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Insulin resistance is associated with atherosclerosis, and hyperinsulinemia is predictive of coronary heart disease. However,

a quantitative estimation of in vivo insulin sensitivity in juvenile myocardial infarction is still lacking and the mechanism of

hyperinsulinemia is unknown. We estimated insulin sensitivity, b-cell secretion, and hepatic insulin extraction using the

minimal model analysis of a frequently sampled intravenous glucose tolerance test (FSIGT) in 25 normal-weight subjects

without glucose intolerance and hypertension who had an acute myocardial infarction before the age of 40 years, and 10

control subjects comparable for age, sex, body mass index, and blood pressure. All patients underwent a coronary angiog-

raphy. Insulin sensitivity was significantly lower in patients than in control subjects (mean 6 SEM, 4.6 6 0.6 v 8.5 6 1.2 1024 z

min21/(mU/mL), P 5 .002). The basal C-peptide secretion rate (P 5 .02), total C-peptide secretion (P 5 .005), area under the

curve (AUC) of insulin (P 5 .04) and C-peptide (P 5 .01), and hepatic insulin extraction (P 5 .04) were higher in patients versus

control subjects. In conclusion, insulin resistance is evident in subjects with early myocardial infarction accurately selected to

avoid the influence of other factors known to reduce insulin sensitivity, and hyperinsulinemia is due to an increase in b-cell

secretion rather than a decrease in hepatic insulin extraction.
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I NSULIN RESISTANCE is associated with an increased
prevalence of conventional cardiovascular risk factors such

as hypertension, dyslipidemia, an android pattern of body fat
distribution, and impaired glucose tolerance or diabetes.1

Large-scale epidemiologic studies have indicated that hyperin-
sulinemia is a predictor of coronary heart disease in both
nondiabetic and diabetic subjects.2,3 Fasting hyperinsulinemia
and/or a hyperinsulinemic response to a glucose challenge have
been reported in subjects with overt coronary heart disease,4,5

and a positive association between plasma insulin levels and
angiographically documented significant coronary artery dis-
ease has been found.6 Further, a link between insulin resistance
and atherosclerosis7-9 has been shown by measuring insulin
sensitivity.

However, insulin resistance in patients with myocardial in-
farction before the age of 40 years has never been evaluated.
The interest of this issue is related to the particular character-
istics of patients with cardiovascular events early in life. There
is a high frequency of coronary arteries that are angiographi-
cally normal or affected by single-vessel disease.10-13Smoking
is particularly frequent,10,12-15but conflicting results have been
reported for the prevalence of other conventional cardiovascu-
lar risk factors.12,16 In this respect, the relevance of the asso-
ciation between insulin resistance and early myocardial infarc-
tion is still lacking. In particular, insulin sensitivity has never
been measured in vivo and the mechanisms responsible for
hyperinsulinemia have never been elucidated.

The purpose of this study is to provide a quantitative esti-

mation of insulin sensitivity,b-cell secretion, and hepatic in-
sulin extraction in a group of patients who had an acute myo-
cardial infarction before the age of 40 years. Patients with
coronary artery disease show several abnormalities known to
influence insulin sensitivity such as obesity, hypertension, glu-
cose intolerance, or chronic heart failure. Therefore, patients
were strictly selected to avoid the influence of these confound-
ing factors. We aimed to detect whether the presence of insulin
resistance is independently associated with myocardial infarc-
tion at a young age.

SUBJECTS AND METHODS

Subjects

From 98 consecutive patients aged less than 40 years who survived
a first episode of acute myocardial infarction, 25 subjects were selected
using the following criteria: a negative personal or familial history of
diabetes or hypertension, non-obese, nonhypertensive, normal glucose
tolerance, and normal left ventricular function.

