention; MUFA, monounsaturated fatty acids; NEFA, non-esterified fatty acids; SUCROSE, high-sucrose
intervention; TG, triacylglycerol.
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Current UK dietary advice given for cardiac protection
emphasises low-fat, high-carbohydrate foods with five or
more portions of fruit and vegetables a day without specifying the type of carbohydrate to use when replacing dietary fat (Department of Health, 1994).
Low-fat diets are by default high-carbohydrate diets;
however concern exists about increasing carbohydrate
intake above 55 % as deleterious effects have been found
on serum triacylglycerols (TG) and HDL-cholesterol
(Parks & Hellerstein, 2001). The inclusion of sucrose in
the increasingly large quantities that are now being consumed in the Western world (moderate intake around
75 g/d; top end of the range as high as 200 g/d) further
compounds this concern (for a review, see Frayn & Kingman, 1995).
Diets with a high olive oil (monounsaturated fat) content
have been found to produce a CHD protection effect. Cardiac risk factors have been reported to be improved on
high-monounsaturated-fat diets compared with diets in
which more than 55 % of their energy is derived from
carbohydrate (Garg et al. 1994; Reaven, 1997).
There are a wide variety of dietary carbohydrates and
different classifications have been used to describe them.
The ‘glycaemic index’ (GI) is a useful way of predicting
their physiological effects. High-GI foods give higher postprandial blood glucose concentrations than those with a
low GI (Jenkins et al. 1981; Foster-Powell & Miller,
1995). Application of the GI has proved beneficial in the
dietary management of diabetes, and a recent review of
clinical studies has shown that low-GI carbohydrates
improve glycaemic control and lipid profiles in type 2 diabetes, as well as in those at risk of CHD (Ludwig, 2002).
The Food and Agriculture Organization/World Health
Organization Expert Consultation report (1998) now
endorses the use of the GI for categorising dietary carbohydrates in recognition that it provides useful metabolic
information on carbohydrate.
Although there is strong epidemiological evidence to
suggest that low-GI diets are cardio-protective (Frost
et al. 1999; Hu et al. 2000; Liu et al. 2000), it is unknown
whether they have any effect before the onset of CHD, or
whether such diets could slow the onset of CHD.
The present prospective, randomised crossover study
was designed to investigate the acute and medium-term
effects of three different high-carbohydrate diets: a highcarbohydrate high-GI diet (HIGH-GI), a high-sucrose diet
(SUCROSE) and a high-carbohydrate low-GI diet (LOWGI) compared with a low-carbohydrate high-fat (. 35 %
monounsaturated) diet (HIGH-FAT) in healthy middleaged men, with risk factors for CHD but before the progression of disease, on day profiles of insulin, glucose
and lipids.

Research design and methods
The study population targeted were moderately overweight
middle-aged men who were currently healthy but had one
or more cardiac risk factors: BMI . 25 kg=m2 ; raised total
cholesterol:HDL . 5; increased visceral adiposity (waist
. 1000 mm). Twenty-five men were approached to take

part in the study. After initial screening twenty-two men
were recruited. Seventeen men completed all four dietary
interventions (three left the area and two were smokers
who could not complete the day profile without smoking).
No subjects were taking any medication or diet supplements. All had a normal electrocardiogram and physical
examination. The mean age was 45 (SD 8) years, BMI 29·3
(SD 4·0) kg/m2, waist:hip 0·95 (SD 0·06), waist 1050 (SD
126) mm. Eight were non-smokers five ex-smokers and
four current smokers. All reported stable body weights
for the previous 3 months. The group had an 11·4 (SD
9·2) % 10-year risk of developing CHD, as calculated by
the Framingham CHD risk assessment programme (Wood
et al. 1998).
Alcohol intake and physical activity level or baseline
dietary intake was not different between subjects and alcohol intake and physical activity level (as assessed by previous 7 d recall) did not differ over the study period.
Imperial College’s School of Medicine, Hammersmith
Campus research and ethics committee granted ethical
approval. All volunteers gave written consent.

Experimental protocol
A randomised Williams Latin Square crossover study
design was undertaken. During a week run-in period subjects recorded their normal habitual diet for 7 d, after
which participants were randomised to one of four 24 d
treatments: HIGH-FAT, LOW-GI, SUCROSE or HIGHGI. The duration on each intervention was 24 (SEM 1) d.
There was a minimum 3-week washout period between
the diets (24 (SEM 2) d). Therefore, overall, each subject
was enrolled on the study for about 7 months.

