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Evidence that age is associated with insulin resistance is
discordant. We analyzed euglycemic insulin clamp (1
mU • min"1 • kg" 1 ) data collected at 20 centers throughout
Europe from 1,146 men and women with normal glucose
tolerance, ranging in age from 18 to 85 years. In the whole
group, insulin action (as the M value) declined slightly
with age (at a rate of 0.9 junol • min"1 • kg"1 per decade of
life, 95% CI = 0.4-1.3, P = 0.0002). When adjusted for
BMI, this relationship was no longer statistically significant. The same result was obtained whether insulin action was expressed per kilogram of body weight or per
kilogram of fat-free mass, expressed as the M:I ratio, or
estimated from fasting plasma insulin concentrations.
Subgroup analysis showed that a significant BMI-adjusted decrease in insulin action with age was present
only in lean (BMI <25 kg/m2) women (a rate of 1.6
ixmol • min"1 • kg"1 per decade, 95% CI = 0.6-2.5, P =
0.001), in whom percentage fat mass also increased with
age (by 0.38% body weight per decade, P = 0.0007).
Insulin action was positively associated with insulin suppression of circulating free fatty acids (FFAs) (+1.5
ixmol • min"1 • kg"1 for each 10% increase in FFA suppression, P < 0.0001) in a multivariate model accounting for
sex, BMI, age, and fasting FFA levels. Furthermore, insulin suppression of FFAs improved with age in men (2%
per decade, P < 0.0001) but not in women. In the subgroup of lean women in whom insulin action declined with
age, adding FFA suppression to a multiple regression
equation canceled the association between age and insulin action. Thus, the small effect of age on insulin action
could be adequately explained on the basis of age-related
changes in body composition and substrate competition.
We conclude that in healthy Europeans, age per se is not
a significant cause of insulin resistance of glucose metabolism or lipolysis. Diabetes 45:947-953, 1996
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A

negative influence of age on glucose metabolism
is unanimously recognized. Glucose tolerance is
often reduced in the elderly, and its decline
appears to be progressive with advancing age
(1). This phenomenon could reflect the delayed expression
of timed diabetogenes in predisposed individuals, acting
through insulin deficiency, insulin resistance, or both. Alternatively, the biological process of aging could involve a loss
in the ability to maintain glucose homeostasis in all individuals, thereby facilitating or accelerating the development of
diabetes. In the former model, age is a neutral bystander in
the natural history of diabetes; in the latter paradigm, true
metabolic senescence partakes of the glucose intolerance of
aging.
Deterioration of glucose tolerance can be due to failing
insulin secretory capacity or to impaired insulin action (or
both). In the pathogenesis of age-related glucose intolerance,
both insulin deficiency and insulin resistance have been
implicated (2-4) and disclaimed (5-7). With regard to insulin
action, the prevailing opinion in medical literature is that
aging is accompanied by insulin resistance (8). On close
scrutiny, however, the evidence supporting this view is
inconclusive. Thus, in large-scale (9) or population-based
(10) studies in which fasting plasma insulin concentrations
have been used as a surrogate measure of insulin sensitivity,
no significant positive association with age has been found.
The influence of age has also been investigated by using
techniques (euglycemic insulin clamp, minimal model, perfused forearm, combined glucose and insulin infusions) that
measure insulin sensitivity directly. While the majority of
studies report some decrease in insulin action in the elderly,
negative results are well documented (Table 1). Besides
methodological differences, the number of subjects in the
different age-groups has been relatively small and often
biased toward men, the influence of obesity has not always
been accounted for, and occasionally, subjects with impaired
or borderline glucose tolerance have been included in the
older age-group.
Even in experimental animals, conflicting results can be
found. Thus, in the hindlimb insulin perfusion studies carried
out by Reed et al. (29), reduced glucose uptake was associated with growth and development, whereas Ivy et al. (30)
concluded that aging does not result in skeletal muscle
insulin resistance.
In this work, we have assessed the relationship between
age and insulin action by retrospective analysis of the
database of the European Group for the Study of Insulin
Resistance (EGIR). This database, collected at 20 European
centers, includes data from 1,146 healthy white men and
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TABLE 1
Case-control studies of the effect of age on insulin sensitivity