Myocardial infarction was diagnosed according to the criteria of the
World Health Organization.17 A coronary angiography was performed
by the Judkins or Sones technique, and multiple views of the right and
left coronary arteries were recorded on 35-mm cine film. The severity
of coronary artery disease was quantified according to the Gensini
scoring system.18 The most severe stenosis in each of 10 segments was
graded according to severity as follows: less than 25% stenosis of the
luminal diameter, 0; 25% to 49% stenosis, 1; 50% to 74% stenosis, 2;
75% to 89% stenosis, 4; 90% to 98% stenosis, 8; 99% stenosis, 16; and
total occlusion, 32. The points for each of the 10 segments were
summed and a coronary atherosclerosis score was obtained. The an-
giographer was blind to the clinical characteristics or metabolic vari-
ables of the patients.

Ten healthy subjects with normal glucose tolerance and a negative
family history for diabetes or hypertension were chosen to obtain a
control group comparable for age, sex, body mass index, and blood
pressure. In patients and controls alike, there was no recent change in
body weight, intercurrent illness, or use of medication. All patients
were treated by a combination of low-doseb-blocking agent and
angiotensin-converting enzyme (ACE) inhibitor. Dietary assessment by
a trained dietitian indicated that all subjects ate a balanced (45%
carbohydrate, 25% protein, and 30% fat) and stable diet of 125 to 145
kJ/kg/d, containing less than 50 g ethanol and a minimum of 150 g
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carbohydrate per day. Physical activity estimated by a questionnaire19

was comparable in the two groups (mean6 SEM, 11,8136 523 v
12,2376 513 kJ/d, patientsv controls). Among the control subjects, we
chose the more sedentary individuals to obtain a group comparable to
the patients. All subjects were instructed to refrain from intense phys-
ical exercise on the day preceding the study. Subjects were classified as
smokers if they smoked currently or within the previous 10 years. A
mercury sphygmomanometer was used to obtain 3 values for systolic
and diastolic blood pressure after a 15-minute rest period: the average
of the 3 values was used for data analyses. All procedures were in
accordance with the Helsinki Declaration of 1975. Informed consent
was obtained from all subjects.

Tests

All patients and control subjects underwent an oral glucose tolerance
test (OGTT) and, after 7 to 10 days, a frequently sampled intravenous
glucose tolerance test (FSIGT). The patients were studied at least 3
months (median, 123 days; range, 114 to 131) after the acute event.
Medications known to affect insulin sensitivity were discontinued in
the last 4 days before each test.

The OGTT was performed and interpreted according to World
Health Organization criteria.20 The FSIGT started between 8:00 and
8:30AM after an overnight fast. A butterfly needle was inserted into an
antecubital vein, and patency was maintained with a slow saline drip.
After a 20-minute rest period, basal blood samples were drawn at28
and 23 minutes, after which glucose (0.33 g/kg body weight) was
injected over 1 minute starting at time 0. Additional samples were
obtained from a contralateral antecubital vein at times 2, 3, 4, 5, 6, 8,
10, 13, 16, 20, 25, 30, 40, 60, 80, 100, 120, 150, 180, and 240 minutes.
Samples were rapidly collected via a 3-way stopcock connected to the
butterfly needle. Venous blood samples for lipids and apolipoproteins
were obtained after an overnight fast, collected in a vacutainer tube
containing EDTA, and centrifuged for 30 minutes at 2,500 rpm at 4°C
in a J6B centrifuge (Beckman, Palo Alto, CA). Plasma was stored at
220°C until processed.

Assays

The serum glucose level was measured in duplicate by the glucose
oxidase method (Glucose Analyzer II; Beckman Instruments, Fullerton,
CA). The coefficient of variation was61.6%. The serum insulin level
was measured in duplicate by solid-phase antibody radioimmunoassay
(Corning, Medfield, MA), and the serum C-peptide level was measured
in duplicate by radioimmunoassay (Byk-Mallinkrodt, Dietzenbach,
Germany). The between- and within-assay coefficients of variation for
insulin and C-peptide were 9% and 6% and 11% and 8%, respectively.

Total cholesterol and triglyceride levels were measured enzymati-
cally. High-density lipoprotein (HDL) cholesterol was determined after
precipitation of apolipoprotein B (apoB)-containing lipoproteins with
heparin and manganese chloride.21 Low-density lipoprotein (LDL)
cholesterol was calculated according to the method of Friedewald et
al.22 Plasma apoB and apoA1 were determined by the turbidimetric
method (Poli Diagnostici, Milan, Italy).