Day profiles
All studies were performed in the Clinical Investigation
Unit, Hammersmith Hospital from around 8.00 hours
after an overnight fast. An intravenous cannula was
inserted into the antecubetal fossa for blood sampling. A
breakfast meal was given at 0 min (9.00 hours), lunch at
180 min (12.00 hours) and afternoon tea at 360 min
(15.00 hours). Blood samples were taken at 2 15, 0, 15,
30, 45, 60, 120, 180, 195, 210, 225, 240, 300, 360, 375,
390, 405, 420 and 480 min. The meals were consumed
within 10 min on each occasion. All of the profile meals
were identical in energy. Every profile meal within each
intervention was matched for energy and macronutrients
(Table 1a and 1b). This allowed the assessment of the
cumulative meal effect of each diet. Each dietary period
included a day profile on day 1 and day 24. We used identical day profiles (day 1 and 24) in order to assess the adaptation effect of ingesting a diet rich in fat v. sucrose v.
high-GI v. low-GI choices. GI values were calculated as
previously described (Frost et al. 1994) using bread as
the standard. Values given in parentheses in Tables 1 and
2 are calculated with glucose as the standard (FosterPowell & Miller, 1995).
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Table 1a. Composition of breakfast, lunch and afternoon tea meals of identical energy and
differing only in the glycaemic index (GI) of the carbohydrate were consumed on day 1 and
24 of the corresponding intervention by healthy middle-aged men (n 17)

Breakfast

Energy (kJ)
Protein (%E)
Carbohydrate (%E)
GI
Total fat (%E)
MUFA:PUFA:SFA
Lunch

Energy (kJ)
Protein (%E)
Carbohydrate (%E)
GI
Total fat (%E)
MUFA:PUFA:SFA
Afternoon tea

Energy (kJ)
Protein (%E)
Carbohydrate (%E)
GI
Total fat (%E)
MUFA:PUFA:SFA

HIGH-GI day profile

LOW-GI day profile

Weetabix (40 g)
Semi-skimmed milk (250 ml)
Decaffeinated coffee (200 ml)
Wholemeal bread (60 g)
70 % fat spread (18 g)
Glucose (15 g)
2310 (550 kcal)
13
54
102 (71*)
31
8:10:8
Chicken curry (175 g)
Instant potato (250 g)
Glucose (25 g)
Fresh orange juice (80 ml)
Water (120 ml)
2310 (550 kcal)
17
50
118 (83*)
34
16:7:12
Müller light yoghurt (200 g)
Semi-skimmed milk (100 ml)
Decaffeinated coffee (200 ml)
Glucose powder (25 g)
Low-fat cheese (17 g)
Low-fat spread (9 g)
Low-fat digestives (three)
2310 (550 kcal)
13
53
88 (62*)
34
11:3:19

All-bran (60 g)
Semi-skimmed milk (250 ml)
Decaffeinated coffee (200 ml)
Rye bread (60 g)
70 % fat spread (18 g)
Jam (16 g)
2310 (550 kcal)
16
52
68 (48*)
32
8:10:8
Chicken curry (150 g)
Parboiled rice (200 g)
Peeled satsuma (130 g)
Water (200 ml)
2310 (550 kcal)
16
51
68 (48*)
33
13:5:10
Müller light yoghurt (200 g)
Semi-skimmed milk (100 ml)
Decaffeinated coffee (200 ml)
Jam (40 g)
Low-fat cheese (17 g)
Low-fat spread (9 g)
Oatcakes (four)
2310 (550 kcal)
14
51
69 (48*)
35
6:1:14

HIGH-GI, high-carbohydrate high-GI diet, LOW-GI, high-carbohydrate low-GI diet; %E, percentage of
energy; MUFA, monounsaturated fatty acids, PUFA, polyunsaturated fatty acids, SFA, saturated fatty
acids.
* GI calculated with glucose as the standard.

Medium-term dietary interventions

Outcome measures

Based on the results from previous studies, alterations in
glycaemia, insulinaemia and lipidaemia were assumed to
occur within the first 3 weeks after crossover (Coulston
et al. 1987, 1989; Mensink & Katan, 1990). The dietary
aim of the medium-term intervention was to include a
food from the current diet with each meal while keeping
the energy intake constant. Written dietary advice was provided, along with 500 ml olive oil (for HIGH-FAT), 2 kg
sugar (for SUCROSE), 700 g instant potato (for HIGHGI) or 1200 g wholegrain rye bread (for LOW-GI) to aid
compliance over the 24 d period. The meals provided on
the day 1 profile were used to reinforce the advice given.
Similar exercise and daily routines were encouraged
throughout the study. Subjects were requested to have no
alcohol and take no exercise on the day before the day profiles. A 7 d food diary using household measures on the last
7 d of the intervention monitored compliance. Monitoring
was also undertaken by telephone contact during each
intervention.

