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Summary. Insulin 0.05 p/kg body weight was injected in-
travenously into 14 subjects both at 8 a.m. and 5p.m. in
random order 12 hrs after a 50 g glucose meal. Fasting glu-
cose levels were similar in both cases but the 48% + 10% fall
in blood glucose in the morning was significantly greater
(» <0.001) than that of 34% * 7% in the afternoon. Fasting
plasma NEFA, however, varied markedly between 477 + 150
uEqlL in the morning and 725 & 195 pEqIL in the afternoon
(p <0.001) and the fall after insulin injection (64% *14%)
was greater in the afternoon than in the morning (47% *
15%) (p < 0.001). There was an inverse relationship between
proportional glucose disappearance and proportional NEFA
disappearance (p <0.01). The calculated caloric change in

The blood sugar response to oral [7] or intravenous
[19] glucose is significantly impaired in the afternoon
compared with the morning. There is a poorer initial
insulin response in afternoon tests [8, 20, 1, 19] which
may, in part, account for this difference. However, in a
study of 30 subjects who were given exogenous insulin
both in the morning and afternoon, Gibson and Jar-
rett [3] showed that the hypoglycaemic action of exo-
genous insulin was less in the afternoon than the
morning; this ‘insulin resistance’ may also be impli-
cated in the diurnal variation of glucose tolerance.

Glucose levels fall more slowly in diabetics than
in non-diabetic subjects following intravenous in-
sulin administration [17]. In that study it was sug-
gested that the impaired rate of fall of glucose was
due to slower insulin disappearance from the blood,
itself possibly secondary to slower insulin metab-
olism. The purpose of the present study was to see
whether a similar relationship between glucose
and insulin disappearance might account for the
differences in insulin sensitivity between morning and
afternoon. The effect of insulin on levels of non-
esterified fatty acids (NEFA) was also investigated,
as were the effects on plasma growth hormone levels.

Materials and Methods

Fourteen male volunteers, aged between 26 and 68
years, with no clinical evidence or history of diabetes

the plasma, the sum of the falls in glucose and NEFA,
were very similar in both morning (2.2 + 0.5 Cals/) and
afternoon (2.3 + 0.5 Cals/l), i.e., in spite of the variations of
glucose and NEFA metabolism produced by insulin at dif-
ferent times, the nett effect, in terms of energy, was the
same. Plasma growth hormone response in the afternoon
was found to be enhanced compared with the morning values,
although the degree of hypoglycaemia was greater in the
morning.

Key words: Insulin, glucose, non-esterified fatty acids,
growth hormone, diurnal variations.

mellitus or other disorders of carbohydrate metabo-
lism, were studied. A meal of 50 g of glucose was
given at 12 midnight, or at-9 a.m., followed by an
eight hour fast until the test. The tests were performed
in random order, 4 days apart.

An indwelling needle was placed in an antecubital
vein of one arm and an initial blood sample was ob-
tained. Porcine insulin (‘Actrarapid’, Novo), 0.05
units/kg body weight, was then injected intravenously
into the other arm and further samples collected at
accurately timed and frequent intervals up to 80 min
after the injection. Each sample was assayed for
plasma insulin, NEFA and growth hormone, and
blood sugar.

Blood sugar was estimated by the ferricyanide re-
duction method on an Auto Analyser (Technicon
method N. 9a.). Plasma NEFA were measured by
the method of Carruthers and Young [2]. Double
antibody immunochemical techniques were used to
measure insulin [13] and growth hormone [6].

Results
A. Glucose Levels

The fasting levels of glucose in the morning (77.1 +
18.5 mg/100 ml) were similar to those in the afternoon
(79.3+13.5 mg/100 ml) (p=>0.1).
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The mean glucose levels from 5 min to 60 min are
illustrated in Fig. 1. In both series of tests glucose
levels fell progressively to a nadir (which occurred on
average at 29+6 min in the morning and 32+8
min in the afternoon — p>>0.1). In the morning the
lowest value was 40.21£9.5 mg/100 ml and in the
afternoon the minimum glucose level was 54.0+13.2
mg/100 ml (p<<0.0005). The total fall in blood glu-
cose from 5 min to the nadir was significantly cor-
related with the fasting glucose level (r = 0.76;
p<<0.01). There was a 47.6+£10.2 per cent fall in
glucose levels from 5 min to the nadir in the morn-
ing, compared with 33.9 + 7.0 per cent in the afternoon
(»<<0.0005).
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Fig. 1. Mean glucose levels in both morning and afternoon
following insulin injection

A semi-logarithmic plot of mean glucose levels
against time was linear between 5 and 20 min after
insulin injection. The rate constant for the glucose
fall over this period was 3.4+ 1.5 per cent/min in the
morning and 2.0+0.9 per cent/min in the afternoon
(p<<0.0025).

