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Summary. Postprandial plasma glucose, insulin and 
triglyceride responses were determined in 12 normal 
subjects (7 male and 5 female) fed a standard diet 
composed of typical American foods; the three meals 
were identical for each subject. A significant post- 
prandial rise in glucose and insulin was observed. 
They were closely related temporally in the early post- 
absorptive period. However, in the late post-absorp- 
tive phase insulin decline was generally slower than 
the glucose decline. A considerable difference in the 
glucose and insulin response was observed between 
males and females. Fasting plasma glucose and insulin 
concentrations were lower in the women. Following 
each meal the peak plasma glucose was lower in the 
women, but the difference was significant only follow- 
ing breakfast (p < 0.02). The area under the glucose 
curve following breakfast was also lower (p < 0.01) in 
the women. In the men the maximal postprandial 
glucose concentration and the postprandialglucose 
area remained stable throughout the day, but there 
was an increase in peak insulin concentration and 
insulin area after dinner. In contrast, in the women the 
maximal postprandial glucose concentration and the 
postprandial glucose area increased throughout the 
day, but the peak insulin concentration and insulin 
area did not change. Plasma triglycerides increased 
with breakfast and remained elevated throughout the 
day. Both fasting and postprandial mean triglycerides 
were higher in the men, but this did not reach statisti- 
cal significance. The circulating pancreatic glucagon 
concentration, determined in 4 subjects, was unaf- 
fected by meals and remained stable throughout the 
day. 
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Traditionally stimulation of insulin secretion has been 
accomplished by using individual nutrients such as 
glucose or amino acids in large and unphysiological 
amounts, or by administration of hormones such as 
glucagon or by administration of pharmacological 
agents such as tolbutamide. Recently there has been 
an increasing interest in analysis of B-cell function in 
physiological states approximating usual daily living 
conditions. This information should be useful in for- 
mulating sound principles for "diabetic diets" and 
for development of a more physiological insulin 
regimen. 

There have been few studies concerned with the 
blood glucose and/or plasma insulin response to ordi- 
nary meals in human subjects. In 1946, Sindoni [1] 
reported that the average blood glucose level of 20 
normal persons followed for a 4 hour period after a 
regular breakfast was little changed when compared 
with the fasting blood glucose. This lack of change in 
blood glucose was surprising and prompted us to study 
the plasma glucose and insulin concentrations over an 
extended period of time in normal human subjects 
eating three meals a day. Malherbe et al [2] also 
studied postprandial variations in blood glucose and 
plasma insulin in normal human subjects. They re- 
ported distinct peaks in blood glucose and plasma 
insulin concentration following each of three standard 
meals. While our study was in progress, other inves- 
tigators [3-7] have reported plasma glucose and insu- 
lin concentrations following meals but the experimen- 
tal design was different from that in the present study. 
In none of the previous studies have the results in 
men and women been examined independently. In 
addition we have studied plasma glucagon and tri- 
glyceride concentrations following standardized 
meals. 
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a. Subjects and Experimental Conditions 

Twelve healthy, human volunteers (seven male and 
five female) were studied in a Metabolic Unit. One 
female subject was studied on two separate occasions 
20 months apart. All subjects were Caucasian and 
were within 10% of ideal body weight using the Met- 
ropolitan Life Tables [8]. Mean age, weight and height 
for the males were 23 years (range 19-26), 169 lbs. 
(range 130-200), and 71 inches (range 69-74) re- 
spectively; those for the females were 24 years (range 
19-32), 132 lbs. (range 114-145) and 66 inches 
(range 62-68) respectively. They had no known dis- 
ease or disability and denied taking medication for 
four months prior to the study. There was no family 
history of diabetes mellitus. The following laboratory 
tests were within normal limits: Serum thyroxine, T 3 
resin uptake, thyroid stimulating hormone, creatinine, 
urea nitrogen, uric acid, total proteins, albumin, 
bilirubin, lactic dehydrogenase, glutamic-oxaloacetic 
acid transaminase, alkaline phosphatase, cholesterol, 
triglycerides, calcium and phosphorus. All had a nor- 
mal standard glucose tolerance test [9]. 