Weight, fasting lipids, postprandial insulin, glucose, and
lipid responses were measured. A computerised version
of homeostatic assessment model (HOMA) was used to
measure change in fasting insulin sensitivity using fasting
insulin (pmol/l) and glucose concentrations (mmol/l)
(Turner et al. 1979; Levy et al. 1998). An index of postprandial insulin resistance (HOMA-PP) was obtained by
using the following equation: HOMA-PP (103) ¼
incremental area under the curve (IAUC) glucose (mmol/
l per min) £ IAUC insulin/22·5 (mU/l per min) where insulin is reported in international units ðpmol=7·5 ¼ mU=lÞ
(Raben et al. 2001).
Laboratory analysis
Blood samples were collected into lithium heparin tubes
for the measurement of TG, non-esterified fatty acids
(NEFA) and glucose or lithium heparin tubes containing
4000 kIU aprotinin (‘Trasylol’; Bayer, Newbury, Berks,

Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 04 Sep 2018 at 18:02:00, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms
. https://doi.org/10.1079/BJN2002769

210

A. E. Brynes et al.
Table 1b. Composition of breakfast, lunch and afternoon tea meals of identical energy and
differing only in the fat and sucrose content were consumed on day 1 and 24 of the corresponding intervention by healthy middle-aged men (n 17)

Breakfast

Energy (kJ)
Protein (%E)
Carbohydrate (%E)
GI
Total fat (%E)
MUFA:PUFA:SFA
Lunch

Energy (kJ)
Protein (%E)
Carbohydrate (%E)
GI
Total fat (%E)
MUFA:PUFA:SFA
Afternoon tea

Energy (kJ)
Protein (%E)
Carbohydrate (%E)
GI
Total fat (%E)
MUFA:PUFA:SFA

HIGH-FAT day profile

High-SUCROSE day profile

Weetabix (20 g)
Full-fat milk (230 ml)
Double cream (20 ml)
Decaffeinated coffee (200 ml)
Wholemeal bread (30 g)
70 % fat spread (27 g)
Low-sugar jam (8 g)
2310 (550 kcal)
9
28
86 (60*)
63
18:15:24
Chicken curry (175 g)
Parboiled rice (120 g)
Olive oil (10 g)
Sugar-free squash (10 ml)
Water (200 ml)
2310 (550 kcal)
17
30
70 (49*)
54
21:15:15
Müller light yoghurt (100 g)
Full-fat milk (100 ml)
Decaffeinated coffee (200 ml)
Double cream (25 ml)
Full-fat cheese (17 g)
70 % fat spread (9 g)
Digestives (three)
2310 (550 kcal)
11
30
71 (50*)
60
21:9:34

Weetabix (40 g)
Semi-skimmed milk (250 ml)
Decaffeinated coffee (200 ml)
Wholemeal bread (30 g)
70 % fat spread (18 g)
Sugar (30 g)
2310 (550 kcal)
11
57
92 (64*)
30
8:10:8
Chicken curry (175 g)
Parboiled rice (120 g)
Sugar (30 g)
Sugar-free squash (10 ml)
Water (200 ml)
2310 (550 kcal)
16
50
79 (55*)
35
13:6:12
Müller light yoghurt (200 g)
Semi-skimmed milk (100 ml)
Decaffeinated coffee (200 ml)
Sugar (25 g)
Low-fat cheese (17 g)
40 % fat spread (9 g)
Low-fat digestives (three)
2310 (550 kcal)
13
53
75 (53*)
34
11:3:19

HIGH-FAT, 50 % fat (. 34 % monounsaturated fat) diet; SUCROSE, high-sucrose diet with high carbohydrate increase of 90 g sucrose/d; %E, percentage of energy; GI, glycaemic index; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.
* GI calculated with glucose as the standard.

UK) for the measurement of insulin. Samples were centrifuged immediately at 3200 rpm for 10 min. The plasma was
then portioned into plain plastic 2·5 ml tubes. These were
immediately frozen and stored at 2 208C until analysis.
Plasma glucose concentrations were measured using a glucose-oxidase-based autoanalyser (Technicon, Axon Bayer
Diagnostic, Newbury, Berkshire, UK). Insulin concentrations were measured in-house using a specific radioimmunoassay (Albano et al. 1972). The inter-assay and
intra-assay CV were less than 10 %. The assay was capable
of detecting 2 pmol/l with 95 % confidence. All samples
were included in one assay and analysed in duplicate on
the first freeze-thaw. TG and NEFA were measured by
the enzymic colorimetric method using commercial kits
(MPR2 Triacylglycerols GPO-PAP 701 912 kit; Boehringer Mannheim, Newbury, Berkshire, UK; NEFA kit;
WAKO Chemicals USA, Inc., Alpha Eastleigh, Hampshire,
UK), CV , 6 %, and , 3 % respectively. Cholesterol and
HDL-cholesterol were measured on a DAX-72 Analyser
(Bayer Diagnostics, Basingstoke, Hampshire, UK).

Statistical analysis
Sample size was estimated from previous studies using
CHD patients and a power of 80 % and alpha 5 %
with an estimated difference for insulin between IAUC
of 1000 pmol £ min=l and a standard deviation of
1000 pmol £ min=l: This suggested a sample size of
twenty pairs. All results are presented as the mean and
standard error of the mean unless stated otherwise. In
Table 2 a repeated-measures design, with one repeatedmeasures factor: diet (HIGH-FAT, HIGH-GI, SUCROSE,
LOW-GI) was used. For the rest of the tables a repeatedmeasures design with a 2 £ 2 factorial structure for the
repeated measures, with factors diet (HIGH-FAT, HIGHGI, SUCROSE, LOW-GI) and day (1 and 24) was used.
Individual P values have only been reported if there was
a significant interaction using the post hoc Tukey –
Kramer test. A log transformation was used for positive
skewed variables. The Friedman test was used for variables
that did not log transform. P, 0·05 was taken as significant.
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Table 2. Compliance to dietary intervention monitored by 7 d food diaries in middle-aged men (n 17)§
(Mean values and standard errors of the mean)
HIGH-FAT

LOW-GI

SUCROSE

HIGH-GI

Intervention. . .

