Phasic Insulin Release and Metabolic Regulation in
Type 2 Diabetes
Stefano Del Prato,1 Piero Marchetti,1 and Riccardo C. Bonadonna2

Type 2 diabetes is a heterogeneous disorder due to
prevalent insulin resistance associated with deficient
insulin secretion or to a prevalent defect of insulin
secretion associated with impaired insulin action. The
definition is supported by the high frequency at which
insulin resistance can be demonstrated in type 2 diabetic patients. Nonetheless, insulin resistance is not a
sufficient mechanism to cause diabetes. Impaired ␤-cell
function is a necessary defect in all conditions of impaired glucose regulation; however, it manifests itself in
a different manner in fasting and glucose-stimulated
conditions. In the fasting state, the basal insulin secretory rate increases as a function of the progressive
decline in insulin action. As such, the fasting plasma
insulin concentration is often taken as a marker for
insulin sensitivity. After glucose challenge, a specific
alteration of acute insulin release is an early and progressive defect. The latter might represent an intrinsic
defect, but its continuous decline is affected by glucotoxicity and lipotoxicity. To understand the impact of
␤-cell dysfunction in type 2 diabetes on metabolic homeostasis, it is useful to consider the different phases of
insulin secretion separately. Insulin secretion can be
divided into basal (postabsorptive) and stimulated
(postprandial) states. The former prevails during the
interprandial phases and plays a major role during the
overnight fast; the latter regulates glucose metabolism
when carbohydrate is abundant and must be disposed
of. Data in animals and humans support a crucial physiological role of first-phase insulin secretion in postprandial glucose homeostasis. This effect is primarily
achieved in the liver, allowing prompt inhibition of
endogenous glucose production and limiting the postprandial rise in plasma glucose level. In type 2 diabetes,
loss of the early surge of insulin release is an early and
quite common defect that may have a pathogenetic role
in the development of postprandial hyperglycemia, possibly requiring specific therapeutic intervention.
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T

ype 2 diabetes is a heterogeneous disorder due,
according to the American Diabetes Association
Expert Committee on the Diagnosis and Classification of Diabetes Mellitus (1), to prevalent
insulin resistance associated with deficient insulin secretion or to a prevalent defect of insulin secretion associated
with impaired insulin action. The definition is supported
by the high frequency at which insulin resistance can be
demonstrated in type 2 diabetic patients. In the setting of
the Insulin Resistance and Atherosclerosis Study, Haffner
et al. (2) reported that insulin resistance was present in
over 85% of the diabetic individuals enrolled in the study,
with no difference among non-Hispanic and AfricanAmerican patients. Similarly, no regional influence was
apparent, suggesting that insulin resistance occurs independently of environmental effects.
Plasma glucose level after an overnight fast is a function
of endogenous glucose production (EGP), particularly the
rate of gluconeogenesis (3). Accordingly, impaired insulin
action at the liver causes fasting hyperglycemia. Insulin
resistance in muscle tissues is primarily responsible for
reduced glucose utilization despite physiological elevation
of the plasma insulin concentration (3). The underlying
mechanisms for impaired insulin action include cellular
defects in postreceptor signaling, glucose transport,
and/or regulatory enzymes of intracellular glucose metabolism (3,4).
Nonetheless, insulin resistance is not a sufficient mechanism to cause diabetes. Impaired insulin action can be
demonstrated in obese subjects with normal glucose tolerance (NGT) (5) as well as in relatives of type 2 diabetic
patients (6 – 8). We have recently analyzed the metabolic
features of individuals with NGT (n ⫽ 126) as well as of
three subgroups with impaired glucose regulation (IGR):
1) individuals with impaired fasting glucose (IFG) but
NGT (2-h post– oral glucose tolerance test [OGTT] ⱕ140
mg/dl; IFG/NGT; n ⫽ 8), 2) individuals with impaired
glucose tolerance (IGT) but normal fasting glucose (NFG)
(NFG/IGT; n ⫽ 38), and 3) individuals with both IFG and
IGT (IFG/IGT; n ⫽ 15). A 75-g OGTT was performed in all
subjects for determination of plasma glucose, insulin, and
C-peptide concentration (9). The curves of plasma Cpeptide concentration were then analyzed with a minimal
model of glucose-induced C-peptide/insulin secretion for
estimation of basal and post– oral glucose insulin secretion, and ␤-cell secretory capacity was expressed as the
␤-index (10). Insulin sensitivity (homeostatic model assessment [HOMA] insulin resistance index) was higher in
IFG/NGT subjects (3.78 ⫾ 0.78) and NFG/IGT subjects
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FIG. 1. Insulin resistance (HOMA) and insulin secretion (OGTT-derived ␤-index) in individuals with IFG but NGT (2-h post-OGTT <140 mg/dl;
IFG/NGT; n ⴝ 8), individuals with IGT and NFG (NFG/IGT; n ⴝ 38), and individuals with both IFG and IGT (IFG/IGT; n ⴝ 15).