All participants signed an informed consent de- 
signed according to the Helsinki agreement on human 
experimentation and the study was approved by the 
hospital committee on human studies. The subjects 
were given a diet consisting of at least 300 g of car- 
bohydrate per day for three days prior to testing. For 
the study on the fourth day they were given a diet 
composed of typical American foods (toast with mar- 
garine, bacon, ground beef patty, fruit, sweetened 
gelatin with whipped cream, cola-type carbonated 
beverage and coffee), and calculated to contain aver- 
age proportions of protein, carbohydrate and fat. The 
total calories administered were based on the recom- 
mendations of the National Academy of Sciences [ 10] 
considering the differences in body weight, surface 
area, metabolic rates and energy requirements be- 
tween males and females. Composition of the diet is 
shown in Table 1. The proportion of carbohydrates 
administered as simple sugars (monosaccharides and 
disaccharides) to the males and females was 61.3 and 
61 percent of the total carbohydrates respectively. 
The remainder was given as starch. Diets used in other 
similar studies are shown for comparison. The total 
calories, protein, carbohydrate and fat were adminis- 
tered as three identical meals, i. e. breakfast, lunch and 
dinner were identical for each subject. They were 
served at 8 : 30 AM, 12 : 30 PM and 4 : 30 PM. Sub- 
jects were permitted to take their usual time to con- 
sume the meals. This ranged from 20 to 30 min. No 
other food or drinks were allowed except water ad 

libitum. Smoking was prohibited. The subjects were 
ambulant during the study; they stayed in a room 
reading, talking, playing cards or chess, or listening to 
a radio, except for short walks on the same floor. 

Between 7 : 30 and 8 : 00 AM after an overnight 
fast of 8-10 hrs, an indwelling catheter was inserted 
into an antecubital vein. This was kept open by a 
syringe containing 100 units of heparin attached to the 
catheter and 0.5 ml blood aspirated into the syringe. 
This technique and the rapid frequency of blood sam- 
piing helped to keep the catheter open. Heparin was 
not injected directly into the vein. Five ml of 
heparinized venous blood was collected, beginning 
with two fasting samples at 8 : 15 and 8 : 30 AM then 
at 2, 5, 10, 20, 30, 40, 50 and 60 min after the begin- 
ning of each meal for the first hour, every 15 rain for 
the second hour and every 30 min for the third hour. 
In some subjects the 30 min sampling sequence was 
extended through the fourth hour. The blood samples 
were centrifuged immediately at 4~ plasma sepa- 
rated and stored at - 9 0 ~  until analysis for glucose, 
immunoreactive insulin (IRI) and triglycerides. Fast- 
ing samples for glucagon and triglycerides were col- 
lected at 8 : 15 and 8 : 30 AM andthen at 30, 60,120, 
180 and 240 (glucagon only) min after each meal. Five 
ml of blood for glucagon was collected in chilled glass 
tubes containing 6 mg of Na2EDTA and 2500 U 
trasylol. Samples were centrifuged at 4~ and the 
plasma was divided into three equal aliquots. It was 
then frozen immediately under dry ice and stored at 
- 90~ until analysis. 

b. Assays 

Plasma glucose was determined in duplicate by a glu- 
cose oxidase method using a Beckman glucose 
analyzer (Beckman Instruments, Inc., Fullerton, 
California). Plasma immunoreactive insulin was 
measured in duplicate by a standard radioimmunoas- 
say method [11] using insulin antibodies supplied by 
Pharmacia Laboratories, Inc., Piscataway, N.J. Plas- 
ma glucagon was measured by radioimmunoassay 
[12], using antiserum 30-K, supplied by Dr. Roger 
Unger; this antiserum is highly specific for pancreatic 
glucagon but apparently does cross-react with gastric 
inhibitory polypeptide [ 13 ]. Glucagon standards were 
done in triplicate and the unknowns in duplicate. Plas- 
ma triglycerides were measured in duplicate using an 
automated fluorometric method [14]. 

Coefficient of variation for plasma glucose assay 
was 1.5% for samples in the range of 60-250 mg/100 
ml. Coefficient of variation for plasma IRI was 13.4 % 
for samples in the range of 3-105 ~tU/ml. For plasma 
glucagon the coefficient of variation was 3.3% for 
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samples in the range of 35-500 pg/ml and for tri- 
glycerides, 2.1% in the range of 50-300 mg/100 ml. 

Statistical analysis of the results was done using 
the student "t" test for paired or unpaired variates as 
appropriate. The criterion of significance is a p value 
of < 0.05. 