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Weight change (kg)
Energy (MJ)
Fat (%E)k
Monounsaturated fatty acidsk
Carbohydrate (%E)
Starchk
Fibre (g){
Sucrose (g)k
GIk
GI (glucose as standard)k

þ 0·46
10·9‡
47·0*
16·1*
35·9*
21·1
22
51
87
61

0·3
0·51
1·2
0·7
1·4
1·1
2
5
1·4

20·27†
7·82
33·4
9·0
47·1
25·1
31*
45
69*
48*

0·3
0·45
1·1
0·5
1·4
1·2
4
5
1·3

þ 0·84
9·9
33·2
9·0
51·0
21·8
19
132*
88
62

0·3
0·51
1·0
0·5
1·6
1·3
2
12
1·4

þ 0·43
9·02
35·9
10·0
46·4
23·2
19
46
97*
68*

0·3
0·34
1·2
0·6
1·5
1·7
1
7
1·3

HIGH-FAT, 50 % fat (. 34 % monounsaturated fat) diet; LOW-GI, high-carbohydrate low glycaemic index diet; HIGH-GI, high carbohydrate high-GI diet; SUCROSE, high sucrose diet with high carbohydrate increase of 90 g sucrose/d; %E, percentage of energy.
* Mean value was significantly different from those for the other three interventions (P,0·05).
† Mean value for LOW-GI was significantly different from that for SUCROSE (P, 0·02).
‡ Mean value for HIGH-FAT was significantly different from those for LOW-GI and HIGH-GI (P, 0·05).
§ For details of diets and procedures, see Table 1 and p. 208.
k Data log-transformed to perform statistical analysis.
{ Southgate method.

IAUC above baseline was calculated using the trapezoidal
rule.
Results

sensitivity on any intervention over all of the four study
periods. There was no change in any of the fasting parameters measured on any of the diets over time or between
the diets (Table 3).

Ad libitum compliance
All subjects reported 100 % compliance by returning the
empty containers or leftover key foods. Subjects returned
five 7 d diet diaries. These were analysed using household
portion measures, and suggested that each dietary intervention was achieved (Table 2). No one was excluded due to
poor reporting. There was a significant difference between
the endpoints of the LOW-GI and HIGH-GI interventions.
The HIGH-GI diet increased GI from a baseline value of
87 (SEM 2) to 97 (SEM 1) (P, 0·001) and on the LOWGI diet the GI fell to 69 (SEM 1) (P, 0·001). There was
a mean increase of 90 g sucrose/d on the high-SUCROSE
diet and the HIGH-FAT intervention raised the baseline
intake of fat from 36·2 (SEM 1·3) to 47·0 (SEM 1·2) %
energy, over half of which came from monounsaturated
fatty acids (MUFA). There was a significant increase in
dietary fibre on the LOW-GI diet (Table 2).
Weight
Despite being advised to maintain an identical energy
intake and steady weight over the study period there was
a spontaneous increase in energy intake on the HIGHFAT intervention relative to the three high-carbohydrate
interventions. There was a trend for the lowest energy
intake to be consumed on the LOW-GI diet and this
resulted in a small but significant weight loss compared
with the high-SUCROSE diet (Table 2) (2 0·27 (SEM 0·3)
v. 0·84 (SEM 0·3) kg; P, 0·02).
Fasting measurements
Fasting HOMA demonstrated no change in insulin

Day 1 between and within interventions
Glucose. No dietary intervention was associated with any
significant differences in fasting glucose concentrations on
day 24 (Table 3). The total day IAUC glucose was similar
for the four interventions (Table 4). However the individual meal responses to the HIGH-FAT breakfast was significantly lower than for the three high-carbohydrate
breakfasts (P, 0·02) (Table 4; Fig. 1). At lunch and tea
the glucose response to the HIGH-GI intervention was
higher (P, 0·05 and P, 0·01, respectively) than the
LOW-GI. As expected the maximum glucose concentration was lowest after the HIGH-FAT , LOW-GI ,
SUCROSE , HIGH-GI meals. This same pattern was
seen at breakfast, lunch and tea. In all four interventions
the maximum glucose concentration response was greatest
following breakfast, with lunch and tea (which were
matched for energy and macronutrients) showing an attenuated response (P, 0·002) (Table 5; Fig. 1). The time
of the highest concentration, measured in min from start
of consumption of each meal, did not differ within each
intervention.
Insulin. Total IAUC insulin was significantly lower
after HIGH-FAT (P, 0·001) (Table 4; Fig. 2). The total
IAUC insulin on the LOW-GI intervention was less than
HIGH-GI (P, 0·05) (Table 4). The insulin response to
HIGH-FAT was lower at breakfast and lunch but not tea.
Insulin response to the HIGH-GI intervention at lunch
was significantly higher than LOW-GI, as it was for
tea and the insulin IAUC was also significantly higher
than SUCROSE or HIGH-FAT at tea. Similar to the
effect on glucose the maximum insulin concentration was
lowest after the HIGH-FAT , LOW-GI , SUCROSE ,
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Table 3. Fasting lipid and homeostatic assessment model (HOMA) results of seventeen middleaged men on day 24*†
(Mean values and standard errors of the mean)
HIGH-FAT