(4.05 ⫾ 0.43; P ⬍ 0.05 vs. normal) compared with normal
subjects (2.6 ⫾ 0.1; P ⬍ 0.01 for both) (Fig. 1). A more
severe impairment of insulin sensitivity was apparent in
IFG/IGT subjects (6.04 ⫾ 0.86; P ⬍ 0.05 vs. normal and
NFG/IGT subjects). Basal insulin secretion increased as a
function of the HOMA value across the different groups of
glucose regulation (normal: 1.8 ⫾ 0.1; IFG/NGT: 2.3 ⫾ 0.3;
NFG/IGT: 2.3 ⫾ 0.2; and IFG/IGT: 2.7 ⫾ 0.3 units 䡠 min⫺1 䡠
m⫺2; P ⬍ 0.01 vs. normal subjects). The ␤-index progressively decreased moving from normal subjects (5.15 ⫾ 0.09
log [pmol insulin 䡠 120 min⫺1 䡠 m⫺2]) to IFG/NGT subjects
(4.35 ⫾ 0.49) and NFG/IGT subjects (4.34 ⫾ 0.18), to
IFG/IGT subjects (3.68 ⫾ 0.25; all P ⬍ 0.05 vs. normal
subjects) (Fig. 1). None of these differences were influenced by age, sex, or BMI. Therefore, in Caucasians, IGR
is associated with defects of both insulin secretion and
insulin action with no apparent difference between isolated IFG and isolated IGT. The combination of basal and
post-OGTT glucose impairment is associated with a further deterioration of both functions.
In our study, overall insulin secretion was assessed with
no distinction between early- and second-phase insulin
secretion. This may be of interest because a blunted
early-phase insulin response to an intravenous glucose
tolerance test (IVGTT) is common in all subjects with
fasting plasma glucose ⱖ6.4 mmol/l (11). Impaired acute
insulin secretion to glucose-dependent arginine stimulation (12) has been recently described in postmenopausal
IGT women. More interestingly, longitudinal studies have
indicated that early-phase insulin secretion is an independent predictor of the progression from NGT to IGT. In the
San Antonio Heart Study (13), both a high fasting insulin
concentration (a surrogate marker of insulin resistance)
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and a low incremental 30-min insulin concentration (an
indicator of early-phase insulin response) were independent predictors of the progression of NGT to IGT in the
Mexican-American population. Among a cohort of 348
women aged 50 years on entering a 12-year prospective
study, the incidence of diabetes was higher in those who
initially had higher fasting plasma glucose and insulin
concentrations and lower early insulin release in response
to IVGTT (14). In particular, 17.1% of the women who had
early insulin response within the lowest quintile developed
diabetes. The insulinogenic index is calculated as the ratio
of the increment of plasma insulin to glucose concentration 30 min after an OGTT, and it provides a parameter of
early insulin response (15). Development of diabetes occurs more frequently in individuals with low values of the
insulinogenic index than in normal insulin responders. The
prevalence of low insulin responders (i.e., low insulinogenic index) is higher in subjects with a family history of
diabetes. Finally, low insulin response is more frequent in
subjects who have a strong genetic background for diabetes, such as cotwins of monozygotic diabetic twins and
offspring of conjugal diabetic patients (15). Although the
30-min plasma insulin increment and the insulinogenic
index obtained with an OGTT are correlated with the
acute insulin response (AIR) obtained with an IVGTT
(15,16), this correlation is not very strong (17).
More recently, longitudinal data have been reported
from 17 Pima Indians in whom glucose tolerance deteriorated from normal (NGT) to impaired (IGT) to diabetes
over a 5-year follow-up (18). Transition from NGT to IGT
was associated with an increase in body weight, a decline
in insulin-stimulated glucose disposal, and a reduction in
AIR to intravenous glucose. Progression from IGT to
DIABETES, VOL. 51, SUPPLEMENT 1, FEBRUARY 2002

