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Mechanisms of Insulin Resistance in Aging

RAYMONDI. FINK, ORVILLE G. KOLTERMAN,JENNIFER GRIFFIN, and
JERROLDM. OLEFSKY, Department of Medicine, University of Colorado
Health Sciences Center, Division of Endocrinology; Denver Veterans
Administration Hospital, Denver, Colorado 80262

A B S T R A C T Wehave studied 17 elderly and 27 non-
elderly, nonobese subjects (mean age 69±1 and 37±2
yr, respectively) to assess the mechanisms responsible
for the abnormal carbohydrate tolerance associated
with aging. Serum glucose and insulin levels were sig-
nificantly elevated in the elderly subjects compared
with the nonelderly subjects during a 75-g oral glucose
tolerance test, suggesting an insulin resistant state.
Peripheral insulin sensitivity was assessed in both
groups using the euglycemic glucose clamp technique
during an insulin infusion rate of 40 mU/M2 per min.
Similar steady-state serum insulin levels led to a pe-
ripheral glucose disposal rate of 151±17 mg/M2 per
min in the elderly compared with a value of 247±12-
mg/M2 per min in the nonelderly, thus documenting
the presence of insulin resistance in the elderly sub-
jects. Insulin binding to isolated adipocytes and
monocytes was similar in the elderly and nonelderly
groups (2.34±0.33 vs. 2.62±0.24% and 5.04±1.10 vs.
5.12±1.07%), respectively. Thus, insulin resistance in
the presence of normal insulin binding suggests the
presence of a postreceptor defect in insulin action. This
was confirmed by performing additional euglycemic
clamp studies using infusion rates of 15 and 1,200 mU/
m2 per min to assess the contours of the dose-response
relationship. These studies revealed a 39 and 25% de-
crease in the glucose disposal rate in the elderly sub-
jects, respectively. The results confirm the presence of
a postreceptor defect as well as a rightward shift in
the dose-response curve. Insulin's ability to suppress
hepatic glucose output was less in the elderly subjects
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during the 15 mU/m2 per min insulin infusion (77±5
vs. 89±4% suppression), but hepatic glucose output was
fully and equally suppressed in both groups during the
40 and 1,200 mU/M2 per min infusion. Finally, a sig-
nificant inverse relationship was observed between the
degree of glucose intolerance in the individual elderly
subjects, as reflected by the 2-h serum glucose level
during the oral glucose tolerance test, and the degree
of peripheral insulin resistance as assessed by the glu-
cose disposal rate during the 40 mU/M2per min insulin
infusion (r = 0.59, P < 0.01).

Weconclude that carbohydrate intolerance devel-
ops as part of the aging process. This carbohydrate
intolerance appears to be the consequence of periph-
eral insulin resistance caused by a postreceptor defect
in target tissue insulin action, which causes both a de-
crease in the maximal rate of peripheral glucose dis-
posal and a rightward shift in the insulin action dose-
response curve. In elderly subjects, the severity of the
abnormality in carbohydrate tolerance is directly cor-
related to the degree of peripheral insulin resistance.

INTRODUCTION

The decrease in glucose tolerance that occurs with
aging has been well documented (1, 2). Many inves-
tigators have demonstrated modest increases in plasma
glucose levels after an oral glucose challenge (1, 2),
and in his recent review of the literature, Davidson
(1) concluded that the 2-h plasma glucose level during
the oral glucose tolerance test appears to increase by
a mean of 5.3 mg/dl per decade. Changes in fasting
plasma glucose are more modest with an average in-
crease of -1 mg/dl per decade. Despite the fact that
the decreased glucose tolerance has been widely de-
scribed, relatively little is known about its mechanisms.