LOW-GI

SUCROSE

HIGH-GI

Intervention. . .

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

TC (mmol/l)
TC:HDL
HDL (mmol/l)
LDL (mmol/l)
TG (mmol/l)
NEFA (mmol/l)
Glucose (mmol/l)
Insulin (pmol/l)
HOMA (%S)

5·2
5·5
1·01
3·4
1·5
0·45
5·4
71
99

0·3
0·5
0·1
0·2
0·2
0·1
0·2
11
13

5·2
5·8
0·96
3·5
1·7
0·65
5·4
85
114

0·2
0·5
0·1
0·3
0·2
0·1
0·1
19
24

5·3
5·8
0·96
3·5
1·7
0·52
5·4
90
111

0·2
0·4
0·1
0·2
0·2
0·1
0·1
21
24

5·0
5·5
0·99
3·3
1·7
0·6
5·2
80
91

0·2
0·6
0·1
0·2
0·2
0·1
0·1
9
17

HIGH-FAT, 50 % fat (. 34 % monounsaturated fat) diet; LOW-GI, high-carbohydrate low glycaemic index diet;
HIGH-GI, high-carbohydrate high-glycaemic index diet; SUCROSE, high-sucrose diet with high carbohydrate
increase of 90 g sucrose/d; TC, total cholesterol; TG, triacylglycerol; NEFA, non-esterified fatty acids; %S, percentage change in insulin sensitivity.
* For details of diets and procedures, see Table 1 and p. 208.
† There were no differences between the four diets at baseline (data not shown) or after 24 d on each intervention
diet (change from baseline ANOVA).

Table 4. Postprandial results on day 1 (acute) and change between day 1 and day 24 in seventeen middle-aged men
after consuming three meals that were rich in fat, low-glycaemic, high in sucrose or high-glycaemic, all containing 2310 kJ
and matched for macronutrient contentk
(Mean values and standard errors of the mean)
HIGH-FAT
Intervention. . .

Mean

SEM

LOW-GI
Mean

Total IAUC (0 –480 min; mmol/l £ min)
Glucose
352
65
432
Insulin
40*
7·6
71·3
NEFA
244·9*
28
2176
TG
501*
99
302
Breakfast (0– 120 min; mmol/l £ min)
Glucose
150*
28
178
Insulin
17·5*
3·2
26·2
NEFA
226·7
5·9
237·4
TG
27·2§
6·9
5·9
Lunch (180–300 min; mmol/l £ min)
Glucose
49
14
88
Insulin
3·4*
1·2
10·8
NEFA
16·8*
3·1
2·8
TG
59·8‡
11·7
48·9
Tea (360–480 min; mmol/l £ min)
Glucose
98
13
100
Insulin
9·4
1·7
6·2
NEFA
215·8
3·7
27·0
TG
226
9·4
26·5
Total IAUC change (day 1 –day 24; mmol/l £ min)
Glucose
2166
74
297
Insulin
10·1
6·6
21·4
NEFA
27·6
34
23·9
TG
220
98
29·4

SUCROSE
SEM

Mean

77
9·0
29
61

442
82·7
2159
331

19
3·7
6·1
5·0

215
35·8
235·8
23·3

19
2·4
1·6
8·6

79
11·5
22·09
38·2

SEM

99
13
28
50

HIGH-GI
Mean
493
92·5†
2200
185

SEM

ANOVA (P )