S. DEL PRATO, P. MARCHETTI, AND R.C. BONADONNA

diabetes was associated with a modest worsening in
insulin sensitivity but a much greater decline in AIR.
Thirty-one subjects who retained NGT over a similar
period also gained weight and had further deterioration of
their insulin sensitivity, but their AIR increased. A further
analysis of data has indicated that, in Pima Indians, a low
insulin sensitivity and a low AIR (i.e., an early-phase
insulin response to glucose) are independent and additive
predictors of the progression from NGT to IGT and from
IGT to overt diabetes, suggesting that the two defects play
a pathogenic role at each stage of IGR (19).
The nature of the very specific defect of AIR is not
understood. In particular, it is not clear if this represents a
primary or acquired alteration of ␤-cell function. Glucose
toxicity can hamper AIR, as elegantly shown several years
ago by Weir’s group (20). In humans, a 72-h glucose
infusion that induced moderate hyperglycemia (⬃110 mg/
dl) did not affect insulin secretion measured during a
hyperglycemic clamp (21). After a 72-h glucose infusion,
the early (282 ⫾ 48 vs. 168 ⫾ 60 pmol/l), late (612 ⫾ 102 vs.
276 ⫾ 48 pmol/l), and total (582 ⫾ 102 vs. 264 ⫾ 48 pmol/l)
plasma insulin responses were significantly greater. Thus,
in healthy young subjects with no family history of diabetes and, presumably, no genetic ␤-cell abnormality,
chronic (72-h) physiological hyperglycemia causes a
marked potentiation of both early and late plasma insulin
responses to the acute increase in plasma glucose concentration. These results may appear to be in contrast to
animal studies where a similar duration (72 h) of hyperglycemia was shown to impair insulin secretion (22,23).
However, in those studies, glucose was infused chronically
in rats that had undergone a partial pancreatectomy or had
received low-dose streptozotocin to reduce ␤-cell mass.
These results indicate that either a greater degree or a
longer duration of hyperglycemia is needed to affect ␤-cell
function of normal individuals. Alternatively, a predisposing background should be hypothesized to account for the
negative effects of even a moderate increase in plasma
glucose concentration on insulin secretion. From this
point of view, it is of interest that alteration of the
insulin-signaling pathway at the level of the ␤-cell is
associated with impaired ␤-cell function (24). Pancreatic
␤-cell insulin receptor knockout has been achieved in mice
using the Cre-loxP–mediated strategy (25). These animals
developed a selective loss of acute insulin release in
response to glucose, resulting in a progressive impairment
of glucose tolerance (25). Impairment of insulin action at
the level of peripheral tissues may also exert an indirect
detrimental effect on ␤-cell function. In this regard, accelerated lipolysis resulting in elevated plasma free fatty acid
(FFA) levels, a common feature in insulin-resistant states,
may be important. In our laboratory, we analyzed the
effect of elevated FFA concentrations on insulin secretion
from human islets by perifusion (26). Basal insulin release
was 43.8 ⫾ 6.4 and 34.8 ⫾ 5.9 pmol/min in control and
FFA-exposed islets, respectively. Preculture with high
concentrations of FFAs caused a marked decrease of
insulin secretion, which was mainly accounted for by a
reduction in early-phase insulin release. The amount of
insulin released during the first 10 min of perifusion with
16.7 mmol/l glucose was 66.6 ⫾ 39.6 and 19.7 ⫾ 7.2
pmol/min from control and FFA-exposed islets, respecDIABETES, VOL. 51, SUPPLEMENT 1, FEBRUARY 2002

FIG. 2. Percentage increase of insulin secretion from human pancreatic
islets incubated in the absence (F, control study) or presence of 2.0
mmol/l FFA (E) (oleate/palmitate 2:1) and human islets from the
pancreas of a patient with type 2 diabetes (Œ).

