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Summary. The effects of size, time of day and sequence of 
meal ingestion were determined in healthy subjects using a 
Latin square design. Plasma glucose, insulin and gastric inhib- 
itory polypeptide, but not glucagon, were correlated with meal 
size. Plasma glucose, but not insulin, gastric inhibitory poly- 
peptide or glucagon, were greater later in the day. The pro- 

gressive decline in carbohydrate tolerance from 08.00 to 
18.00h was associated with impaired insulin secretion esti- 
mated by C-peptide, and with impaired insulin action. 
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erance, insulin action, insulin secretion. 

Man ingests food intermittently and in varying amounts 
throughout the day. To define the normal post-prandial 
glucose and hormonal responses under these conditions 
an examination of the effects of different sizes of meals, 
time of day of meal ingestion and sequence of ingestion 
of meals of different sizes on the factors involved in 
mixed meal tolerance would be required. Plasma glu- 
cose responses to varying amounts of orally adminis- 
tered glucose have been reported to correlate with the 
size of the glucose load in some studies [1-5] but not in 
others [6, 7]. No correlation between meals of different 
sizes and post-prandial plasma glucose responses was 
observed in the only study to examine this relationship 
[8]. Although a diurnal variation in tolerance to oral glu- 
cose loads has been consistently demonstrated [9-14], it 
has not been uniformly observed following consump- 
tion of mixed meals [15-18]. Furthermore, although glu- 
cose tolerance improVed following closely timed ad- 
ministration of successive intravenous or oral glucose 
loads [19, 20], it deteriorated if a 3-h interval was al- 
lowed between successive glucose loads [21]. 

To define the normal post-prandial glucose and hor- 
monal responses to meals which encompass sizes eaten 
in everyday life, we examined the effects of meal size, 
time of day, and sequence of meal ingestion on post- 
prandial plasma glucose, insulin, gastric inhibitory 
polypeptide, and glucagon concentrations and insulin 
secretion. 

Subjects and Methods 

Subjects 
Six lean (96.5 + 3.1% ideal body weight) healthy subjects (four male, 
two female; aged 39 _+ 4 years) volunteered for study after having pro- 
vided written informed consent. 

M e ~ o ~  

Each subject was studied on three occasions at least two weeks apart 
in the Clinical Research Center of the Mayo Clinic under a 3 x 3 Latin 
square design. On each study day, meals prepared in the research 
kitchen were given at 08.00, 13.00 and 18.00 h. Each meal provided 
12.5% (small), 25% (medium) or 50% (large) of total daily calories 
(30 Kcal/kg body weight). Meal sizes were selected to reflect those 
commonly consumed by healthy subjects. The meals varied in size 
from a snack to a full course meal. On each study day each subject ate 
one of each of the meal sizes (Table 1). The order of meal ingestion 
varied from study day to study day, with the order of study days ran- 
domized. Three subjects (two male, one female) ingested meals de- 
scribed by sequence 1 ; the sequence of meal ingestion was reversed 
(sequence 2) for the other three patients (two male, one female). 

Each meal was identical both in the proportions of nutrient con- 
tents (50% carbohydrate, 20% protein, 30% fat) and in food composi- 
tion: steak, baked potato, lettuce, carrots, salad dressing, cake, straw- 
berries, bread, margarine, and coffee or tea. This was done to avoid 
potential influences of differing foodstuffs, albeit with similar nu- 
trient composition, on post-prandial glucose and insulin responses 
[22-27]. The fibre content of the large meals was 0.02g/kg body 
weight and proportionately less for the smaller meals. Blood was sam- 
pled at 10-30 min intervals from 07.30 to 23.00 h for plasma glucose 
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Fig. 1. Plasma glucose and insulin 
concentrations from six healthy sub- 
jects fed meals of-three different 
sizes on three different days in a ran- 
domized 3 x 3 Latin square design. 
The interruptions in data (mean__+_ 
SEM) from meal to meal are due to 
the composite nature of the figures: 
meals of differing size, not the same 
size, were taken during a single day. 
Interrupted line = plasma insulin; 
solid line = plasma glucose 

(Yellow Springs Instruments model 23 A glucose analyzer), insulin 
[28], C-peptide (Calbiochem, San Diego, California) [29], gastric in- 
hibitory polypeptide (GIP) [30], and glucagon [31] analyses. Insulin 
secretion was calculated from the plasma C-peptide concentrations 
using a spline function assuming equimolar secretion of insulin and 
C-peptide and a 2-compartment model of distribution of C-peptide 
[321. 