Data Analysis

Data from the FSIGT were analyzed by exploiting the mathematic
models that describe the time course of glucose, insulin, and C-peptide
concentrations. The minimal model of glucose disappearance,23 by
accounting for the effect of insulin and glucose on glucose disappear-
ance, provides two parameters: SI, the insulin sensitivity index (3 1024

per minute per microunit per milliliter), and SG, glucose effectiveness
(per minute). The model of insulin secretion and kinetics24 describes
the effect of glucose on C-peptide secretion and the kinetics of C-
peptide and insulin after their entry into the peripheral circulation. This

model provides the time course of C-peptide secretion [CPS(t)] and
posthepatic insulin delivery [IDR(t)] in addition to the following pa-
rameters:F1, the dynamic (suprabasal) first-phaseb-cell (prehepatic)
sensitivity to glucose (picomolars per minute per milligram per deci-
liter); F2, the sensitivity of the second phase (picomolars per minute
per milligram per deciliter); and k01, the C-peptide fractional clearance
rate (per minute), ie, the disappearance rate in unit time per unit
volume. Because insulin and C-peptide are secreted in equimolar
fashion, CPS(t) also represents the time course ofb-cell (prehepatic)
insulin secretion. Therefore, the time course of the percent hepatic
insulin extraction may be computed as the difference between CPS(t)
and IDR(t), normalized to CPS(t).

Calculations

The intravenous tolerance factor KG was calculated as the slope of
the logarithm of glucose concentration versus time at the samples at 13,
16, 20, 25, 30, and 40 minutes after the injection. The integral over 240
minutes of CPS(t) yields TIS (picomoles in 240 minutes), ie, the total
amount of insulin release per unit volume (liter) by theb cell.24 The
method also allows the calculation of basal prehepatic C-peptide and
insulin production per unit volume ([BSR] picomoles per minute).24

The mean hepatic insulin extraction (Hm) is computed as the integral
of the insulin extraction time course divided by the length of the test
(240 minutes). The total area under the concentration curve (AUC) was
calculated by integration with the trapezoidal rule. The estimation of
model parameters was performed by the MINMOD program,25 which
was adapted to also include the C-peptide model.24 All values are
expressed as the mean6 SEM. Statistical analysis was performed
using Student’st test andx2 test.

RESULTS

Clinical and metabolic characteristics of the two groups of
subjects are reported in Table 1. HDL cholesterol (P 5 .03) and
apoA1 lipoprotein (P 5 .04) were significantly lower in pa-
tients than in control subjects, whereas plasma apoB lipoprotein

Table 1. Clinical Characteristics of the Patients and

Control Subjects

Characteristic Control Subjects Patients

No. of subjects 10 25
Age (yr) 36 6 1 35 6 1
Sex ratio (male/female) 8/2 23/2
Smoker before MI, (yes/no) 2/8 19/6*
BMI (kg/m2) 24.5 6 0.9 25.6 6 0.6
WHR 0.89 6 0.01 0.92 6 0.01
Triglycerides (mmol/L) 1.2 6 0.9 1.7 6 0.5
Total cholesterol (mmol/L) 4.8 6 0.2 5.2 6 0.2
LDL cholesterol (mmol/L) 2.7 6 0.2 3.3 6 0.2
HDL cholesterol (mmol/L) 1.5 6 0.1 1.2 6 0.1†
ApoA1 (mmol/L) 3.4 6 0.3 2.8 6 0.1‡
ApoB (mmol/L) 2.1 6 0.1 2.7 6 0.1§
Fasting serum glucose (mmol/L) 4.5 6 0.1 4.9 6 0.1
Fasting serum insulin (pmol/L) 54.1 6 6.3 69.2 6 7.8
Fasting serum C-pepitde (nmol/L) 0.54 6 0.04 0.72 6 0.06
Systolic blood pressure (mm Hg) 126 6 4 124 6 2
Diastolic blood pressure (mm Hg) 79 6 2 80 6 2