Results 

a. Males 

The mean plasma glucose concentration (Fig. 1) in- 
creased from a fasting level of 95 mg/100 ml to a peak 
value of 143 mg/100 ml at 40 rain following breakfast. 
The peak glucose concentration after lunch and din- 
ner was essentially the same as after breakfast. Plasma 
glucose concentration returned to the baseline value 
at 180 min after breakfast, but this was prolonged to 
210 min after lunch and 240 min after dinner. A 
smaller second peak in glucose concentration was 
noted 60 to 120 min after each meal. 

The increases in plasma insulin in general paral- 
leled very closely those of the plasma glucose in the 
early post-absorptive period (Fig. 1). However, in the 
late post-absorptive phase insulin decline was gener- 
ally slower than the glucose decline. A secondary peak 
in plasma insulin concentration similar to that for 
plasma glucose was evident in the late postprandial 
period after each meal. The concentration of plasma 
insulin increased from a fasting level of 25 ~U/ml to 
90 ~U/ml at 50 min following breakfast. Following 
lunch and dinner the plasma insulin concentration 
rose to 92 ~tU/ml in 30 min and 107 ~tU/ml in 40 min 

respectively. Plasma insulin concentration returned to 
baseline in 240 rain following breakfast, but did not do 
so by 240 rain following lunch and dinner. 

b. Females 

Following breakfast the mean plasma glucose con- 
centration (Fig. 2) increased from a fasting value of 81 
mg/100 ml t o a  peak value of 109 mg/100 ml in 30 
min, then decreased to below the baseline and re- 
mained low until the next meal. The lowest mean 
plasma glucose concentration reached after breakfast 
was 63 mg/100 ml. It represented a fall of 46 mg/100 
ml from the peak glucose concentration. This was not 
associated with any symptoms or signs of hypo- 
glycemia. Five out of the six studies in females re- 
vealed a similar pattern following breakfast. 

The peak plasma glucose concentrations following 
lunch and dinner were 118 and 127 mg/100 ml and 
occurred at 30 and 40 rain respectively. The time 
taken for the plasma glucose concentration to return 
to the baseline was approximately 225 min after 
breakfast and 240 min after lunch, whereas, following 
dinner it had not returned to the baseline by 240 min. 

Plasma insulin increased from a fasting value of 14 
~tU/ml to a peak value of 90 ~tU/ml at 50 rain follow- 
ing breakfast. The peak plasma insulin concentrations 
after lunch and dinner were essentially the same as 
those seen after breakfast. Plasma insulin concentra- 
tion returned to baseline 240 min following breakfast, 
but had not done so by 240 min following lunch and 
dinner. 

In one female subject the study was prolonged 
until 12 midnight. Following dinner, plasma glucose 

Table 1, Diet analysis 

Malherbe Hansen & Schlierf & Genuth Present study 
et al [2] Johansen [3] Raetzer [6] [7] Males Females 

Total: 
Protein (g) 90 
Fat (g) 75 
Carbohydrate (g) 300 
Alcohol (g) 
Calories 2235 

46 112 90 65 55 
73 94 81 160 113 

268 261 180 320 210 
48 . . . .  

2249 2400 1800 3129 2089 

% of Calories: 
Protein 16 
Fat 30 
Carbohydrate 54 
Alcohol 

8 19 20 8 10 
30 36 40 47 48 
48 43 40 45 42 
14 . . . .  

% of Calories: 
Breakfast 33 
Lunch 33 
Dinner 33 
Snacks 

20 33 33 33 33 
23 33 33 33 33 
36 33 33 33 33 
21 . . . .  
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returned to the baseline in 75 min. Between 7 and 12 
PM plasma glucose values fluctuated little with a max- 
imum depression below the baseline not exceeding 6 
mg/100 ml during this interval. In the same subject the 
highest plasma insulin value of 101 IxU/ml was seen 40 
min following dinner, then declined sharply to a level 
of 21 ~tU/ml at 60 min but did not return to baseline 
for 270 min. Thereafter insulin levels fluctuated mod- 
estly until midnight (data not shown). 

Table 2 shows mean plasma glucose and insulin 
peaks computed from the indivudual values irrespec- 
tive of when these occurred. For males the highest 
plasma glucose concentration following each meal was 
similar. For females the peak glucose concentrations 
following both lunch and dinner were statistically 
greater than after breakfast (p < 0.05 and < 0.02 

respectively). The fasting glucose concentration (not 
shown in the table) and the highest plasma glucose 
concentration following meals were both lower in 
females than in males. The difference in the peaks was 
significant (p < 0.02) after breakfast, but it did not 
reach statistical significance for the other meals (p < 
0.1). 

