
Abstract

Aims/Hypothesis. A loss of early-phase insulin re-
sponse is common in Type 2 diabetic patients and in
people with impaired glucose metabolism. It is hy-
pothesized that this alteration is not simply a marker
for the risk of developing diabetes, rather it is a an im-
portant pathogenetic mechanism causing excessive
postprandial hyperglycaemia.
Methods. Relevant literature on the epidemiology,
physiopathology, and therapeutic intervention related
to loss of early insulin secretion and postprandial 
hyperglycaemia has been analysed.
Results. In response to intravenous glucose, insulin 
secretion is biphasic. This behaviour translates as a
rapid release of insulin into the blood stream in re-
sponse to the ingestion of carbohydrates or a mixed
meal. The rapid increase in portal insulin concentra-
tion and the avid binding of the hormone to its recep-
tor on liver cell membranes, account for a prompt sup-
pression of endogenous glucose production and reduc-
tion of the rate of increase in plasma glucose concen-
trations. This has been supported by experimental
studies carried out in both animals and humans: the

selective abolition of early insulin secretion in healthy
subjects results in impaired glucose tolerance, exces-
sive glucose excursions, and possible hampering of
the thermic effects of ingested carbohydrates. In non-
diabetic subjects, the loss of early insulin secretion is
a determinant for developing diabetes. The critical
role of the early-phase insulin response in determining
postprandial hyperglycaemia, is supported by an ame-
lioration of glucose tolerance by restoring the acute
rise in plasma insulin concentrations after the inges-
tion of both glucose and a mixed meal. This ameliora-
tion in plasma glucose profile can prevent late hyper-
glycaemia and hyperinsulinaemia.
Conclusion/interpretation. Therapeutic approaches aimed
at restoring a physiological pattern of insulin secretion
could prove effective in reducing postprandial glucose
excursions particularly in the early stage of Type 2 dia-
betes. [Diabetologia (2003) 46[Suppl1]:M2–M8]
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Type 2 diabetes mellitus is a heterogeneous condition
characterised by a dual pathogenetic mechanism: insu-
lin resistance and defective insulin secretion. Insulin
resistance is believed to precede the development of
diabetes. Low insulin sensitivity has been found in
normoglycaemic relatives of Type 2 diabetic patients
[1, 2] and to predict the development of clinically
overt hyperglycaemia [3]. Loss of compensatory 
hypersecretion of insulin has been indicated as the
turning point for the development of diabetes [4].
However, alterations in insulin secretion have been
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described that precede diabetic hyperglycaemia. In
particular, the loss of the acute phase of insulin secre-
tion is found in the very early stages of the disease.
This paper is a review of literature on the physiology
of insulin secretion, metabolic implications of the loss
of early-phase insulin secretion and its role in the 
hyperglycaemia of Type 2 diabetic patients.

Physiology of insulin secretion

In response to a glucose challenge, both in vivo and in
vitro, insulin is rapidly secreted reaching maximal se-
cretion rate within a few minutes after glucose expo-
sure [5]. The secretory response is greater after oral
than parenteral glucose load. This effect is due to the
activation of the entero-insular axis and the amplify-
ing effect of gut incretins on insulin release [6]. The
strict time-dependency between insulin secretion and
glucose challenge becomes even more striking if the
cephalic phase of the hormone release is taken into ac-
count. In healthy people, insulin increase precedes the
nutrient ingestion due to the activation of neuronal
and neuro-endocrine stimuli. Though modest in abso-
lute terms, this rise in plasma insulin concentration
seems to play an important physiological role, as an
inverse relation between the cephalic phase of insulin
secretion and the initial rise in plasma glucose concen-
tration has been reported [7]. Following the ingestion
of nutrients, insulin secretion becomes quantitatively
relevant.

In response to an i.v. glucose challenge, insulin se-
cretion is characteristically biphasic [5]. Within min-
utes of ingestion of a glucose load, insulin is rapidly
secreted reaching an initial peak value in 5 to 7 min.
This early phase of insulin release lasts no more than
10 to 15 min and is followed by a more sustained 
secretion lasting several hours, until the stimulus is 

removed or the plasma glucose concentration has 
returned to baseline values. Approximately 2 to 3% of
beta-cell insulin content is released during the early-
phase secretion, while the second phase accounts for
approximately 20% of the beta-cell content.