70
14
42
90

NS
0·0001
0·0007
0·008

32
5·8
6·6
7·4

210
38·8
237·4
6·6

23
7·0
9·3
8·9

0·02
0·03
NS
0·04

12
2·0
2·9
10·8

133*
15·8†
21·63
28·8†

32
4·4
2·3
5·9

0·03
0·0001
0·0002
0·002

22
3·5
2·5
9·7

0·03
0·002
NS
NS

27
1·5
2·7
10·4

101
11·3
213·1
26·1

18
2·5
3·1
12·3

166*
17·4*
27·3
7·8

62
8·6
28
62

255
218·4
28·3
76·7

69
9·5
30
35

86
14·6
22
143

57
12
45
87

NS
NS
NS
NS

HIGH-FAT, 50 % fat (. 34 % monounsaturated fat) diet; LOW-GI, high-carbohydrate low glycaemic index diet; HIGH-GI, high-carbohydrate
high-glycaemic index diet; SUCROSE, high sucrose diet with high carbohydrate increase of 90 g sucrose/d; NEFA, non-esterified fatty
acids; TG, triacylglycerol; IAUC, incremental area under the curve.
* Mean value was significantly different from those for the other three interventions (P, 0·05).
† Mean value for HIGH-GI was significantly different from that for LOW-GI (P, 0·05).
‡ Mean value for HIGH-FAT was significantly different from those for SUCROSE and HIGH-GI (P, 0·01).
§ Mean value for HIGH-FAT was significantly different from those for LOW-GI and HIGH-GI (P, 0·05).
k For details of diets and procedures, see Table 1 and p. 208.
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Fig. 1. Circulating plasma glucose response to three meals on day
1 (a) and day 24 (b) in men on a high-fat diet (B), a high-glycaemic
index (GI) diet (P), a high-sucrose diet (X) or a low-GI diet (O).
(c), Difference between day 1 and day 24. Mean values are shown
and vertical bars represent standard errors of the mean. For details
of diets and procedures, see Table 1 and p. 208.

HIGH-GI meals. This same pattern was seen at breakfast,
lunch and tea.
Triacylglycerols. Total IAUC TG was significantly
higher on the HIGH-FAT intervention (P, 0·01), and this
was also the case for individual meal responses for breakfast and lunch. There were no overall total day differences
between the three high-carbohydrate meals (Table 4;
Fig. 3). After tea the IAUC for the HIGH-GI intervention
continued to rise while the other three interventions had
started to fall. The TG response to SUCROSE lay between
the LOW-GI and HIGH-GI profiles.
Non-esterified fatty acids. Total IAUC NEFA was significantly different after HIGH-FAT (P, 0·001) compared
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Fig. 2. Circulating plasma insulin response to three meals on day 1
(a) and day 24 (b) in men on a high-fat diet (B), a high-glycaemic
index (GI) diet (P), a high-sucrose diet (X) or a low-GI diet (O).
(c), Difference between day 1 and day 24. Mean values are shown
and vertical bars represent standard errors of the mean. For details
of diets and procedures, see Table 1 and p. 208.

with the three carbohydrate-containing meals (Table 4;
Fig. 4). Suppression of NEFA was similar after all four
breakfasts, but by lunch (180 – 300 min) the NEFA concentration increased on the HIGH-FAT intervention while on
the three high-carbohydrate interventions NEFA remained
suppressed. At tea (360 – 480 min) there was no difference
in IAUC NEFA suppression after all four interventions;
however the NEFA concentration at the 360 min time point
was significantly higher on the HIGH-FAT intervention
(Fig. 4), therefore the area under the curve (not IAUC)
was significantly higher (data not shown).
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Table 5. Maximum glucose concentration (mmol/l) on day 1 in seventeen middle-aged men after consuming three meals
that were rich in fat, low glycaemic, high in sucrose or high-glycaemic§
(Mean values and standard errors of the mean)
HIGH-FAT

LOW-GI

SUCROSE

HIGH-GI

Intervention. . .

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

ANOVA (between diets; P )

Breakfast
Lunch
Tea

7·5†
6·1*
6·8

0·4
0·1
0·2

8·3
7·0*
7·1

0·4
0·3
0·3

8·9
7·4*
7·4

0·4
0·2*
0·3

9·9‡
8·8*
8·4*

0·6
0·4
0·5

0·001
,0·001
0·001

HIGH-FAT, 50 % fat (. 34 % monounsaturated fat) diet; LOW-GI, high-carbohydrate low glycaemic index diet; HIGH-GI, high-carbohydrate
high-glycaemic index diet; SUCROSE, high sucrose diet with high carbohydrate increase of 90 g sucrose/d.
* Mean value was significantly different from those for the other three interventions (P, 0·05).
† Mean value for HIGH-FAT was significantly different from those for SUCROSE and HIGH-GI (P, 0·01).
‡ Mean value for HIGH-GI was significantly different from that of LOW-GI (P, 0·01).
§ For details of diets and procedures, see Table 1 and p. 208.

Day 24 (adaptation over time)

at the present time, namely which diet is best for the management of insulin resistance or the metabolic syndrome?
We compared diets high in carbohydrate with a diet high
in MUFA (HIGH-FAT). We were interested whether the
source of the carbohydrate matters and thus compared
three types of carbohydrate: a low-GI diet, a high-sucrose
diet and a high-GI diet.
The present study investigated whether cardiovascular
risk factors are modifiable by simple dietary interventions.
Postprandial concentrations of glucose, insulin and TG all
correlate to CHD risk and all can be favourably and
adversely influenced by the dietary manipulation of fat
and carbohydrates. After 3 weeks of each diet significant
differences in postprandial metabolism and postprandial
insulin resistance were seen.
Of the diets we examined, the high-glycaemic, highcarbohydrate diet was associated with the least favourable
postprandial profiles, with the low-glycaemic high-carbohydrate diet having the most favourable of the three
high-carbohydrate diets. By contrast, the high-MUFA diet
produced favourable differences in postprandial glucose
and insulin responses; however these were accompanied
with adverse TG metabolism that would be predicted to
negate against any other metabolic benefits. The highsucrose diet had an effect that was between that of the
high- and low-glycaemic diets.
The present study in free-living volunteers achieved good
dietary compliance among middle-aged subjects eating ad
libitum, and making the necessary dietary changes by