NOTE. Results are the mean 6 SEM.
Abbreviations: MI, myocardial infarction; BMI, body mass index;

WHR, waist to hip ratio.
*P 5 .002, x2 test.
†P 5 .03, ‡P 5 .04, §P 5 .02: Student’s t test.
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levels (P 5 .02) were significantly higher in patients versus
controls. Smokers were more frequent in patients than in con-
trol subjects (P 5 .002). Fasting serum insulin and C-peptide
levels were slightly but not significantly higher in patients
versus control, whereas fasting serum glucose values were
similar in the two groups.

The scores for coronary artery lesions are reported in Table
2. The analysis of angiograms showed that 28% of the patients
had angiographically normal coronary arteries (score 0) and
none showed a stenosis of 76% or higher in any segment.

The time course of serum glucose, insulin, and C-peptide
levels in the two groups during the FSIGT are shown in Fig 1,
and the metabolic parameters are reported in Table 3. SI was
significantly lower (P 5 .002) in patients than in control
subjects (Fig 2), whereas SG was similar in the two groups. In
the patients, BSR (P 5 .02) and TIS (P 5 .005) were 2-fold
higher than in control subjects, whereasF1, F2, and KG were
not significantly different in the two groups. Insulin and C-
peptide AUC were significantly higher in patients versus con-
trol subjects (P 5 .04 andP 5 .01, respectively). Hm was
significantly higher in the patients (P 5 .04). No significant
correlation was found between SI and the coronary artery score
or plasma lipids.

DISCUSSION

Insulin sensitivity was significantly lower in patients than in
control subjects (Fig 2), and this reduction was relevant (about
45%). Insulin resistance in early myocardial infarction has been
previously suggested only on the basis of fasting plasma glu-
cose and insulin concentrations.26,27The present study provides
the first evidence of insulin resistance in patients with early
myocardial infarction assessed under dynamic conditions to-
gether with a quantitative evaluation of several other metabolic
parameters related to glucose disappearance and insulin secre-
tion and clearance. The validity of this result depends on how
other factors that can reduce insulin sensitivity may be ex-
cluded. Our patients were strictly selected to avoid the influ-
ence of age, obesity, hypertension, glucose intolerance, chronic
heart failure, and medications known to induce insulin resis-
tance. Theb-blocking agents and ACE inhibitors have opposite
effects on insulin sensitivity. Since these agents were used in
low doses and were discontinued in the last 4 days before the
tests, any interference on insulin sensitivity may be reasonably

excluded. Further, an excess of visceral adipose tissue may
contribute to insulin resistance.28 Although abdominal adipos-
ity as estimated by the waist to hip ratio was similar in the two
groups, an increase of visceral adipose tissue in the patients
cannot be excluded. Smoking may reduce insulin sensitiv-
ity,29,30and in our study the proportion of smokers is higher in
patients versus control subjects (Table 1). Indeed, all smoking
patients are ex-smokers, since they quit at the time of acute
myocardial infarction. For these reasons, the defective insulin
action on glucose metabolism can be considered independent of
other confounding factors.

For the current investigation, we used the minimal model
method.23,31 This was used mainly due to its equivalence for
the assessment of overall insulin sensitivity and low invasive-
ness compared with the clamp technique,32 and because it is
able to provide a simultaneous picture of the time course of the

Table 2. Coronary Artery Score in 25 Patients With

Early Myocardial Infarction

Score

Patients

No. %

0 7 28
1 2 8
3 3 12
4 3 12
5 2 8
6 3 12
7 2 8
8 2 8

12 1 4
Total 25 100

Fig 1. Time course of serum glucose, insulin, and C-peptide dur-

ing the FSIGT in 25 patients with early myocardial infarction (h) and

10 control subjects (F). Glucose (0.33 g/kg body weight) was injected

at time 0. Results are the mean 6 SEM.
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b-cell and liver processes involving insulin under dynamic
conditions, without calculating the C-peptide to insulin molar
ratio, the validity of which is limited to steady-state conditions,
given the different kinetics of the two peptides.33 It should be
emphasized that the FSIGT was performed without additional
injection of tolbutamide or insulin, as previously suggested to
increase the dynamics of the test and thus improve the accuracy
of the estimates.23 Exogenous administration of secretagogues
or insulin was avoided to study pancreatic function without any
other confounding factor. In addition, it has been shown that SI

is the same in the different protocols,34 providing there is
sufficient insulin as in our study.