Early-phase insulin secretion 
and glucose homeostasis

Early-phase insulin secretion plays a critical role in
the maintenance of glucose homeostasis. A strong
negative relation has been found between cephalic in-
sulin release and initial glucose increment after a glu-
cose infusion [7]. This finding suggested that an early
surge of insulin secretion, such as the cephalic phase,
could exert a restraining effect on rising blood glucose
concentrations. Further, the greater the insulin surge,
the more prolonged the effect on glucose homeostasis.
After the ingestion of an oral glucose load, an inverse
relation was noted between 30-min plasma insulin
concentration (a marker for early insulin secretion)
and 2-h plasma glucose concentrations [8]. Converse-
ly, a direct relation was noted between the plasma in-
sulin and glucose concentration in the second hour.
These observations indicate that early rapid insulin
rise is critical in restraining excessive glucose excur-
sions after nutrients are ingested. In the presence of a
weak early-phase insulin secretion, plasma glucose
will progressively rise causing sustained insulin re-
lease needed for the plasma glucose concentration to
return towards baseline. These results have been repli-
cated in larger populations. In a group of 230 people
with various degrees of glucose tolerance (Fig. 1), 
30-min post-OGTT plasma insulin or C-peptide con-
centration was inversely related to the 2-h plasma glu-
cose concentration (p<0.05) [9]. In conclusion, defec-
tive early rise in plasma insulin concentrations could
lead to hyperglycaemia and hyperinsulinaemia.

The dimension and time-course of insulin release
during early-phase secretion is compatible with an 
effect on the liver rather than on peripheral tissues.
Animal studies support this view [10]. In those experi-
ments, plasma glucose concentration and endogenous

Fig. 1. Correlation of 30-min plasma insulin and C-peptide re-
sponse with 2-h plasma glucose concentrations after an OGTT
in a population including subjects with normal and impaired
glucose tolerance and diabetes



glucose production (EGP) were measured in gluca-
gon-infused dogs undergoing a pancreatic islet clamp,
in which insulin secretion was completely abolished
or either the first, second, or both phases of insulin se-
cretion were reconstructed. The study results showed
that both first-phase and second-phase insulin secre-
tion were critical in counterbalancing the hyper-
glycaemic effect of glucagon, but isolated restoration
of the early rise in plasma insulin concentration could
reduce the glucagon-mediated rise in plasma glucose
concentration. In a subsequent study, the same authors
showed that the primary effect on EGP was the sup-
pression of gluconeogenesis [11], an important finding
considering the characteristic increase in gluconeo-
genesis of Type 2 diabetes [12].

Human studies also lend support to the central role
of early-phase insulin secretion in the modulation of
EGP. Hyperglycaemic clamp studies have been carried
out in normal subjects together with radioactive glu-
cose tracer infusion for measurements of glucose pro-
duction and uptake [13]. The acute increase of plasma
glucose concentration elicited the characteristic bipha-
sic insulin release causing progressive EGP suppres-
sion and increase in glucose disposal through periph-
eral tissues. The abolition of the early-phase insulin
secretion by means of somatostatin and appropriate
insulin replacement did not affect glucose utilisation.
On the contrary, glucose appearance in the circulation
proceeded at higher rates in spite of the prevalent hy-
perglycaemia and hyperinsulinaemia: suppression of
EGP was only 50% as compared with the control
study (Fig. 2). Impaired EGP suppression was a direct
consequence of the deficit of early-phase insulin se-
cretion, as proven by restoration of early insulin rise
in plasma.

Though the biphasic response is fully appreciated
with an i.v. glucose challenge, a rapid increase in plas-
ma insulin concentrations after an oral glucose load
seems to be essential for normal glucose tolerance. An
experimental approach similar to [13] was used in oth-
er studies [14], with the exception that an OGTT or an
intravenous glucose tolerance test (IVGTT) were car-
ried out. Early insulin release was completely blocked
by somatostatin infusion in both cases. The loss of the
early phase of insulin secretion was associated with a
deterioration of glucose tolerance as indicated by the
K value (1.9±0.4 vs 1.1±0.3, p<0.001). Moreover, in
response to the OGTT a larger glycaemic excursion
occurred. Surprisingly, glucose-induced thermogene-
sis was reduced in association with the loss of the 
early phase of insulin release. The increase in energy
expenditure could suggest that restoration of early
phase insulin secretion is of importance in activating
the membrane bound Na+-K+-ATPase and/or by stim-
ulating the sympathetic nervous system. By using a
more sophisticated technique, similar results were
found [15]. Non-diabetic subjects were studied during
somatostatin inhibition of endogenous insulin secre-
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tion, while exogenous insulin was infused so as to
mimic postprandial insulin profiles of a typical heal-
thy or diabetic subject. Simultaneously, glucose was
infused in a pattern and amount that mimicked the
systemic delivery rate normally observed after the 
ingestion of 50 g of glucose. The delayed pattern of
insulin delivery (i.e. loss of early-phase insulin secre-
tion) was associated with higher (p<0.05) glucose
concentration and prolonged duration of hyperglycae-
mia. This alteration was mainly due to altered sup-
pression of EGP.