Statistical Analysis 

Statistical analysis was performed by an analysis of variance, Spear- 
man rank correlation coefficient, and Student's t-test. Apvalue < 0.05 
was taken as significant. 

Results 

Effects of Meal Size on Plasma Glucose, Insulin, GIP, 
and Glucagon Concentrations (Figs. 1, 2) 

Post-prandial plasma glucose, insulin, and GIP  concen- 
trations increased progressively as meal size increased 
from 12.5% to 50% of  total calories. There were signifi- 
cant associations between meal size and post-prandial  
plasma glucose (p < 0.001), insulin (p = 0.02) and G IP  
(p = 0.003). This increase was evident whether  assessed 
as peak post-prandial  concentrations of  plasma glucose 
(7.6 + 0.2, 8.3 -+ 0.3, 8.8 _+ 0.4 mmol/1), insulin (48 _+ 7, 
70 _+ 11, 95 -+ 12 mU/1) and GIP  (0.74 -+ 0.1, 1.06 4- 0.15, 
1.64_+0.31 pmol/1), or as integrated concentrations of  
plasma glucose (94.4_ 5.6, 205.6_+ 66.7, 366.7 + 
116.7mmol.l-l .300min-1),  insulin (39+15,  73+16 ,  
176 -+ 26 mU- 14. 300 rain -1) and GIP  (l .8 -+ 1.4, 4.8 _+ 1.2, 

19.8 _+ 3.0 nmol .  1 1. 300 minl) ,  for the small, medium, 
and large meals, respectively. There was no effect of  
meal size on post-prandial plasma glucagon concentra- 
tions. 

Effect of Time of Meal Ingestion on Plasma Glucose, 
Insulin, GIP, and Glucagon Concentrations and Insulin 
Secretion (Figs. 1, 3, 4) 

Post-prandial plasma glucose concentrations increased 
progressively from 08.00 to 18.00 h (p =0.006) for  the 
medium and large meals. This increase was evident 
when assessed either as peak post-prandial plasma 
glucose concentrations (7.8 + 0.2, 8.3 _+ 0.6, 8.8_+ 
0.7 mmol/1 (medium); 7.8_+ 0.4, 8.7_+ 0.6, 9.9 + 
0.6rnmol/1 (large), or as integrated plasma glucose 
[122.2+38.9, 150.0_+33.3, 338.9_+61.1 mmol.1-1. 
300 min 1 (medium); 166.7 _+ 38.9, 361.1 _+ 77.8, 577.8 + 
88.9mmo1.1 l . 3 0 0 m i n  -1 (large)] at 08.00, 13.00 and 
l 8.00 h, respectively. Peak post-prandial plasma glucose 
concentrations exceeded 10 mmol/1 in four subjects aft- 
er ingestion of  the large meal. There was no influence of  
time of  day on plasma insulin, G IP  or glucagon re- 
sponses to the three meal sizes. 

Since the greatest effects of  time of  day on plasma 
glucose concentrations were observed for the large 
meal, calculations of  insulin secretion were limited to 
that meal. Despite increases of  approximately 30% in 
plasma insulin (165 _+ 49 versus 215 _+ 52 mU-  1 1- 
300min -1) and insulin secretion (5.6 + 1.0 versus 7.5 _+ 
0.5 units) f rom 08.00 to 13.00 h, there was a doubling of  
plasma glucose responses (172.2_+ 50.0 versus 388.9_+ 
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Fig. 2. Effect of meal size on plasma 
glucose, insulin, GIP, and glucagon 
responses expressed as mean_+ SEM 

I for areas under the curves for meals 
of different size. �9 = small meal; 

I �9 = medium meal; �9 = large meal 
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Fig. 3. Effect of time of day of meal ingestion on plasma glucose, insulin, GIP, and glucagon responses expressed as mean + SEM of areas under 
the curves for meals of different size. �9 = small meal; �9 = medium meal; �9 = large meal 