On day 24, after ad libitum consumption of each diet, the
differences in IAUC insulin, TG and NEFA seen on day
1 remained.
The median changes in IAUC HOMA-PP from day 1 to
day 24 were 2 61, 2 43, 2 20 and +31 % (Table 6; Fig. 5)
for the HIGH-FAT, LOW-GI, SUCROSE and HIGH-GI
diets respectively. The percentage change in HOMA-PP
for the HIGH-GI intervention was significantly different
from the other three diets (Table 6; P, 0·001). There was
no significant difference in the relative change in total
IAUC between any diet on day 24 or the percentage
change between day 1 and day 24 on glucose, insulin,
NEFA or TG profiles (Table 4), as measured by ANOVA.
A paired t test on day 1 v. day 24 total IAUC suggested a
rise in TG after 24 d of SUCROSE consumption (P, 0·01)
and a trend towards decreased insulin total IAUC concentration after 24 d of SUCROSE consumption (P¼ 0·07).
There was also a significant increase in the 6 h (15.00
hours) TG concentration (day 1, 2·6 (SEM 0·3) mmol/l v.
day 24, 3·3 (SEM 0·3) mmol/l; P, 0·01), which was not
seen on any other intervention. A significant increase in
TG at breakfast after 24 d HIGH-GI consumption
(P¼ 0·03) was also noted.
Discussion
The present study addresses an important question in nutrition

Table 6. Postprandial homeostatic assessment model results for day 1 and day 24 in seventeen middle-aged men after consuming an ad libitum diet that was rich in fat, low-glycaemic index (GI), high in sucrose or high-GI†
(Median values and 95 % confidence intervals)
HIGH-FAT
Intervention. . .
Day 1
Day 24
Percentage change

LOW-GI

SUCROSE

HIGH-GI

Median

95 % Cl

Median

95 % Cl

Median

95 % Cl

Median

95 % Cl

59
36
261

39, 186
2·4, 108
2119, 136

116
75
243

90, 281
37, 243
2114, 31

155
132
220

69, 410
82, 188
2112, 135

267
276
þ 31*

160, 418
187, 430
214, 142

HIGH-FAT, 50 % fat (. 34 % monounsaturated fat) diet; LOW-GI, high-carbohydrate low glycaemic index diet; HIGH-GI, high-carbohydrate high
glycaemic index diet; SUCROSE, high sucrose diet with high carbohydrate increase of 90 g sucrose/d.
* Median value was significantly different from those of the other three diets (non-parametric ANOVA) (P, 0·001).
† For details of diets and procedures, see Table 1 and p. 208.
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Fig. 3. Circulating plasma triacylglycerol (TG) response to three
meals on day 1 (a) and day 24 (b) in men on a high-fat diet (B), a
high-glycaemic index (GI) diet (P), a high-sucrose diet (X) or a lowGI diet (O). (c), Difference between day 1 and day 24. Mean values
are shown and vertical bars represent standard errors of the mean.
For details of diets and procedures, see Table 1 and p. 208.

performing simple substitutions between commonly used
food choices. The present study shows that meaningful dietary changes are achievable outside the laboratory setting.
A strength of the study design is that it compared four
diets at once, something that is not typical in nutrition
research. All seventeen subjects received all four diets in
a randomised 4-way crossover design. Some key foods
were provided in addition to two methods of assessing dietary compliance: the return of unused key foods and a 7 d
diary at the end of each intervention. Day profiles over
8 h with frequent measurements of glucose, insulin, TG
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Fig. 4. Circulating plasma non-esterified fatty acid (NEFA) response
to three meals on day 1 (a) and day 24 (b) in men on a high-fat diet
(B), a high-glycaemic index (GI) diet (P), a high-sucrose diet (X) or
a low-GI diet (O). (c), Difference between day 1 and day 24. Mean
values are shown and vertical bars represent standard errors of the
mean. For details of diets and procedures, see Table 1 and p. 208.

and NEFA were made at the beginning and the end of
each diet period.
In the present study the four intervention diets had no
effects on fasting metabolic parameters, having all their
effects on postprandial parameters. The significant differences in postprandial insulin concentrations suggest that
despite only seventeen volunteers completing the study it
was not underpowered.
The high-fat (MUFA) low-carbohydrate diet (30 %
carbohydrate) produced lower postprandial glucose and
insulin concentrations both at day 1 and after 24 d than
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Fig. 5. Percentage change in postprandial homeostatic assessment
model (HOMA-PP) (calculated HOMA-PP (£ 103) ¼ incremental
area under the curve (IAUC) glucose (mmol/l £ min) £ IAUC
insulin/22·5 (mU/l £ min)) response to a high-fat, low-glycaemic
index (GI), high-sucrose or high-GI diet in healthy middle-aged men
(n 17). Mean values are shown and vertical bars represent standard
errors of the mean. **Mean value was significantly different to those
for the other three diets (P,0·01). For details of diets and procedures, see Table 1 and p. 208.