tively (P ⬍ 0.05). Impaired insulin secretion was associated with an FFA-induced reduction in glucose utilization
and oxidation, suggesting that lipotoxicity may act, at least
in part, through activation of the classic Randle cycle. This
interpretation is supported by the finding that insulin
response to secretagogues other than glucose, such as
arginine and glibenclamide, was not affected by incubation
in the presence of high concentrations of FFA. Interestingly, insulin secretion from human islets from a type 2
diabetic patient that were incubated at a low glucose
concentration presented the same loss of early-phase
insulin secretion (Fig. 2).
In summary, impaired ␤-cell function is a necessary
defect in all conditions of IGR; however, it manifests itself
in a different manner in fasting and glucose-stimulated
conditions. In the fasting state, the basal insulin secretory
rate increases as a function of the progressive decline in
insulin action. As such, fasting plasma insulin concentration is often taken as a marker for insulin sensitivity. After
a glucose challenge, a specific alteration of acute insulin
release is an early and progressive defect. The latter might
represent an intrinsic defect, but its continuous decline is
affected by glucotoxicity and lipotoxicity.
To understand the impact of ␤-cell dysfunction in type 2
diabetes on metabolic homeostasis, it may be useful to
consider the different phases of insulin secretion separately. For the sake of clarity, insulin secretion can be
divided into basal (postabsorptive) and stimulated (postprandial) states. The former prevails during the interprandial phases and plays a major role during the overnight
fast; the latter regulates glucose metabolism when carbohydrate is abundant and must be disposed of.
BASAL INSULIN SECRETION

Adequate basal insulin secretion is important in glucose
regulation both in the liver and in the peripheral tissues
(muscle and adipose tissue). A major effect is EGP modulation, which is exquisitely sensitive to small changes in
portal insulin concentration. In a dose-response study in
healthy subjects, an increase in portal insulin concentration of 5 U/ml above baseline resulted in up to 50%
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FIG. 3. Effect of basal insulinization on intracellular glucose metabolism and activity of Cori cycle during a hyperglycemic clamp (160 mg/dl
above baseline) performed during somatostatin infusion with or without basal plasma insulin replacement.

suppression of hepatic glucose production (27). In contrast, a similar inhibition of hepatic glucose production in
type 2 diabetic patients was reached only with a much
greater increment in the portal levels of insulin (27). In
view of the well-known direct relationship between basal
hepatic glucose production and fasting plasma glucose
concentration, adequate overnight insulin secretion is
needed to ensure euglycemia in the postabsorptive state. A
recent matter of discussion has been whether EGP modulation by insulin is a direct effect (i.e., regulation of
enzyme activity) or indirect via inhibition of lipolysis and
FFA supply to the liver (28). Although the issue is not
completely solved, it is important to recall the potent
effect of a modest increase in fasting plasma insulin
concentration in suppressing FFA release (27). In type 2
diabetic patients, the combination of insulin resistance
and inadequate basal insulin secretion to compensate for
the defect in insulin action may well account for excessive
EGP.
The key role of basal insulin secretion on an integrated
regulation of glucose homeostasis can be fully appreciated
in normal subjects rendered hyperglycemic by means of a
hyperglycemic clamp (180 mg/dl above baseline) carried
out in combination with a somatostatin infusion (29). The
study was repeated twice: in the first case, relative hypoinsulinemia was induced, while in the second, basal insulin
concentrations were restored by appropriate exogenous
insulin infusion. Under this condition, glucose utilization
proceeds mainly by mass effect of glucose concentration
(glucose mass effect), and it is not different in both
conditions (Fig. 3). However, when intracellular glucose
disposition is monitored by a dual isotope technique (30),
a major regulatory role of basal insulin becomes apparent.
As summarized in Fig. 3, basal hypoinsulinemia was
associated with a reduction in glucose oxidation, a concomitant increase of anaerobic glycolysis, activation of the
Cori cycle, and less effective suppression of EGP (28). The
latter was directly correlated with the Cori cycle activity
(r ⫽ 0.61; P ⬍ 0.05). Moreover, plasma FFA concentrations were higher, and lipid oxidation was increased. In
this case too, plasma FFA concentrations and EGP were
directly related (r ⫽ 0.59; P ⬍ 0.05).
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These observations suggest that the basal level of insulinemia is important in modulating the intracellular fate of
the glucose taken up by peripheral tissues and that a
dysfunction in basal insulin secretion may contribute to
the accelerated release of FFAs and lactate (31). The latter
is a preferential gluconeogenic substrate, and the former
provides the energy required for driving gluconeogenesis;
the final result is enhanced EGP and fasting hyperglycemia.
Correction of absolute or relative hypoinsulinemia in
type 2 diabetes is thus a rational therapeutic approach,
and it has been tested experimentally. Type 2 diabetic
patients with secondary failure to oral antidiabetic agents
were studied before and after adding a preprandial subcutaneous injection of long-acting insulin while maintaining
preprandial administration of a sulfonylurea. In agreement
with the hypothesis on the regulatory role of basal insulinemia, improvement in the postabsorptive concentration
of plasma insulin was associated with a reduction in basal
hepatic glucose production, fasting plasma glucose, and
FFA levels (32). Moreover, the improvement of basal
glucose levels was associated with a positive influence on
the daily plasma glucose profile, as indicated by a positive
correlation between the decrease in fasting plasma glucose and the reduction in 24-h glucose levels (r ⫽ 0.90; P ⬍
0.01). This finding was confirmed in type 1 diabetic patients, in whom appropriate restoration of basal insulin
levels improves fasting plasma glucose levels and the daily
plasma glucose profile (33).
POSTPRANDIAL INSULIN SECRETION