Author

Number
(men/women)

Age range
(years)

Technique

100 (100/0)
34

22-69
22-73

DeFronzo (13)

84 (47/37)

21-84

Robert et al. (14)

55 (45/10)

19-86

Jackson et al. (15)

32 (32/0)

19-83

Rowe et al. (16)
Fink et al. (17)

27 (27/0)
44 (18/26)

22-77
20-82

Chen et al. (2)
Broughton et al. (18)
Fink et al. (19)

20 (20/0)
23 (23/0)
21 (20/1)

18-82
20-85
21-70

Pacini et al. (6)
Broughton et al. (20)
Khan et al. (21)
Coon et al. (22)

27 (27/0)
27 (27/0)
25 (25/0)
49 (49/0)

23-80
25-80
24-82
19-73

O'Shaughnessy et al. (23)

16 (0/16)

Fransila-Kallunki et al. (24)
Kohrt et al. (25)

40 (20/20)
84 (45/39)

Pre- and post- Euglycemic clamp
menopausal
21-80
Euglycemic clamp
21-72
Euglycemic clamp

Yes
No

Boden et al. (26)
Elahi et al. (27)

12 (12/0)
55

32-66 (mean) Euglycemic clamp
24-90
Hyperglycemic clamp

No
No

Bonadonna et al. (28)

14 (8/6)

21-71 (mean)

Yes

Kimmerling et al. (11)
Kalant et al. (12)

Quadruple infusion
Forearm perfusion
hyperglycemic clamp
Euglycemic clamp
hyperglycemic clamp
Glucose kinetics (labeled
glucose infusion +
insulin)
Forearm glucose uptake
during 100-g OGTT
Euglycemic clamp
Euglycemic clamp

IVGTT minimal model
Glucose-insulin infusion
Euglycemic clamp
hyperglycemic clamp
IVGTT minimal model
Euglycemic clamp
IVGTT minimal model
Euglycemic clamp

Euglycemic clamp

Notes

Effect of age
No
No

IGT in 30% subjects

Yes
Yes

Borderline glucose tolerance in
the elderly group, body mass
not specified

Yes
Yes
Yes

Yes
No
Yes
No
No
No
No
Yes

Borderline glucose tolerance in
the elderly group, three with
treated hypertension

IGT in the elderly group

Trained elderly subjects
When accounting for regional fat
distribution
Lean women only
Men only
When accounting for abdominal
obesity
If 2-h plasma glucose >7.8
mmol/1
Explained by substrate
competition

OGTT, oral glucose tolerance test; IVGTT, intravenous glucose tolerance test; IGT, impaired glucose tolerance.

women ranging in age from 18 to 85 years in whom insulin
action was determined by the euglycemic insulin clamp
technique. Analysis of this population sample, the largest so
far in which insulin action has been measured directly,
provided a robust test for the hypothesis that age is a primary
insulin-resistant state.
RESEARCH DESIGN AND METHODS
Subjects. Of the 20 participating clinical research centers in Europe (3
in Finland, 1 in Sweden, 1 in U.K., 1 in Denmark, 4 in Germany, 1 in
Switzerland, 7 in Italy, 1 in Yugoslavia, and 1 in Greece), each contributed between 21 and 122 cases. These centers agreed to provide all of
their available clamp studies (whatever the original purpose of these
studies) on the condition that study subjects met the following criteria:
1) no clinical or laboratory evidence of cardiac, renal, liver, or endocrine disease; 2) a fasting plasma glucose concentration <6.7 mmol/1
and normal glucose tolerance by World Health Organization criteria
(31); 5) normal blood pressure; 4) no recent change (>10%) in body
weight; and 5) no current medication. Of the 1,146 subjects in the
present series (766 men, 380 women), 425 were recruited in northern
Europe (Sweden, Finland, and U.K.), 289 in central Europe (Denmark,
Germany, and Switzerland), and 432 in southern Europe (Italy, Serbia,
and Greece). At each center, the protocol was reviewed and approved by
the local ethics committee, and informed consent was obtained from all
subjects before their participation.
Protocol. The minimum information required for each case was age,
anthropometric variables, fasting and steady-state (= last 40 min of a 2-h
clamp, see below) plasma glucose and insulin measurements. Height
was measured to the nearest centimeter, weight to the nearest kilogram.
BMI was calculated as the weight divided by the square of height. The
waist-to-hip ratio (WHR) was determined (in a subset of 372 men and
157 women) by measuring the waist circumference at the narrowest part
948