Furthermore, after the ingestion of a mixed meal,
plasma insulin concentration increases rapidly with a
30-min peak [16]. The quick rise in plasma insulin
concentration is associated with a marked decrease in
the glucagon to insulin ratio and concomitant suppres-
sion of EGP and glycogen accretion in the liver.

In summary, both animal and human studies sup-
port the critical physiological role of the early phase
of insulin secretion in the maintenance of postmeal
glucose homeostasis. This effect is primarily mediated
at the level of the liver, allowing prompt inhibition of
EGP and thereby restraining the mealtime plasma glu-
cose excursion.

Early loss of early-phase insulin secretion 
in Type 2 diabetes mellitus

Type 2 diabetes is a heterogeneous disorder character-
ised by defects in beta-cell function and insulin action.
Insulin resistance is a key feature of Type 2 diabetes
as it can be in the vast majority of affected people
[17]. Impaired insulin action occurs at the level of all
insulin-dependent tissues: liver, muscle and adipose
tissue. These abnormalities are likely the consequence
of molecular defects at the level of postreceptor sig-
nalling, glucose transport, and/or regulatory enzymes
of intracellular glucose metabolism [18].

Fig. 2. Means (± SE) plasma insulin and HPG in healthy sub-
jects during control hyperglycaemic clamp; hyperglycaemic
clamp plus somatostatin and insulin infusion mimicking only
second-phase insulin secretion, and hyperglycaemic clamp
plus somatostatin and insulin infusion mimicking both first-
phase and second-phase insulin secretion; Adapted from 
Luzi L, et al. [13]



Insulin resistance by itself does not seem to be suf-
ficient to cause diabetes. Longitudinal studies have
shown that the development of overt hyperglycaemia
is also associated with a decline in beta-cell secretion
[17, 19]. Patients who have Type 2 diabetes with a
fasting plasma glucose (FGP) of less than 7.8 mmol/l
can have a similar or even greater insulin response to
glucose than matched healthy subjects; however, the
overall plasma insulin concentrations are always inad-
equate compared with prevalent plasma glucose con-
centration [17]. An absolute defect in insulin secretion
becomes apparent at FPG concentrations of more than
10 mmol/l. When hyperglycaemia develops, it exerts a
toxic effect on both the pancreas and insulin-sensitive
tissues, a phenomenon known as ‘glucose toxicity’
[20], leading to a self-perpetuating cycle of worsening
defects and further exacerbation of the hyper-
glycaemic condition.

In patients with IGT or in the early stages of 
Type 2 diabetes, early-phase insulin release is almost
invariably lost despite the enhancement of the second-
phase secretion [21, 22]. The results of the insulin re-
sponse to glucose tolerance tests from 32 studies in
patients with Type 2 diabetes mellitus has been sum-
marized [17]. In terms of the total insulin response, in-
sulin secretion was reduced in 16 of the studies, nor-
mal in 11, and increased in only 5 of them. A different
picture emerged when early-phase (0–10 min) versus
late-phase insulin secretion was examined. Late-phase
insulin secretion was decreased in 13 studies, whereas
normal or even increased responses were reported in
the remaining 19 studies. In contrast, the majority of
the reports (n=21) showed a defective early phase of
insulin secretion.

The loss of rapid insulin release is a determinant of
the development of Type 2 diabetes. Among a cohort
of 348 women aged 50 on entering a 12-year prospec-
tive study, the incidence of diabetes was higher in
those who initially had higher FPG and insulin con-
centrations and lower early insulin release in response
to IVGTT [23]. In particular, 17.1% of the women
who had early insulin response below the lowest quin-
tile developed diabetes.