Most studies have demonstrated normal or increased
insulin secretion as a function of aging following an
oral or intravenous glucose load (3-7). However, some
studies have demonstrated a delayed rise in insulin
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levels in the elderly during oral glucose tolerance test-
ing and other investigators have shown a decrease in
the early phase of insulin secretion following intra-
venous glucose tolerance tests (8-10). Because of the
generally increased or normal insulin levels associated
with elevated glucose levels during glucose tolerance
tests, insulin resistance has been invoked as a mech-
anism responsible for the glucose intolerance of aging.
Indeed, evidence in favor of insulin resistance has been
presented by some investigators. Approximately 40 yr
ago, Himsworth and Kerr (11) demonstrated a de-
crease in insulin sensitivity with aging using an oral
glucose tolerance test with a simultaneous intravenous
insulin injection (11). Although these conclusions were
later substantiated by Silverstone et al. (12) and
DeFronzo (13), the findings have not been universal.
Kalant et al. (14) were unable to find any difference
in insulin's ability to promote glucose uptake by mus-
cle in elderly subjects. Similarly, Kimmerling et al.
(15), using the steady-state plasma glucose response
during the continuous infusion of standardized doses
of insulin, glucose, epinephrine, and propranolol, as
a measure of insulin resistance, found normal in vivo
insulin action in a group of elderly subjects. Andres
and Tobin (16) were also not able to demonstrate a
decrease in insulin sensitivity as a function of aging.
Therefore, we conducted the current study in an at-
tempt to answer two questions: (a) does insulin resis-
tance exist in elderly subjects? and, (b) if so, what are
the underlying mechanisms?

METHODS
Materials. Porcine monocomponent insulin was gener-

ously supplied by Dr. Ronald Chance of the Eli Lilly & Co.
(Indianapolis, IN); A"4 monoiodinated insulin was supplied
by Dr. Bruce Frank of the Eli Lilly & Co. [3-3H]glucose was
purchased from New England Nuclear (Boston, MA); bovine
serum albumin (fraction V) was obtained from Armour Phar-
maceutical Co. (Chicago, IL), collagenase was purchased
from Worthington Biochemical Corp. (Freehold, NJ), guinea
pig antiinsulin antibody was kindly supplied by Dr. Edward
Arquilla (Irvine, CA).

Subjects. The study group consisted of 44 nonobese sub-
jects. They were divided into two groups; an elderly group
over the age of 60, and a nonelderly group under the age
of 60. None of the subjects had impaired glucose tolerance
as defined by the criteria of the National Diabetes Data
Group (17). All subjects were healthy, ambulatory, and lead-
ing active lives. The clinical and metabolic characteristics
of the subjects are summarized in Table I. Relative body
weights were calculated as previously described (18). Lean
body mass (LBM)' was calculated according to a modifica-
tion of the formula of Moore et al. (19). This parameter was
not significantly different for the women in the two groups,

'Abbreviations used in this paper: BMI, body mass in-
dex(ces); LBM, lean body mass; R., rate of glucose appear-
ance; Rd, rate of glucose disappearance.

but the elderly men had a 9.6% decrease in LBMcompared
with the men in the nonelderly group (P < 0.01). Body mass
index (BMI) was determined for each subject as the weight
in kilograms per square centimeter X 10'. After obtaining
informed consent, all subjects were admitted to the Univer-
sity of Colorado Clinical Research Center but remained ac-
tive to approximate their prehospital exercise level. All sub-
jects were chemically euthyroid and had no stigmata of
renal, hepatic, or cardiac dysfunction. With the exception
of three subjects in the elderly group who were taking hy-
drochlorothiazide for hypertension, none of the other sub-
jects was ingesting agents known to affect carbohydrate or
insulin metabolism. The three subjects receiving diuretics
had normal serum potassium levels, thereby ameliorating
the effect of the drug on carbohydrate and insulin metab-
olism (20). Consistent with this formulation, no significant
differences were noted between the data from these three
subjects compared with the rest of the elderly group.