of the torso, and the hip circumference was measured in a horizontal
plane at the level of the maximal extension of the buttocks.
Insulin action was measured in all subjects by the euglycemic insulin
clamp technique (32) using an insulin infusion rate of 1 mU • min"1 • kg"' (6
pmol • min" 1 • kg"1). Briefly, polyethylene cannulas were inserted into an
antecubital vein (for the infusion of glucose and insulin) and retrogradely into a wrist vein heated at 60°C in a hot box or a heating pad (for
intermittent blood sampling of arterialized venous blood). At time zero,
a primed-constant infusion of regular insulin was begun and continued
for 120 min. An exogenous glucose infusion was started 4 min into the
insulin infusion, and it was adjusted every 5-10 min to maintain plasma
glucose within ~10% of its baseline value. Blood samples were obtained
at timed intervals in the fasting state and during the clamp for the
measurement of plasma glucose, insulin, and free fatty acid (FFA) levels.
The latter was measured in a subset of 347 men and 160 women. A
further blood sample was obtained in the basal state (591 men, 285
women) for the measurement of serum lipid concentrations.
Analytical procedures. Plasma glucose level was measured by the
glucose oxidase method. Plasma insulin concentrations were measured
by radioimmunoassay. Serum lipid levels (total cholesterol, triglycerides, HDL cholesterol) were assayed by standard enzymatic assays. LDL
cholesterol was calculated from total and HDL cholesterol and triglyceride levels (33). Plasma FFAs were assayed spectrophotometrically.
Data analysis. Insulin action was expressed as the whole-body glucose
disposal rate during steady-state euglycemic hyperinsulinemia. With the
insulin dose used in the current study, hepatic glucose output has been
previously shown to be fully suppressed in elderly as well as young
subjects (13,14,19). Therefore, glucose disposal (M value) was calculated from the exogenous glucose infusion rate during the last 40 min of
the 2-h clamp after correction for changes in glucose concentration in a
total distribution volume of 250 ml/kg (34). Additionally, insulin action
was expressed as the M:I ratio, i.e., the ratio of M to the steady-state
plasma insulin concentration, and as the ratio of M to the steady-state
DIABETES, VOL. 45, JULY 1996
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TABLE 2
Characteristics of the study group

60-

Age (years)
Height (cm)
Weight (cm)
BMI (kg/m2)
Fasting plasma glucose (mmol/1)
Fasting plasma insulin (pmol/1)
Steady-state plasma glucose (mmol/1)
Steady-state plasma insulin (pmol/1)
M value (jjumol • min" 1 • kg" 1 body wt)
M value (|xmol • min" 1 • kg" 1 FFM)

Mean ± SD

Range

42 ± 16
172 ± 10
77 ± 15
25.7 ± 4.7
5.1 ± 0.5
62 ± 4 0
5.0 ± 0.5
492 ± 131
34.3 ± 13.1
49.1 ± 17.7

18-85
140-200
40-151
15.4-55.1
3.2-6.7
10-343
3.4-7.1
146-1,198
2.5-102.2
3.6-127.1

The M value is the glucose disposal rate during the final 40 min of
the euglycemic insulin clamp, normalized by the subject's body
weight or FFM. There were 1,146 participants in this study group
(men 67%, women 33%).
plasma glucose concentration (glucose clearance) (35). Whole-body
glucose disposal was normalized per kilogram of body weight or per
kilogram of fat-free mass (FFM), as calculated by Hume's formula (36).
Fat mass was obtained as the difference between body weight and FFM.
BMI and insulin values were log-transformed to normalize their
distribution. Data are given as means ± SD. A dummy variable was
introduced to account for between-center differences and was included
in all regression models. Two-way analysis of variance and simple and
multiple regression analysis were carried out by standard techniques.
For regression coefficients, 95% CI was calculated.
RESULTS