The insulinogenic index is calculated as the ratio of
the increment of plasma insulin to glucose concentra-
tion 30 min after an OGTT, and it provides a parame-
ter of early insulin response which correlates with the
acute insulin response to IVGTT [24]. Low values of
the insulinogenic index precede the increase of FPG
concentrations [24]. These results are similar to our
observations. By employing a minimal model analy-
sis, a parameter of beta-cell response (β-index) was
derived from plasma glucose and C-peptide concen-
tration during an OGTT [25] in a large cohort of 
subjects with various degrees of glucose tolerance.
The β-index progressively declined from the condition
of NGT to IGT, to overt diabetes [26]. Moreover, the
β-index was lower in subjects with a family history of

Type 2 diabetes than those without a family history,
suggesting that genetic factors are important determi-
nants of the insulin secretory response.

More recently, longitudinal data from 17 Pima 
Indians in whom glucose tolerance deteriorated from
NGT to IGT to diabetic over a 5-year follow-up have
been reported [27]. The transition from NGT to IGT
was associated with an increase in body weight, a 
decline in insulin-stimulated glucose disposal and a
reduction of acute insulin response (AIR) to intrave-
nous glucose. Progression from IGT to diabetes was
associated with a modest worsening in insulin sensi-
tivity but a much greater decline in AIR. Thirty-one
subjects who retained NGT over a similar period also
gained weight and their insulin sensitivity had deterio-
rated further, but their AIR increased.

This brief synopsis illustrates the altered insulin 
secretion dynamics in Type 2 diabetes, underscoring
the deficient acute early phase of insulin release.

Restoration of early insulin release 
in Type 2 diabetic patients

If the loss of early insulin release plays a major role in
the pathogenesis of postprandial hyperglycaemia,
therapeutic intervention to restore it should be able to
improve glucose tolerance in Type 2 diabetic patients.

A study [28] was designed to test whether correct-
ing the deficiency in early prandial insulin secretion
with a physiological amount of exogenous insulin
would have a beneficial effect on postprandial glucose
excursions in Type 2 diabetic patients. For this pur-
pose, the same amount of insulin was given intrave-
nously at mealtime to diabetic patients: (i.) over
30 min at the beginning of a meal (i.e. restoration of
early insulin increase), (ii.) with the same insulin pro-
file but delayed by 30 min, and (iii.) as a constant in-
fusion over the entire duration of the study. An im-
provement in postmeal glucose tolerance was apparent
only with early administration of insulin (Fig. 3). 
Early insulin augmentation initially resulted in in-
creased plasma insulin concentrations but subsequent
insulin and C-peptide concentrations were lower than
in the control studies.

These results have been replicated in our laboratory
comparing the effect of similar doses (0.075 U/kg lean
body mass) of regular insulin and insulin analogue lis-
pro given subcutaneously to Type 2 diabetic patients
before a 50 g OGTT [29]. The fast-acting insulin ana-
logue lispro provides a therapeutic tool for assessing
the metabolic outcome of restoration of an early rise
in plasma insulin concentrations after an oral glucose
load. In spite of comparable incremental areas under
the curve (AUCs), the time-course of plasma insulin
concentration was much different. After injection of
regular insulin, plasma insulin peaked at 120 min,
while with lispro the peak occurred at 60 min. Plasma

S. Del Prato: Loss of early insulin secretion leads to postprandial hyperglycaemia M5
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insulin concentration during the last 3 h of the study
was lower with lispro compared with regular insulin.
The incremental AUC of plasma C-peptide was also
lower with lispro (p<0.01). The plasma glucose incre-
mental area under the curve was 46% lower with lis-
pro (715±109 vs 389±109 pmol/300 min; p<0.01) [29]
(Fig. 4). The study was carried out in combination
with a double tracer technique to calculate the rates of
glucose utilization and production. While there was no
difference in the two studies in the overall rate of glu-
cose disposal, the rate of EGP was suppressed in a
prompter and more profound manner when lispro was
administered (p<0.05), particularly during the initial
postprandial phase. The restoration of a prompt rise in
plasma insulin concentrations was associated with an
increase in glucose oxidation that was opposed to a re-
duction in lipid oxidation. The finding is of relevance
in the light of the characteristic impairment of glucose
oxidation in Type 2 diabetic patients. The enhance-
ment of glucose oxidation was associated with a more
pronounced suppression of lipid oxidation, in spite of
similar reduction in plasma NEFA, suggesting that the
improvement in glucose oxidation was a direct effect.