The rise in plasma insulin level that follows the ingestion
of food (carbohydrate in particular) stimulates glucose
uptake in peripheral tissues (mainly muscle) and suppresses EGP. The normal biological action of insulin on
these tissues limits the fluctuation of plasma glucose level
within a fairly narrow range. Most current knowledge of
the physiological actions of insulin was derived from
glucose clamp studies, in which euglycemia is maintained
while the plasma insulin concentration is increased to a
predetermined value. Despite the usefulness of this technique, it must be recognized that the square-wave increase
of plasma insulin concentration created by exogenous
infusion is different from the physiological response of the
␤-cell to an increase in plasma glucose concentration. This
physiological response is biphasic in nature. On stimulation, the ␤-cell responds with a prompt but short-lived
(0 –10 min) release of insulin (first phase) followed by a
steady and longer-lasting increase in plasma insulin concentration (second phase).
In the early stages of type 2 diabetes or in patients with
IGT, first-phase insulin release is almost invariably lost,
despite the common enhancement of second-phase insulin
secretion as previously discussed. Although the physiological and metabolic implications of the biphasic ␤-cell
response are not yet fully understood, available evidence
suggests a physiological role for the dynamics of insulin
secretion and the acute surge of insulin release into the
portal circulation in regulating glucose homeostasis.
A strong negative relationship has been demonstrated
between the first-phase insulin release and the initial
glucose increment after starting a glucose infusion (34).
This finding suggested that an early surge of insulin
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secretion could limit the rise in blood glucose concentration. Furthermore, the larger the insulin surge, the longer
the effect on glucose homeostasis. In patients with IGT,
there is an inverse correlation between plasma insulin
levels 30 min after an oral glucose load and the plasma
glucose concentration at 2 h (35), suggesting that the
persistence of early insulin response has implications for
glucose tolerance by ensuring more physiological plasma
glucose levels.
The amount, time course, and anatomical site (i.e.,
portal vein) of insulin release during first-phase secretion
suggest a likely effect on the liver rather than on peripheral
tissues. This view is supported by the finding in dogs that
both first- and second-phase insulin secretion are crucial
in counterbalancing the hyperglycemic effect of a glucagon infusion (36,37). In particular, restoration of the early
increase in plasma insulin level, even in the absence of the
second phase, reduced the glucagon-mediated rise in
plasma glucose concentration (36) by a reduction in
gluconeogenesis (37).
Human data are also available to support a crucial role
for first-phase insulin secretion in the modulation of
hepatic glucose production. Hepatic glucose output and
tissue glucose uptake have been measured in normal
subjects in hyperglycemic clamp studies (38). The acute
elevation of plasma glucose concentration and the subsequent biphasic insulin release were associated with progressive suppression of hepatic glucose production and an
increase in glucose disposal by the body tissues. Abolition
of first-phase insulin secretion by somatostatin and appropriate insulin replacement was not associated with
changes in glucose utilization. In contrast, the impact on
suppression of hepatic glucose production was dramatic,
with the liver releasing glucose at a higher rate despite the
presence of hyperglycemia and hyperinsulinemia. The
alteration was a direct consequence of the specific defect
because restoration of first-phase insulin secretion was
followed by complete normalization of hepatic glucose
production.
These results are in agreement with the correlation
between the plasma insulin concentration 30 min after an
oral glucose load and the rate of glucose appearance
(including hepatic glucose production) reported in patients with IGT (35). Furthermore, an inverse correlation
between the rate of appearance of glucose and the insulin/
glucagon ratio was found in the same subjects. This has
particular relevance to the degree of hyperglycemia in type
2 diabetic patients after the ingestion of a mixed meal. In
the postprandial phase, plasma glucagon concentration
remains higher than in normal individuals despite a normal
or increased plasma insulin concentration, and an inability
to suppress EGP rather than impaired glucose disposal
seems to account for hyperglycemia (39). Not only are
plasma glucagon concentrations higher in type 2 diabetic
patients, but preliminary reports indicate that the response of hepatic glucose production to increasing rates
of glucagon infusion is consistently higher in these individuals than in matched normal individuals (40), suggesting an increased sensitivity to the biological action of the
hormone.
Although the biphasic response is fully appreciated with
an intravenous glucose challenge, a rapid increase in
DIABETES, VOL. 51, SUPPLEMENT 1, FEBRUARY 2002