Characteristics of the study group are given in Table 2. The
age range was almost 7 decades (18-85 years). Of the
subjects, 47% (49% of men, 42% of women) were obese (i.e.,
BMI >25 kg/m2). Women had larger fat mass (34 ± 6 vs. 29
± 5% of body weight, P < 0.0001) and slightly lower M values
than men (32.6 ± 13.1 vs. 35.1 ± 13.0 ixmol-min" 1 • kg" 1 ,
P = 0.002). The latter difference disappeared when insulin
action was expressed per kilogram of FFM (49.1 ± 18.6 vs.
49.1 ± 17.1 ixmol • min" 1 • kg" 1 , women vs. men, NS).
In univariate association (Fig. 1), age explained only 1.1%
of the variability in insulin action and was associated with a
decrement in insulin action of 0.9 (jumol-min" 1 -kg" 1 per
decade of life (CI = 0.4-1.3, P = 0.0002). When plotted by
sex and decade of age (Fig. 2), insulin action appeared to be
marginally higher up to age 35 than during the subsequent
decades, particularly in women. Over the same age span,
body weight, BMI, percent fat mass, WHR, serum LDL
cholesterol concentrations, and fasting plasma glucose levels
increased in men as well as women, in a continuous manner
(WHR and plasma glucose in men only) or leveling off after
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FIG. 1. Scattergram of insulin action versus age in 1,146 healthy
subjects.
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FIG. 2. Insulin action in men and women by decade of age (vertical bars
are ± 1 SD).

—50 years of age (body weight, BMI, fat mass, and LDL
cholesterol) (Table 3).
The association between insulin action and age was no
longer significant (P = 0.08) when accounting for BMI.
Conversely, body mass was a strong negative correlate of
insulin action (5 ixmol-min" 1 -kg" 1 per 10 kg of body
weight, P < 0.0001) regardless of age. Segregation by sex and
obesity showed a consistent age-related decline in insulin
action only in lean women (BMI-adjusted linear rate of 1.6
|jLmol-min" 1 -kg" 1 per decade, CI = 0.6-2.5, P = 0.001)
(Fig. 3), with no clear evidence of a step decrease in insulin
action after age 50 (Fig. 4). In lean women, but not in obese
women or in men, percentage fat mass increased with age
(by 0.38% of body weight per decade, CI = 0.16-0.60, P =
0.0003).
In the subset of subjects in whom fasting FFA levels and
suppression of circulating FFA during steady-state euglycemic hyperinsulinemia were measured, the pattern of relationships between age and insulin action was similar to that
observed in the whole group (data not shown). In this
subgroup, fasting FFAs were consistently higher in women
than in men (P < 0.0001) and rose significantly (P < 0.0001)
with age in both (by 0.02 mmol/1 per decade, CI = 0.0080.03, P < 0.001, adjusted by BMI) (Fig. 5). Insulin suppression of FFA was significantly better in women than in men up
to age 35 (P < 0.01) but not in later ages. Consequently,
insulin suppression of FFA improved with age in men (2% per
decade, CI = 0.9-2.9, P < 0.0001) but not in women (Fig. 5).
In a multivariate model accounting for sex, BMI, age, and
fasting FFA levels, a greater extent of FFA suppression by
insulin was independently associated with better insulin
action (1.5 jxmol • min" 1 • kg" 1 per 10% increase in FFA
suppression, CI = 0.9-2.3, P < 0.0001).
We tested the possibility that the decline in insulin action
with age observed in lean women might be due to their
reduced ability to inhibit lipolysis. In 92 lean women (aged
18-80 years) in whom FFA data were available, insulin
action decreased with age at a rate similar to that of the
whole subgroup (1.9 ixmol-min" 1 -kg" 1 per decade, CI =
0.6-3.2, P < 0.03, adjusted by BMI). When added to the
multiple regression equation, FFA suppression was independently associated with insulin action (P < 0.03) and age was
no longer a significant correlate.
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females, P < 0.002.
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When the age analysis was carried out by expressing
insulin action as whole-body glucose disposal normalized by
the FFM (M/FFM), the M:I ratio, or the glucose clearance,
results were superimposable on those described above.
Thus, in the whole group, adjusting by BMI canceled any
significant association between M/FFM or M:I and age. In
lean women, on the other hand, all four indexes of insulin
action were negatively related to age, with similar standardized regression coefficients (Table 4).
Using fasting plasma insulin concentration as a surrogate
measure of insulin action yielded a weak (1% of explained
variance) univariate association with age (an increase of 3
pmol/1 per 10 years, CI = 1-5, P < 0.001) in the whole group
(Table 3). When adjusted by BMI, this association was
significant only in lean women (2 pmol/1 per decade, CI =
2.0-4.4, P = 0.03).
DISCUSSION
The relationship between age and insulin action is confounded by the fact that prevalent diseases, such as diabetes,
obesity, and essential hypertension, are all characterized by
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FIG. 5. Fasting FFA concentrations and their percentage suppression by
insulin (during the last 40 min of a euglycemic insulin clamp) in men (n
= 347) and women (n = 160) by octile of age (vertical bars are ± 1 SD).