There was a gradual increase in the highest post- 
prandial insulin concentration in males as the day 
progressed; however, these differences were not 
statistically significant. The postprandial peak insulin 
concentration was nearly identical for all three meals 
in the females. 

Table 2 also lists areas under the glucose and 
insulin concentration curves as determined by 
planimetry and expressed as concentration per rain- 
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Fig. 1. Postprandial  p lasma glucose and insulin responses  in 7 
normal  males. Dashed  vertical line indicates the beginning of a 
meal. B (Breakfast),  L (Lunch) and D (Dinner).  Values are mean  + 
SEM 
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Fig. 2. Postprandial  plasma glucose and insulin responses in 5 
normal  females (6 studies). Dashed  vertical line indicates the  begin- 
ning of a meal. B (Breakfast),  L (Lunch) and D (Dinner).  Values 
are mean  + SEM 

Table 2. Highest  concentrat ions and areas of glucose and insulin curves postprandially 

Peak glucose Peak insulin Glucose area Insulin area 
rag/100 ml ~tU/ml mg/100  ml /min  I~U/ml/min 

Males Females Males Females Males Females 
Breakfast  155___ 13 1 1 1 + 2  a 99_+ 12 1 0 0 +  13 1 . 4 + 0 . 3  - 0 . 2 + 0 . 3  a 
Lunch  1 4 6 +  8 1 2 5 + 5  b 1 0 3 +  9 9 4 - - - 1 0  1 . 2 + 0 . 4  1 . 1 4 - 0 . 4  ~ 
Dinner  1 4 5 +  9 1 3 0 + 6  b 126_+16  1 0 2 + 1 4  1 . 1 + 0 . 2  1 . 2 + 0 . 4  b 

Males Females 
2 . 9 + 0 . 5  2.2 + 0 . 3  
2 . 8 + 0 . 3  2.0 + 0 . 3  
3.7 ___ 0.7 2.12 + 0.4 

Mean  + SEM 
Males n = 7, Females  n = 6 
a Males  versus females p < 0.02 or less 
b Significantly different than  breakfast  p < 0.05 or less 
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ute. For males the area under the glucose curve was 
essentially the same after each meal; the area under 
the insulin curve following dinner was greater than 
that following breakfast or lunch, just as the peak 
insulin was higher, but again it was not statistically 
significant (p < 0.2). 

For the females, the areas under the glucose curve 
following both lunch and dinner were significantly 
greater than after breakfast (p < 0.02 and < 0.01 
respectively). However, the areas under the insulin 
curves remained unchanged after each meal. 

The area under the glucose curve following break- 
fast was below the baseline in females and significantly 
different (p < 0.01) from that of the males. The total 
area under the plasma insulin curves following meals 
was greater in males, but this difference did not reach 
statistical significance (p < 0.1). 

A quantitative estimate of insulin delivery to the 
peripheral circulation (excluding insulin removed by 
the liver on the first pass) was calculated from the 
integrated plasma insulin areas and the metabolic 
clearance data reported for normal persons [ 15, 16]. It 
was assumed that the insulin concentration remains 
low and rather constant during the night [2, 3, 5, 17] 
and that the metabolic clearance is constant [15-17]. 

For males it was 64 + 7.6 (SEM) units and for females 
47 + 6.0 units daily. For all subjects it was 58 _+ 5.0 
units. These results are higher than those reported by 
Genuth (31 units) and calculated by him [7] from the 
data of Hansen and Johansen (26 units) [3]. The lower 
values can be attributed to differences in diet and the 
relative infrequency of sampling in these studies. The 
latter would result in an underestimation of insulin 
areas. A difference in insulin immunoassay method 
used also could contribute to the discrepancy. 

Fig. 3 shows the plasma glucagon concentration in 
four subjects (2 males and 2 females). The mean basal 
level was 188 pg/ml and there was very little change 
throughout the duration of the study. Plasma glucagon 
concentrations were determined up to midnight in one 
subject and again there was little change. A significant 
alteration in plasma insulin/glucagon (I/G) ratio was 
present postprandially and this simply reflected the 
altered plasma insulin levels. 