the diets that contained less fat but higher carbohydrate
loads. It is possible that some if not all of these metabolic
benefits that are derived from this diet are attributable to
the low carbohydrate load of the high-fat diet. These potential benefits need to be considered alongside the potential
atherogenic and thrombogenic consequences of a high-fat
low-carbohydrate diet, as postprandial TG values were significantly higher on the high-fat diet and NEFA concentrations failed to be suppressed to the extent seen with
the high-carbohydrate interventions. Raised postprandial
TG and NEFA has been proposed as an independent risk
factor for CHD risk (Hokanson & Austin, 1996; Williams,
1997).
The study cohort chosen were sedentary middle-aged
men with one or more traditional cardiac risk factors.
Although healthy at the time of the study their calculated
risk of developing CHD over the next 10 years was 11 %
(Wood et al. 1998). This population was specifically
chosen as it was thought that such a group would benefit
the most from targeted lifestyle interventions to reduce
CHD.
The dietary changes made in the present study were all
realistically achievable in this free-living population as
only food choices involving commonly available foods in
the UK were promoted. Despite intensive dietetic counselling at the start and throughout each intervention aimed at
subjects to maintain a constant energy intake there was a
spontaneous energy increase on the HIGH-FAT diet and
a tendency for energy intake to reduce on the LOW-GI
diet. This resulted in a small but significant weight loss
on the LOW-GI diet compared with the high-SUCROSE
diet although both the HIGH-FAT and the HIGH-GI subjects moved into positive energy balance. There are
many reports that low-GI foods are more filling, making
them more useful for individuals who want to lose
weight. These reports were reviewed by Ludwig (2000),
who concluded that ‘although controlled clinical trials of

a low glycaemic diet in the treatment of obesity are
needed . . . a growing body of theoretical and experimental
work suggests low GI diets may improve access to stored
metabolic fuels, decrease hunger and promote weight loss’.
Prospectively, additional short-term benefits of low-glycaemic diets have included improvements in coagulation
(Frost et al. 1994) with reduced concentrations of plasminogen activator inhibitor compound-1 (Jarvi et al. 1999),
and fall in blood pressure (Sciarrone et al. 1993).
The GI of the high-SUCROSE intervention fell between
that of the LOW-GI and the HIGH-GI diets. On day 1 the
TG or NEFA response to the SUCROSE diet was similar to
that of the LOW-GI and HIGH-GI intake. This confirms
the findings of a previous study of ours (Brynes et al.
2002). By day 24 although there was no change in the relative increase compared with the LOW-GI or HIGH-GI
response there was a significant increase in total postprandial TG concentrations and the 6 h postprandial concentration compared with day 1. These postprandial TG
concentrations were, however, 10 % lower than those
seen with the HIGH-FAT intervention and were not significantly different from the other carbohydrate diets. The high
sucrose intake in the present study is well above that of the
typical UK intake. Despite this, fasting TG remained
unchanged and the increased postprandial IAUC after
24 d ad libitum consumption remained lower than that
observed with the HIGH-FAT diet.
The metabolic differences between the LOW-GI and
HIGH-GI conditions were apparent from day 1 with a significant difference in insulin that remained on day 24. The
LOW-GI diet consumed over 24 d did not affect postprandial insulin, glucose, TG or NEFA.
The individual metabolic profiles over the 8 h for each
dietary intervention were studied for each meal. Within
each intervention each meal had a similar energy and
macronutrients content although the foods that these
came from were different (Table 1). For each dietary intervention the peak insulin and glucose responses were significantly higher for breakfast than for lunch or afternoon
tea, suggesting insulin sensitivity, confirmed using the
postprandial HOMA-PP data, is lowest in the morning
and increases irrespective of the type of diet throughout
the day. The diurnal variation in hormones especially cortisol and growth hormones, which are highest during sleep,
may go some way to explaining this.
The present study examines the effects of modifying the
fat, GI and sucrose content of the diet on metabolic cardiovascular risk factors. The short- and adaptive medium-term
effects of these different diets on postprandial glucose,
insulin, TG and NEFA were studied along with the cumulative meal effect of each diet. Despite being advised to
maintain identical energy intake there was weight loss on
the LOW-GI diet.
In conclusion HIGH-FAT (MUFA) had a beneficial
effect on postprandial glucose and insulin over time but
it was associated with higher postprandial concentrations
of TG and NEFA. Conversely the HIGH-GI diet appeared
to increase postprandial insulin resistance over the study
period. We believe this present study provides powerful
clinical evidence to support the growing epidemiological
evidence that the current epidemic of cardiovascular
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disease in the western world is linked with dietary factors
and these are amenable to dietary intervention.
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