Diet. All subjects were placed on a weight-maintenance
(30 Kcal/kg per d) liquid formula diet, with three divided
feedings containing one-fifth, two-fifths and two-fifths of the
total daily calories given at 0800, 1200, and 1700 h, respec-
tively. The diet contained 45% carbohydrate, 40% fat, and
15% protein. All subjects were maintained on this diet for
at least 48 h before studies were performed.

Oral glucose tolerance test. Oral glucose tolerance tests
were performed by giving subjects 75 g glucose after an
overnight fast. Serum was obtained at 0, 30, 60, 120, and
180 min for measurement of glucose and insulin levels.

Euglycemic glucose clamp studies. In vivo insulin action
was assessed using a modification of the euglycemic glucose
clamp technique as previously described (21-25) with the
overall glucose disposal rate being measured isotopically for
each 20-min interval of the study. After the initiation of the
insulin infusion, steady-state rates of glucose disposal (de-
fined as the first of three consecutive 20-min intervals with
<5% change) were attained within 80-160 min, with the
mean time for steady state being 100 min. The glucose dis-
posal rates for the subsequent 60 min after achieving steady
state were used as the data point for the individual study.
Therefore, all studies were carried out for at least 140 min
with some studies extending to a maximum of 220 min. The
mean length of a study was 180 min. Urinary glucose loss
was not a problem since these measurements were made
under euglycemic conditions. The goal glucose was 85 mg/
dl. The coefficient of variation of glucose during the period
of steady-state was ±3%. The glucose clamp studies were
done at three different insulin infusion rates; 15, 40, and
1,200 mU/M2 per min. 11 subjects in both the nonelderly
and elderly groups were studied at the insulin infusion rate
of 15 mU/M2per min; 22 nonelderly subjects and 13 elderly
subjects had glucose clamp studies performed at an insulin
infusion rate of 40 mU/M2 per min; and 10 nonelderly sub-
jects and 13 elderly subjects had studies performed at an
insulin infusion rate of 1,200 mU/M2 per min. Each study
was performed on a separate day. Overall a total of 80 studies
were performed in these 44 subjects.

Hepatic glucose output. Ra, the rate of glucose appear-
ance, and Rd, the rate of overall glucose disappearance, were
quantified in both the basal state and during each of the
glucose clamp studies by the infusion of [3-3HJglucose in a
primed continuous manner (25-27). With this technique, 25
,uCi of the tracer is injected as a bolus, followed by a con-
tinuous infusion at the rate of 0.25 MCi/min. Blood samples
are obtained at 20-min intervals beginning 60 min after the
bolus injection for the determination of both the concentra-
tion and specific activity of serum glucose. Ra and Rd are
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then calculated using the Steele equations (28) in their mod-
ified derivative form (25, 26), since the tracer exhibits non-
steady-state kinetics under these conditions. In the basal
state, Ra approximates hepatic glucose output since the liver
is the predominant source of glucose during this time period.
Unpublished data from our laboratory indicates that this
approach gives analogous values for hepatic glucose output
during the basal state as does the more traditional approach
where tracer is infused until a steady state is achieved and
steady-state assumptions used. During the glucose clamp
studies, nonsteady-state conditions exist and R, as calculated
using the Steele equations represents the sum of residual
hepatic glucose output and the rate of exogenous glucose
infused.

Insulin binding studies. Insulin binding to isolated adi-
pocytes was studied using cells obtained from an open biopsy
of the adipose tissue on the lower abdominal wall. Details
concerning the measurement and calculation of adipocyte
insulin binding have been published previously (29, 30). In-
sulin binding to circulating monocytes was also studied using
techniques previously described (29, 31).

Analytical methods. Blood for serum glucose determi-
nations was drawn and serum immediately separated with
a Beckman microfuge (Beckman Instruments, Inc., Fuller-
ton, CA).