plasma insulin levels after ingestion of an oral glucose load
seems to be essential for NGT. Calles-Escandon and
Robbins (41) used somatostatin infusion to inhibit the
early insulin response to an OGTT in normal individuals.
The loss of the early phase of insulin secretion was
associated with a deterioration of glucose tolerance, as
indicated by a lower K value (1.9 ⫾ 0.4 vs. 1.1 ⫾ 0.3, P ⬍
0.001) and much larger glycemic excursion. Surprisingly,
glucose-induced thermogenesis was reduced in association with the loss of the early phase of insulin release.
Using a more sophisticated technique, Basu et al. (42)
studied nondiabetic individuals during somatostatin inhibition of endogenous insulin secretion, where exogenous
insulin was infused so as to mimic postprandial insulin
profiles of a typical normal or diabetic individual. Simultaneously, glucose was infused in a pattern and amount
that mimicked the systemic delivery rate normally observed after the ingestion of 50 g glucose. The delayed
pattern of insulin delivery (i.e., loss of early-phase insulin
secretion) was associated with a higher (P ⬍ 0.05) glucose
concentration and a prolonged duration of hyperglycemia.
This alteration was mainly due to altered suppression of
EGP.
Furthermore, after the ingestion of a mixed meal,
plasma insulin concentration increased rapidly with a
30-min peak (43). The quick rise in plasma insulin concentration was associated with a marked decrease in the
glucagon/insulin ratio, glycogen accretion in the liver, and
concomitant suppression of EGP.
If the loss of early insulin release plays a major role in
the pathogenesis of postprandial hyperglycemia, therapeutic intervention capable of restoring it should be able to
improve glucose tolerance in type 2 diabetic patients. The
study by Bruce et al. (44) was designed to test whether
correcting the deficiency in early prandial insulin secretion
with a physiological dose of exogenous insulin would have
a beneficial effect on postprandial glucose excursions of
type 2 diabetic patients. For this purpose, the same
amount of insulin was given intravenously at mealtime to
diabetic patients 1) over 30 min at the beginning of a meal
(i.e., restoration of early insulin increase), 2) as the same
insulin profile but delayed by 30 min, and 3) as a constant
infusion over the entire duration of the study. A significant
improvement in postprandial glucose tolerance was apparent only with early administration of insulin. Early insulin
augmentation resulted in elevated plasma insulin levels
initially, but subsequent insulin and C-peptide levels were
lower than those in the control studies.
These results have been replicated in our laboratory
comparing the effect of similar doses (0.075 units/kg lean
body mass) of regular insulin and the insulin analog lispro
given subcutaneously to type 2 diabetic patients before a
50-g OGTT (45). The fast-acting insulin analog lispro
provides a therapeutic tool for assessing the metabolic
outcome of restoration of an early rise in plasma insulin
levels after the ingestion of the oral glucose load. In spite
of comparable incremental areas under the curve, the time
course of plasma insulin concentration was very different.
After injection of regular insulin, plasma insulin peaked at
120 min, whereas with lispro, the peak occurred at 60 min.
Plasma insulin concentration during the last 3 h of the
study, however, was lower with lispro compared with
S113
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FIG. 4. Decrements of endogenous glucose production and glucagon/insulin ratio after a 50-g OGTT preceded by regular (F) and human insulin
analog lispro (f) (both 0.075 units/kg of fat-free mass).