B. Insulin Levels

Mean fasting insulin levels in the morning (18 £ 6
wU/ml) did not differ significantly from fasting levels
in the afternoon (20+£7 pU/ml). Neither in the arith-
metic or in the semi-logarithmic plot (not shown) is
there any difference inthe two slopes. In both morning
and afternoon, insulin levels fell progressively to an
equilibrium value which was almost identical with
the mean, fasting insulin value (19 yU/ml). Glucose
levels continued to fall until insulin had almost ap-

proached the initial fasting value. There was a highly
significant correlation (r = 0.70; p<<0.001) between
the time of the glucose nadir and the time at which
insulin levels had dropped to 10 pU/ml above the
fasting value Fig. 2.* The mean time taken for in-
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Fig. 2. Relationship between the time of glucose nadir and
the time at which plasma insulin fell to 10 wU/ml above
fasting insulin concentrations
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Fig. 3. Mean NEFA levels morning and afternoon (n Eq/L)
following intravenous insulin administration (0.05 U/kg body
weight)

sulin to drop to this level was 28.3+5.9 min in the
morning, compared with the time to the glucose nadir
of 29.31+6.2 min. In the afternoon the times were
34.2+7.0 min for insulin and 32.0%7.9 min for glu-
cose.

* This provided a more clear-cut endpoint then the
fasting value itself.
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C. Non-Esterified Fatty Acids

NEFA levels before and after insulin administra-
tion are illustrated in Fig. 3.

Fasting NEFA values of 477 +150 uEql/L in the
morning were significantly lower than those in the
afternoon (725196 yEql/L) (p<<0.001). Following
insulin administration, NEFA levels fell significantly
more slowly in the morning (2.6+1.0 per cent per
min) than in the afternoon (3.6x1.6 per cent per
minute) (p<<0.005), in contrast to the effect of insulin
on blood glucose levels. Eventually a nadir was
reached which, like the glucose nadir, correlated well
with the time at which insulin levels reached 10y U/ml
above the fasting level (r = 0.55; p<<0.01) (Fig. 4).
The mean NEFA nadir occurred 30.5+ 8.3 min after
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Fig. 4. Relationship between the time (mins) of NEFA nadir
and the time at which plasma insulin fell to 10 pU/ml above
fasting insulin concentrations

the insulin injection. Like the blood glucose, the
total fall in NEFA values was significantly correlated
with the fasting level, both in the morning and in the
afternoon (r= 0.78; p<<0.001) (Fig. 5). However, the
percentage fall of NEFA in the morming (46.7£14.5
per cent) was significantly less than the percentage fall
in the afternoon (60.3+13.9 per cent) (p<<0.001).
There was a significant inverse correlation between
the percentage fall in NEFA and the percentage fall
in glucose (r = 0.54; p <<0.01) when the data for both
morning and afternoon were combined (Fig. 6).

If one considers the caloric values of glucose and
fat respectively, then the diminution of glucose fall in
the afternoon is compensated by the increased fall of
fatty acids. The calculated fall in the calorific value of
plasma produced by 0.05 U insulin /Kg comes to

2.2+0.5 cals/l in the morning and 2.3+ 0.5 cals/l in
the afternoon. Also there is a significant correlation
(r = 0.70; p<<0.01) between the fall in calories in
the morning and afternoon (Fig. 7).

D. Plasma Growth Hormone

Fasting plasma growth hormone levels were low
and not significantly different — 1.3+2.6 4IU/ml in
the morning and 1.5+ 1.3 yIU/ml in the afternoon.
These levels are well within the normal range for un-
stressed adult males. The growth hormone response to
hypoglycaemia began at 50 min after insulin injection
in both sets of studies (Fig. 8). The rise in growth
hormone was greater in the afternoon than in the
morning and the difference became significant (p <<
0.05) at each time interval from 60 min after the start
of the test.

Discussion

In a previous study [17] it was shown that intra-
venously injected insulin (0.1 U/Kg) had a maximal
effect on the rate of fall of glucose within 5 min of its
injection and that glucose levels fell continuously
to reach a nadir, which approximated to the time that
plasma insulin reached near-fasting levels. In the
diabetic subjects investigated, blood glucose levels
fell more slowly than in the controls, but insulin also
left the plasma at a slower rate. Consequently, the fall
in glucose levels continued for a longer period (44
min in the diabetics compared with 27 min in the con-
trols). Thus, by the time the nadir was reached, virtu-
ally the same proportion (67%) of giucose had disap-
peared in the diabetic as in the control group (70%).
In the present study, glucose levels fell more slowly
in the afternoon than in the morning, but, in contrast
to the diabetics of the previous study, there was no
appreciable difference in insulin disappearance at the
different times of the day and no significant difference
in the times of the glucose nadir. Therefore, the pro-
portion of glucose which disappeared in the afternoon
(32%) was significantly less than the proportion leav-
ing the blood in the morning (48%). It follows that the
mechanism producing insensitivity to insulin in the
afternoon is different from that in diabetes.