Insulin resistance may be considered a cardiovascular risk
marker for several reasons. First, it is associated with and
predicts the incidence of impaired glucose tolerance or diabe-
tes, hypertension, decreased HDL cholesterol and/or increased
triglyceride concentration, central obesity, and hyperurice-
mia.35 Second, a cluster of these abnormalities is frequently
observed in the same individual, ie, the so-called metabolic
syndrome.36 Third, hyperinsulinemia (as an index of insulin
resistance) is an independent predictor of morbidity and mor-
tality for coronary heart disease.2,37 Since in the present study
most of the components of the metabolic syndrome were used
as exclusion criteria, it is remarkable that the association of
insulin resistance with early myocardial infarction remains
evident. This finding indicates that insulin resistance may be
considered as a candidate risk factor for juvenile myocardial
infarction.

Indeed, the association between insulin resistance and early
myocardial infarction does not imply a cause-effect relation-
ship. Our patients showed other cardiovascular risk factors
including smoking, higher levels of apoB and lower levels of
HDL cholesterol and apoA1 (Table 1), which are implicated in
the pathogenesis of myocardial infarction.12,15,16,27 Further-

more, a reduction of cardiovascular events following an effec-
tive treatment of insulin resistance has never been proved. Until
these points are clarified, the possibility that insulin resistance
is merely a risk marker instead of a risk factor for early
myocardial infarction cannot be excluded.

The relation between insulin resistance and lipid abnormal-
ities (reduced HDL cholesterol and apoA1 and increased apoB)
deserves comment. A reduced suppression of lipolysis by in-
sulin leads to excessive free fatty acid release, which in turn
impairs insulin-mediated glucose disposal; a reduced activation
of lipoprotein lipase by insulin leads to decreased transfer of
cholesterol into HDL and increased removal of cholesteryl
ester from HDL, with the final consequence of low HDL
cholesterol; a reduced suppression of hepatic very–low-density
lipoprotein secretion by insulin is associated with decreased
intrahepatic apoB degradation, leading to increased apoB lev-
els; and increased apoA1 levels may result from reduced he-
patic synthesis of apoA1 or increased apoA1 degradation.
Whether lipid abnormalities are secondary to insulin resistance
or vice versa is still unclear.38

We found no significant correlation between SI and the severity
of coronary artery disease. This finding is not surprising in view
of the high prevalence of coronary arteries that were angio-
graphically normal (28%) or affected by single-vessel disease
(44%) in the present study (Table 2) and others.10-13

As for hyperinsulinemia, fasting serum insulin and C-peptide
values were slightly but not significantly higher in patients than
in the control subjects. However, hyperinsulinemia became
evident during the FSIGT: the insulin AUC was higher in
patients versus controls, confirming previous results obtained
by different methods in subjects with early myocardial infarc-
tion.26,27 Hyperinsulinemia may result from increasedb-cell
secretion and/or decreased hepatic insulin degradation. Another
new finding from this study is the quantification ofb-cell
secretion, hepatic insulin extraction, and peripheral clearance

Fig 2. Individual values for SI in 25 patients with early myocardial

infarction and 10 control subjects. Horizontal bars indicate the mean

value. Results were analyzed by Student’s t test.