regular insulin. The plasma glucose incremental area under the curve was 46% lower with lispro (715 ⫾ 109 vs.
389 ⫾ 109 mmol/300 min; P ⬍ 0.01). The incremental area
under the curve of plasma C-peptide also was lower with
lispro (P ⬍ 0.01). This finding may be interpreted as a
sparing effect on ␤-cell function due to prevention of
excessive glucose rise. The lower plasma C-peptide levels
in the late phase of the study were associated with lower
glucose and insulin concentrations. This finding is in
keeping with the direct correlation between the 120-min
post-OGTT plasma glucose and insulin levels and suggests
that any pharmacological intervention that restores earlyphase insulin response represents a potential way of
avoiding chronic hyperglycemia/hyperinsulinemia.
The study was carried out in combination with a doubletracer technique (3-[3H]glucose continuous infusion plus
U-[13C]glucose spiking of an oral glucose load) for calculation of the rates of glucose utilization and production.
There was no difference between the two studies in the
rate of appearance of the ingested glucose nor in overall
rate of glucose disposal. During the initial 90 min, however, EGP was suppressed in a prompter and more profound manner when lispro was administered (P ⬍ 0.05),
whereas there was no difference in the late prandial phase.
The more rapid increase in plasma insulin concentration
was not associated with a greater suppression of plasma
glucagon concentration. Nonetheless, if the glucagon/insulin ratio is calculated, a parallel time course was apparent
with EGP suppression (Fig. 4). Finally, the study was
carried out with intermittent measurement of respiratory
gas exchange, allowing calculation of substrate oxidation.
In spite of there being no difference in the rate of glucose
S114

utilization, the early rise in plasma insulin concentration
was associated with a significant effect on energy metabolism. Lispro administration was indeed associated with a
greater stimulation of carbohydrate oxidation and reciprocal larger inhibition of lipid oxidation. Because there
was no significant difference in plasma FFA concentration
between the two studies, it is unreasonable to suggest that
less provision of FFA to metabolically active tissues
accounts for the greater carbohydrate oxidation. Rather,
the reduction in lipid oxidation could be interpreted as a
backward activation of the Randle cycle. The difference
between glucose utilization and glucose oxidation provides a measure of nonoxidative glucose metabolism,
which was lower with restoration of an early rise in
plasma insulin concentrations. Although glycogen synthesis accounts for much of the nonoxidative glucose metabolism, nonoxidative glycolysis is exceedingly high in type
2 diabetic patients (4), suggesting that appropriate insulinization may funnel more glucose into the Krebs cycle,
reduce the activity of nonoxidative glycolysis, and, by
competition, reduce lipid oxidation.
TABLE 1
Metabolic implications of loss of early-phase insulin response to
nutrients
Early feature in the history of impaired glucose regulation
Associated with enhanced hyperglycemic effect of glucagons
Associated with enhanced glucagon-stimulated gluconeogenesis
Impaired suppression of endogenous glucose production after
nutrient ingestion
Inversely correlated with late postprandial hyperglycemia
Directly correlated with late postprandial hyperinsulinemia
DIABETES, VOL. 51, SUPPLEMENT 1, FEBRUARY 2002
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In summary, data for animals and humans support a
crucial physiological role of first-phase insulin secretion in
postprandial glucose homeostasis (Table 1). This effect is
primarily achieved in the liver, allowing prompt inhibition
of endogenous glucose production and limiting the postprandial rise in plasma glucose level. In type 2 diabetes,
loss of the early surge of insulin release is an early and
quite common defect that may have a pathogenetic role in
the development of postprandial hyperglycemia and may
require specific therapeutic intervention.
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