It has previously been reported [1, 20] that fasting
levels of NEFA are higher in the afternoon than in the
morning. Our present studies confirm these findings.
In several respects the effect of insulin on NEFA was
similar to its effect on glucose. A maximal effect was
observed soon after insulin administration, NEFA
levels fell to a nadir which coincided with the time at
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which insulin levels had fallen to 10 y units above the
fasting level, and the total proportional fall of NEFA
was related to the initial fasting level. There was
diminished sensitivity of glucose to insulin in the after-
non; however, NEFA levels fell faster and the propor-
tional fall of NEFA was greater in the afternoon.
There are several independent mechanisms by
which insulin reduces blood glucose values, including
the facilitation of glucose transport across cell mem-
branes [10] and the inhibition of glucose release
from the liver [9]. We are not aware of any direct
evidence that insulin may also stimulate the transport
of fatty acids into the cells, although the possibility
is suggested by the observations of Marini et al. (12),
who showed that insulin administration to the isolated,
newborn lamb’s heart resulted in nett uptake of
NEFA by the myocardium. It is well established that
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Fig.8. Growth hormone (uWIU/ml) response to insulin in-
duced hypoglycaemia

insulin inhibits lipolysis [11] and at least part, if not
all, of the fall of NEFA which occurs following in-
sulin administration is due to the normal course of
NEFA metabolism in the absence of further fatty
acid release into the circulation. It is possible that in-
sulin is more inhibitory to lipolysis in the afternoon
than in the morning, but it is also possible that the
more rapid disappearance of NEFA in the afternoon
is due to an increase in NEFA utilisation, perhaps
re-esterification [4]. This possibility is supported by
the studies of Carroll and Nestel [1] and of Zimmet
et al. [20], who showed a much steeper fall of NEFA
following a glucose load in the afternoon or evening
than in the morning, even though the insulin response
to the glucose was significantly lower post-meridian.

Hales and Randle [5] observed that subjects on a

low carbohydrate diet developed high fasting NEFA
levels and impaired oral glucose tolerance. Randle et
al. [14] postulated an interaction between glucose
and fatty acid metabolism via a glucose-fatty acid
cycle in which metabolism of glucose to glycerol
phosphate leads to the synthesis of triglyceride by
combination with fatty acids; in muscle, increased
fatty acid metabolism inhibited the metabolism of
glucose. These authors suggested that such a control
system had important advantages for organisms that
fed only intermittently, because it resulted in a switch
from carbohydrate to fat as the main energy provider
at times of carbohydrate deficiency. This would also
allow for the maintenance of glycaemia, essential for
cerebral metabolism, during periods of starvation. The
concept that increased fatty acid metabolism by
muscle tissue leads to impaired glucose metabolism
by that tissue and possibly to impaired glucose toler-
ance of the whole organism has received support from
experiments in man and laboratory animals [16, 18].
In the present study, diminished insulin sensitivity
(glucose disappearance) was related to increased
NEFA disappearance (Fig. 6) as well as to higher
fasting NEFA levels. The higher fasting NEFA level
in the afternoon, with a circulating insulin level similar
to that in the morning, implies a lesser antilipolytic
effect of insulin and also a higher rate of NEFA disap-
pearance to match the higher rate of production. The
effect of the injected insulin may therefore be primarily
antilipolytic, though we cannot rule out a direct effect
upon NEFA catabolism or transport. Increased
metabolism of NEFA in the afternoon may thus ex-
plain our finding of “insulin resistance” in terms of
Randle and co-workers’ hypothesis.

It is interesting that the same dose of insulin should
produce the same fall in the caloric value of the plasma
and also, presumably, extracellular fluid, in the morn-
ing and in the afternoon, even though there was a con-
siderable difference in the proportions of glucose and
fatty acids. Both in the morning and afternoon tests
the patients were at rest; on average therefore the
energy output on both occasions would be the same.

The cause of the raised NEFA levels and, possibly,
increased NEFA metabolism remains unknown. The
diurnal variation in cortisol secretion is not a likely
explanation, because cortisol levels are higher in the
morning than in the afternoon. The mean fasting
growth hormone levels were very low during both
tests. In spite of a lesser degree of hypoglycaemia, the
rise in growth hormone levels following insulin was
greater in the afternoon than in the morning. Although
this may indicate a diurnal variation in hypothalamic
sensitivity to a fall in blood glucose, it could not ac-
count for the raised fasting NEFA levels; indeed it
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could not have had any effect until after the glucose
(and NEFA) nadir.
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