Table 3. Model-Derived Metabolic Parameters of Glucose

Disappearance and b-Cell Secretion in Patients With

Juvenile Myocardial Infarction and Control Subject

Parameter Control Subjects Patients

Glucose disappearance
KG 2.16 6 0.14 1.87 6 0.18
SI (1024 z min21/(mU/mL)) 8.52 6 1.20 4.61 6 0.58*
SG (min21) 0.03 6 0.01 0.02 6 0.01

Insulin secretion
C-peptide AUC (nmol/L/240 min) 169 6 11 250 6 20†
k01 (min21) 0.07 6 0.01 0.07 6 0.01

F1 (pmol/L z min21 z mg21 z dL) 103 6 13 87 6 9
F2(pmol/L z min22 z mg21 z dL) 0.04 6 0.01 0.05 6 0.01
TIS (pmol/L) 10,787 6 1,088 19,362 6 1,759‡
BSR (pmol/L/min) 26.8 6 2.4 47.2 6 5.1§
Hm (%) 75.8 6 4.4 83.4 6 1.5\

Insulin AUC (pmol/L in 240 min) 20.1 6 2.4 31.2 6 3.2¶

NOTE. Data are the mean 6 SEM analyzed by Student’s t test.
*P 5 .002.
†P 5 .01.
‡P 5 .005.
§P 5 .02.
\P 5 .04.
¶P 5 .04.
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of C-peptide (ko1) to clarify the mechanism responsible for
hyperinsulinemia. Increasedb-cell secretion can be demon-
strated via a model-independent measure, ie, the C-peptide
AUC, which was significantly higher in patients than in control
subjects. The model-derived analysis of insulin and C-peptide
kinetics provides direct and quantitative measurements of the
components of pancreatic secretion. The total amount of insulin
release by theb cell over 240 minutes (TIS) was 2-fold greater
in patients than in controls. Since the sensitivities of the first
and second phase of dynamic (suprabasal)b-cell secretion (F1

andF2) were not changed, the increase of insulin secretion in
our patients is mainly due to the basal component, as shown by
the increase in the BSR. This can be seen only by exploiting a
dynamic test that allows the segregation of the various compo-
nents of theb-cell secretory pattern and an estimation of the
fractional clearance of C-peptide (k01). Normal and similar
values of C-peptide clearance confirm that the main reason for
elevated C-peptide levels is an increase ofb-cell release. C-
peptide levels were slightly but not significantly higher in the
patients, whereas the basal C-peptide secretion rate (BSR) was
significantly increased in the patients. These results are surpris-
ing since the fractional clearance of C-peptide (k01) was similar
in the two groups. This apparent discrepancy may be explained
by the calculations used to obtain these parameters. In our
model, the BSR is obtained by multiplying the C-peptide basal
concentration by ko1. Even though C-peptide and ko1 values
were not significantly different when considered separately,
after the calculations, their product (ie, their synergistic effect)
is significantly different in the two groups.

In our patients, the increase ofb-cell secretion was associ-
ated with higher levels of serum insulin throughout the test
(insulin AUC). Since hepatic insulin extraction (Hm) was not
decreased, we may conclude that in patients with early myo-
cardial infarction an increase inb-cell secretion, probably due
to the slightly higher glucose levels, appears to be the mecha-
nism mainly responsible for hyperinsulinemia. Hyperinsulin-
emia due tob-cell hypersecretion is generally viewed as a
compensatory mechanism for the reduced insulin action, and
has been described in several conditions of insulin resistance
including coronary heart disease.39

Insulin clearance is typically reduced in insulin resistance.
We found an increase in insulin secretion (TIS) combined with
an increase in hepatic insulin extraction, suggesting an increase
of total insulin clearance. This atypical finding has been re-
ported in other conditions of insulin resistance, such as hyper-
tension,40 steroid treatment,41 and hyperparathyroidism.42 A
hypothetic mechanism at the hepatic level to compensate for
hyperinsulinemia was suggested and may apply also to this
study.

In summary, the present study indicates that early myocar-
dial infarction is associated with insulin resistance, and hyper-
insulinemia depends mainly on an increase ofb-cell secretion.
These findings were evident in the absence of other factors
known to reduce insulin sensitivity. The FSIGT may be con-
sidered a useful test to reveal and quantify insulin resistance
even in patients with fasting normoglycemia and normal glu-
cose tolerance.
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