age dependence and, at the same time, insulin resistance
(37). To further compound the issue, aging is often accompanied by changes in body composition (26), dietary habits
(30), and physical activity (38,39), all in a direction that can
impair insulin sensitivity. Therefore, to establish whether
senescence plays an independent role in the emergence of
insulin resistance in the population, studies must have sufficient power to discriminate confounding effects. In our large
series of healthy subjects, we found a very weak association
between insulin action and age. In the raw data, there was a
trend for younger subjects (<35 years) to have higher M
values than subjects in the older age-groups (Fig. 2). However, when adjusted by a strong determinant of in vivo
insulin action, i.e., body mass, the negative association was
no longer statistically significant in the whole sample. This
was true whether insulin action was expressed in relation to
body weight, FFM, or steady-state plasma insulin. The result
was also clear when using a common surrogate measure of
insulin action, i.e., fasting plasma insulin concentration.
Our study group only included individuals with normal
glucose tolerance and arterial blood pressure. Nonetheless,
biological parameters characteristically related to age, such
as BMI, percentage fat mass, WHR, plasma glucose, and LDL
cholesterol levels, did show the expected rise over time
(Table 3). In fact, over the age range 25-65 years, the
sex-adjusted annual increments in BMI, WHR, and LDL
951
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TABLE 4
Relation of age to indexes of insulin sensitivity in lean women

BMI
Age

Mbw

Mffm

M:I

GCR

-0.103 (ns)
-0.218 (<0.002)

-0.020 (ns)
-0.241 (<0.001)

-0.138 (0.06)
-0.241 (<0.001)

-0.112 (ns)
-0.233 (<0.001)

Data from 219 healthy lean (BMI <25 kg/m2) women aged 18-80 years. Entries are standardized regression coefficients from a multiple
regression model including center. Mbw, insulin-stimulated whole-body glucose disposal normalized by kilogram of body weight; Mffm,
insulin-stimulated whole-body glucose disposal normalized by kilogram of FFM; M:I, Mbw divided by steady-state plasma insulin
concentrations; GCR, glucose clearance rate, Mbw divided by steady-state plasma glucose.
cholesterol levels were similar to those measured in the San
Antonio Heart Study, a population-based survey (0.066 vs.
0.051 kg/m2 for BMI, 0.002 vs. 0.002 WHR units, and 0.04 vs.
0.02 mmol/1 for LDL cholesterol) (10). This confirms that our
study group, though not a random sample of the general
population, still resembled a general population.
On subanalysis, a definite age-related decline in insulin
action was only found in lean women (Fig. 3), in whom fat
mass (in proportion to body weight) was higher in older age
classes despite a BMI of <25 kg/m2. In this subgroup,
age-related insulin resistance was small (1.6 (xmol • min" 1 • kg" 1
per decade of life, equivalent to ~3 kg of weight gain) and was
not clearly associated with menopause.
It is now well established that body fat distribution plays a
role in insulin sensitivity independent of total body adiposity
(22,25). In our database, WHR measurements were available
in a subgroup of 529 subjects evenly distributed across
age-groups (Table 3). Though both the WHR and the waist
girth were significantly related to insulin resistance in univariate association as well as after adjustment by age and
sex, inclusion of BMI in the regression model canceled the
association of both indexes of fat distribution with insulin
action. The explanation is suggested in Fig. 6, which shows a
very strong association between waist girth and BMI (r =
0.80). Thus, it is likely that WHR and waist circumference
carry relatively little information on intra-abdominal fat
accumulation over and above what is conveyed by BMI.
More precise measures are necessary to bring out an independent effect of abdominal fat on insulin action.
Valuable information was derived from analysis of the FFA
data. A prompt and potent action of insulin is to inhibit
lipolysis, thereby lowering circulating FFA concentrations.
In vivo, the apparent Km for this effect is substantially lower
than that of insulin stimulation of glucose uptake (40). In our
whole group, the ability of insulin to suppress plasma FFA
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55