Fig. 4. Plasma glucose, insulin and GIP responses expressed as mean + SEM for areas under the curves, and insulin secretion estimated using a 
spline function applied to C-peptide measurements, for the large meal taken at 08.00, 13.00 and 18.00 h 

Table I 

Time of meals 

Meal sequence 

I II 

Study day 

A B C A B C 

08.00 h L S M L S M 
13.00h M L S S M L 
18.00 h S M L M L S 

L=large meal (50% total daily calories); M =medium meal (25% to- 
tal daily calories); S = small meal (12.5% total daily calories) 

83.3 mmol-1 1. 300 min-1). In the face of a further in- 
crease in plasma glucose concentrations from 13.00 to 
18.00h (388.9+93.3 versus 594.4+111.1mmo1.1 t-  
300 rain-l), there were no further changes in plasma in- 
sulin (215 + 52 versus 213 + 53 mU. 1 1 �9 300 min 4) and 
insulin secretion (7.5 + 0.5 versus 7.0 +_ 0.9 units)�9 

Effect of Sequence of Meal Ingestion on Plasma Glucose, 
Insulin and GIP Concentrations 

There was no effect of sequence of meal ingestion as an 
independent variable or as a modulator of other vari- 
ables such as meal size and/or time of day of meal in- 
gestion on plasma glucose, insulin, GIP or glucagon re- 
sponses. 

Discussion 

Under normal ambulatory conditions healthy individu- 
als eat meals throughout the day that may vary widely 
in size. The current studies demonstrate that in normal 
subjects meal tolerance decreases as the day progresses 
due to a decrease in insulin action in the absence of a 
compensatory increase in insulin secretion. Ingestion of 
meals varying in caloric content from 12.5% to 50% of 
total calories was associated with proportionate in- 
creases in post-prandial plasma glucose, insulin and 
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GIP concentrations. Sequence of meal ingestion was 
without effect on any of the above variables. 

Most but not all previous studies have observed a 
progressive increase in plasma glucose concentrations 
with increasing glucose loads [1-7]. Although a signifi- 
cant association between meal size and post-prandial 
plasma glucose concentration was observed in the cur- 
rent studies when the data from all meals were assessed, 
the effect of meal size on meal tolerance was dependent 
on time of day. This relationship was most prominent 
when meals were ingested at 18.00 h but was not detect- 
able at 08.00 h. At 13.00 h the plasma glucose responses 
to the large meal exceeded those of the medium and 
small meals but the latter two did not differ. At 08.00 h 
there were no differences in plasma glucose responses 
among the three sizes of meals. These observations are 
consistent with those of Cohn et al. [8] who noted no 
differences in post-prandial plasma glucose responses 
to meals varying in size from 145 to 580 calories when 
ingested at 08.00 h. The effects of varying size of meals 
at other times of the day were not examined by those in- 
vestigators. 

Post-prandial plasma glucose concentrations fre- 
quently exceeded 10 mmol/1 after the large meal in the 
current studies, which contrasts with other studies in 
which healthy subjects fed meals consisting of 
30%-35% of total daily calories as the evening meal had 
peak post-prandial plasma glucose concentrations of 
less than 8.3 mmol/1 [33-35]. This observation suggests 
that currently proposed goals for peak post-prandial 
plasma glucose concentrations for diabetic subjects 
may be too stringent [36, 37]. 

The correlation between meal size and post-pran- 
dial plasma insulin concentrations reported previously 
[8] is consistent with the well established relationship 
between glucose load and plasma insulin responses [3, 
5-7]. The post-prandial plasma insulin responses in this 
study were potentially mediated by both plasma glu- 
cose and GIP concentrations. The latter hormone 
(which is secreted from the small bowel in response to 
enteral administration of glucose, fat and selected ami- 
no acids) is often considered to be the primary mediator 
of the enteroinsular axis [38]. Associations between GIP 
release and the size of oral glucose and triglyceride 
loads have been reported in animals [39, 40]. The cur- 
rent studies demonstrate a highly significant association 
between meal size and post-prandial plasma GIP re- 
sponses. No such relationship was observed between 
meal size and post-prandial plasma glucagon responses. 