Plasma triglycerides (Fig. 4) increased after 
breakfast and remained elevated for the duration of 
the study in both males and females. There was a 
suggestion of a rise after both lunch and dinner but 
these were not significant. Both fasting and postpran- 
dial mean triglycerides were higher in males. 
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Discussion 

The previously reported studies [2-7] of circulating 
glucose and insulin concentrations following meals 
have all differed from the present study in regard to 
meal composition, timing of meals or timing and fre- 
quency of blood sampling, making comparison some- 
what difficult. However, as in the present study, a 
significant postprandial rise in plasma glucose and 
insulin was observed and these were closely related 
temporally. In the present study there was also a de- 
layed postprandial return of plasma glucose and insu- 
lin concentrations to baseline values after lunch and 
dinner. This appears to be present in other studies, [2, 
3, 6, 7] and probably is due to a relative impairment in 
glucose tolerance late in the day [18]. 

The rate of rise in glucose and insulin immediately 
following the beginning of a meal is very rapid and the 
rise in insulin is proportional to the rise in glucose. 
Thus it is unlikely that "gut factors"[19] are signifi- 
cantly amplifying the glucose signal at the B-cell to a 
greater extent at this time than later in the postpran- 
dial period. Also a rise in insulin concentration does 
not occur prior to ingestion of food, even though in 
some cases, the individuals were not allowed to eat the 
food placed before them for several minutes. This 
suggests lack of a "cephalic" phase of insulin secretion 
mediated through the vagus nerve [20]. In the late 
postprandial period insulin concentrations were pro- 
portionally higher than the glucose values. Review of 
previously published studies indicates a similar dis- 
sociation although it was not commented on by the 
authors [2, 3, 6, 7]. The reason for this dissociation is 
uncertain. It is possible that factors other than glucose, 
such as amino acids or "gut factors", are stimulating 
insulin release at this time. Alternatively it could be 
due to a lag in response of the B-cells to a declining 
glucose concentration. 

In previous studies males and females were not 
studied independently. OnlyMolnar etal., [5] Schlierf 
and Raetzer [6] and Genuth [7] studied both males 
and females, but the data were not reported separate- 
ly. In the present study a considerable difference in 
glucose and insulin responses was noted between 
males and females. 

The reason for the sex-related differences in glu- 
cose and insulin responses after meals is unknown. 
Estrogen appears to enhance the rate of glucose re- 
moval [21] and a sex-related difference in plasma 
growth hormone level has been described [22, 23]. A 
difference in muscle mass relative to adipose tissue 
mass also could play a role. We have previously noted 
a sex-related difference in muscle glycogen synthase 
activation 30 min following glucose or insulin ad- 
ministration, [24] but not at a 60 min time period 

M. Ahmed et al.: Responses to a Standard Diet 

(unpublished data). Interestingly Merimee and Tyson 
[25] have reported considerably lower plasma glucose 
concentrations in females during a 72 h fast. The mean 
glucose concentration also was lower in the females in 
the present study. 

The circulating pancreatic glucagon concentration 
was unaffected by meals and remained stable through- 
out the day (Fig. 3). Hansen and Johansen [3] using an 
antibody which does not distinguish between gut and 
pancreatic glucagon have also reported little change in 
serum glucagon during a 24-hour period in three sub- 
jects fed a standard diet. Ingestion of a mixture of 
amino acids or a protein meal results in a rise in serum 
glucagon [26, 27] and ingestion of large amounts of 
glucose lowers the plasma glucagon concentration 
[28]. The lack of postprandial change in glucagon 
concentration in the present study possibly reflects the 
opposing influence of proteins and carbohydrates on 
pancreatic glucagon secretion. In normal individuals 
fed a high protein diet a rise in plasma glucagon occurs 
and it continues to increase throughout the day (un- 
published observations). 

Schlierf and Raetzer [6] have reported peaks in 
plasma triglyceride concentrations 5-6 hrs following a 
standard meal, resulting in approximate doubling of 
fasting triglyceride values, as was observed in the pre- 
sent study. In fat loading experiments triglyceride val- 
ues have been reported to be higher in males than in 
females [29]. In the present study the mean tri- 
glyceride concentration was higher in males, both fast- 
ing and after meals, although none of these differences 
were significant due to the great variability found. In 
both sexes there was a gradual rise throughout the 
day. 
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