60

was, if anything, better with increasing age, despite rising
fasting FFA concentrations (Fig. 5). Thus, insulin action on
both lipolysis and glucose uptake is preserved with age.
In multivariate analysis, insulin suppression of FFA levels
made a significant independent contribution to insulin action
on glucose uptake. This finding is best explained by the
physiological link between the action of insulin on lipolysis
and on glucose disposal, i.e., inhibition of lipolysis causing
enhanced glucose uptake. In fact, the regression of our data
indicated that full suppression of plasma FFA is associated
with an increase in glucose uptake of 15 ^mol • min" 1 • kg" 1 .
At the insulin levels achieved in the present clamp studies,
40% of total glucose uptake is glucose oxidation (40). At a
circulating concentration of 0.6 mmol/1 (i.e., the average
fasting level in our group), FFAs are oxidized at a rate of ~2
ixmol • min" 1 • kg" 1 (28,40). Therefore, under the influence of
insulin, roughly 6 ixmol • min" 1 • kg" 1 (40% of 15) of glucose
are oxidized at the cost of sparing 2 ixmol • min" 1 • kg" 1 of
circulating FFA oxidation. This equivalence is strikingly
close to the ratio of the caloric equivalent of palmitate (10.0
kJ/|xmol) and glucose (2.8 kJ/|xmol), implying quantitative
replacement of FFA by glucose as fuel for oxidation. Thus,
through substrate competition, insulin suppression of
plasma FFA contributes significantly to whole-body insulin
action at any age and regardless of obesity.
Significantly, in the subgroup of lean women in whom age
was independently associated with insulin resistance, accounting for FFA suppression canceled the effect of age on
insulin action. This result suggests that the age dependence
of insulin action in lean women may be related to impaired
inhibition of lipolysis by insulin.
In summary, our data demonstrate that in healthy humans,
age per se generally does not carry significant insulin resistance in either glucose metabolism or lipolysis. In all ages,
effective inhibition of FFA supply is an important component
of insulin action of glucose disposal (Randle's cycle [41]). In
lean women, insulin action does decline with advancing age
in concomitance with a change in body composition, consisting in the relative accumulation of fat tissue. The likely
basis for this sex-specific effect is substrate competition:
blunting of insulin inhibition of lipolysis favors FFA over
glucose oxidation, thereby decreasing insulin action. Though
the current data are cross-sectional, the pattern of agerelated changes seen in lean women resonates with the
findings from two prospective studies (42,43) showing that in
adults insulin resistance predicts low rates of weight gain
(42) and that women gain more weight than men under
similar circumstances (43). Together, these observations
suggest that young insulin-sensitive lean women have enhanced likelihood of developing insulin resistance because
of both aging and weight gain.
If the nondiabetic segment of the population maintains
DIABETES, VOL. 45, JULY 1996
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insulin action over time, a rise in the prevalence of insulin
resistance with age in the whole population may result, in
addition to obesity, from the emergence of glucose intolerance, overt diabetes, and essential hypertension, which are
inherently insulin-resistant states with a high incidence rate.
This paradigm may be different in ethnic groups other than
Europeans, depending on different genetic makeup and
lifestyle. With this proviso, we can conclude that, insofar as
insulin resistance clusters with cardiovascular risk factors
(44) (and may itself be one such factor [45]), age per se does
not add to cardiovascular risk via insulin resistance.
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