Over the past two decades, sulphonylureas have
been used to enhance insulin secretion in patients with
Type 2 diabetes. Data suggest that some second-gen-
eration sulphonylureas could exert a stimulatory effect
on first-phase insulin secretion. A study [30] showed
that first-phase insulin secretion in response to differ-
ent degrees of hyperglycaemia was enhanced though
not normalized by gliclazide. In our experience [31],
the acute administration of gliclazide in newly diag-
nosed patients before receiving a constant infusion of
glucose was associated with an improvement in glu-
cose tolerance, expressed as the incremental plasma

glucose area above baseline compared with placebo
(354±42 vs 461±52 mmom/240 min). However, no
differences were observed in the insulin secretion rate,
which only became apparent after 2 months of treat-
ment. These data suggest that the amelioration of first-
phase and second-phase insulin secretion that occurs
with sulphonylureas could be partly mediated by relief
of glucose toxicity.

More recently, meglitinide, a nonsulphonylurea
benzoic acid derivative, has been shown to elicit an
acute insulin release [32]. This compound and its ana-
logues increase insulin secretion in a glucose-depen-
dent manner by reducing membrane conductance in
pancreatic beta cells [33]. These features suggest that
meglitinide analogues could be the agents of choice
for acute stimulation of insulin secretion in response
to a meal. Repaglinide has been the first of these ana-
logues made available. In an early comparative study
with glibenclamide, repaglinide had a greater effect on
postmeal plasma glucose concentration [34], although
a more recent study reported no significant differences
after one year of treatment [35]. Nateglinide, a D-phe-
nylalanine derivative, is characterized by a rapid and
short-lasting glucose dependent stimulatory effect on
insulin secretion [36]. The therapeutic impact of this
compound has been recently explored [37, 38]. As
compared to glibenclamide, nateglinide had a greater
effect on mealtime glucose excursions, though gliben-
clamide was associated with a greater reduction of

Fig. 3. Effect of superimposition of both normal and ‘diabetic’
post-OGTT plasma insulin profile on glucose tolerance of
healthy subjects with normal glucose input. In healthy sub-
jects, glucose was infused at a rate to mimic the rate of glucose
appearance in the systemic circulation after an oral glucose
load. The left hand panel illustrates the plasma glucose con-
centration attained when a normal (dotted line) or blunted 
early response (full line) of insulin is reconstructed upon sup-
pression of endogenous insulin secretion (right hand panel).
Adapted from Basu et al. [15]

Fig. 4. Area under the incremental curve (AUC) of plasma
glucose (upper panel), insulin (middle panel), and C-peptide
(lower panel) after a 50-g oral glucose load preceded by subcu-
taneous injection of an equivalent dose (0.075 U/kg lean body
mass) of regular (open bars) and lispro (closed bars) insulin.
*p<0.05. Reprinted with permission from Bruttomesso D et al.
[29]



fasting plasma glucose concentrations [38]. In Type 2
diabetic patients, nateglinide appeared to selectively
increase early insulin release which resulted in a lower
overall insulin exposure relative to glibenclamide. A
direct consequence of the rapid-onset or short-dura-
tion of this insulinotropic agent was a reduction of the
incidence of events suggestive of hypoglycaemia, and
daytime glucose variability.

Conclusions

The early insulin release after ingestion of nutrients
seems to play a critical role in the maintenance of glu-
cose homeostasis. A prompt release of insulin is nec-
essary to restrain postprandial glucose excursions,
through a prompt inhibition of EGP, a physiological
glucose disposition and, finally, in reducing a more
sustained secretory stress on the beta cell. The loss of
this early insulin release is a feature of the pre-diabet-
ic condition, as it seems common in subjects with im-
paired glucose metabolism. These results, together
with prospective findings showing that impaired early
insulin release predicts diabetes, strongly indicate that
the loss of this specific beta-cell function plays a criti-
cal role in decreasing glucose tolerance. This could
become even more apparent if one considers that post-
prandial hyperglycaemia is the initial alteration in
about 60% of newly diagnosed Type 2 diabetic pa-
tients [39]. The restoration of an early rise in plasma
insulin concentrations is associated with improvement
in glucose tolerance due to a prompter, though short-
lived, suppression of EGP. This amelioration in the
plasma glucose profile could prevent late hyperglyca-
emia and hyperinsulinaemia. Thus, therapeutic ap-
proaches aimed at restoring a physiological pattern of
insulin secretion could prove effective in reducing
postprandial glucose excursions in the early stage of
Type 2 diabetes and possibly even prove useful in pre-
venting diabetes.
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