The current studies indicate a progressive deteriora- 
tion in carbohydrate tolerance to mixed meals through- 
out the day. It has long been recognized that there is a 
diurnal variation in response to oral glucose loads, 
characterized by reduced tolerance later in the day 
[9-14]. A similar effect has not been uniformly reported 
for carbohydrate tolerance to mixed meals [15-18]. Re- 
duced carbohydrate tolerance to mixed meals was ob- 
served by Owens et al [18], and, although not comment- 

ed on by Genuth [16], is evident from analysis of his 
data; Ahmed et al observed the phenomenon in females 
and not males [17]. In contrast, Malherbe et al. reported 
that there was no evidence for a diurnal variation in car- 
bohydrate tolerance to mixed meals [15]. However, in 
the latter study, although no change in carbohydrate tol- 
erance during the day was reported when the data from 
all time periods were analyzed, when integrated re- 
sponses were compared for each time period carbohy- 
drate tolerance was worse late in the day than earlier. 
The failure to recognize a diurnal variation in carbohy- 
drate tolerance to mixed meals in some previous studies 
may derive in part from the size of the test meal. In the 
present study the effect of time of day on meal tolerance 
was most evident with a meal which constituted a larger 
caloric challenge (50% of total daily calories) than in 
previous studies (33% of total daily calories). Although 
this meal was approximately 1000 Kcal, its size and 
composition was similar to that eaten in a typical even- 
ing dinner. 

The deterioration of carbohydrate tolerance to 
mixed meals during the day appears to result from both 
impaired insulin secretion and impaired insulin action. 
Impaired insulin secretion is demonstrated by the fact 
that, despite progressive increases in post-prandial plas- 
ma glucose concentrations during the day, there was no 
concomitant increase in insulin release as reflected by 
either plasma insulin concentrations or C-peptide secre- 
tion. These observations are consistent with previous re- 
ports of a progressive impairment of insulin responses 
to oral glucose loads during the day [10-14, 41]. Fur- 
thermore, insulin responses to intravenous glucose have 
been reported to be greater in the morning than in the 
evening [12, 42]. The similarity in diurnal responses of 
plasma insulin between intravenous and oral glucose 
challenges obviates the participation of the enteroinsu- 
lar axis in this phenomenon. This conclusion is consist- 
ent with the lack of diurnal change in plasma GIP con- 
centrations in the current study. Although a diurnal al- 
teration in hepatic clearance of insulin could account 
for the lack of change in plasma insulin concentrations 
during the day, the absence of a diurnal effect on insulin 
secretion calculated by C-peptide concentrations makes 
this possibility unlikely. 

Decreased insulin secretion alone does not appear 
to be sufficient to explain the progressive deterioration 
in carbohydrate tolerance to mixed meals during the 
day. The progressive increase in plasma glucose con- 
centrations in the face of unchanging insulin secretion 
and plasma insulin concentrations suggests an impair- 
ment in insulin action. This speculation is consistent 
with the reports that intravenous insulin resulted in 
greater hypoglycaemia in the morning than later in the 
day [12, 41, 43]. Although the design of the current study 
does not permit an assessment of the mechanism for a 
diurnal impairment of insulin action, decreased insulin 
sensitivity could arise from decreased insulin receptor 
binding following meal ingestion later in the day [44]. It 
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is not known whether this phenomenon is due to down- 
regulation of insulin binding as a result of higher insulin 
levels during the day than during the night. Although 
plasma levels of growth hormone, cortisol and catechol- 
amines were not measured in the current study, it is un- 
likely that the progressive decrease in insulin action can 
be attributed to excess secretion of these hormones 
since peak concentrations of these hormones usually 
occur in the morning [45-48]. 

Thus, in nondiabetic man meal tolerance is influ- 
enced both by size of meal and time of day of meal in- 
gestion but not by sequence of meal ingestion. As meal 
size increases post-prandial glycaemia and insulin se- 
cretion increase proportionately. Meal tolerance de- 
creases progressively throughout the day because of 
both a decrease in insulin action and a lack of any 
compensatory increase in insulin secretion. 
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