Blood for the determination of serum insulin levels and
serum glucose specific activity was collected in untreated
tubes and allowed to clot. The specimens were then spun,
and the serum removed and stored at -20°C until the de-
terminations were made. Serum insulin levels were measured
by a double-antibody radioimmunoassay according to the
method of Desbuquois and Aurbach (32).

Data analysis. All calculations were performed on a pro-
grammable calculator (model 67, Hewlett Packard Co., Palo
Alto, CA). Data presented, unless otherwise stated, represent
the mean±SE. Statistical analysis was done with Student's
t test for paired data and unpaired data as indicated.

RESULTS

Oral glucose tolerance tests

As shown in Fig. 1, the mean fasting serum glucose
level was not significantly different in the elderly
group compared with the nonelderly subjects (88±2
vs. 84±2 mg/dl, respectively). 11 of the elderly had
normal glucose levels throughout the test; the remain-
ing six elderly subjects, while not meeting the estab-
lished criteria for impaired glucose tolerance, exhib-
ited nondiagnostic glucose tolerance tests according to
the criteria of the National Diabetes Data Group (17).
Consequently, when the glucose values for the elderly
subjects were meaned, the values for the entire group
were significantly greater than the respective values
for the nonelderly subjects at 1, 2, and 3 h during the
test (Fig. 1). When the data were analyzed by age
category within the entire group, the 2-h postglucose
value in the 19 subjects aged 20-39 was 108±6 mg/
dl, 117±10 mg/dl in the 8 subjects aged 40-59 (NS),
and 145±11 in the 17 subjects older than 60 (P
< 0.005).
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FIGURE 1 (A) Glucose levels during the oral glucose toler-
ance tests in nonelderly (0) and elderly (0) subjects. (B)
Insulin levels during the oral glucose tolerance tests in nonel-
derly (0) and elderly (0) subjects. Results are plotted as
mean±SEM.

P < 0.01.
4 P < 0.005.
§ P < 0.001.

In contrast to the fasting serum glucose levels, the
fasting serum insulin levels were increased in the el-
derly compared with the nonelderly (13±1 vs. 9±1
,uU/ml, P < 0.005). Following ingestion of the glucose
load, the 1-, 2-, and 3-h mean serum insulin levels, like
the corresponding glucose levels, were significantly
higher in the elderly subjects (P < 0.005, Fig. 1). The
presence of hyperglycemia in the elderly in the face
of elevated insulin levels suggests an insulin-resistant
state and this possibility was explored using the eu-
glycemic glucose clamp technique.
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Measurement of in vivo insulin sensitivity

To assess in vivo insulin sensitivity, euglycemic glu-
cose clamp studies were performed using an insulin
infusion rate of 40 mU/m2per min. The mean overall
glucose disposal rate was decreased by 39% in the el-
derly group compared with the nonelderly (151±17
vs. 247±12 mg/m2 per min, respectively, P < 0.001).
The corresponding steady-state serum insulin levels
attained during the studies were similar in both groups
(110±5 ,uU/ml in the nonelderly and 102±8 ,uU/ml
in the elderly). Therefore, the elderly group was
clearly resistant to insulin's action to promote glucose
uptake.

Because aging is a gradual phenomenon, it would
seem reasonable to postulate that an inverse relation-
ship should exist between overall glucose disposal rate
and age. This relationship is shown in Fig. 2 A, and
it can be seen that a statistically significant negative
correlation exists between the glucose disposal rates
obtained during the 40 mU/M2 per min insulin infu-
sion and the age of the subjects (r = -0.53, P < 0.01).
However, this association is misleading if taken at face
value. Thus, when the data are analyzed by dividing
the entire group into three age categories [ young (20-
39), middle (40-59), and elderly (60+)] it can be seen
(Fig. 2 B) that the insulin resistance is only observed
in the elderly group (60+ yr) and that no decrease in
in vivo insulin action to promote glucose uptake exists
in the middle age group.

Mechanism of insulin resistance

Dose-response relationship. To assess the mecha-
nisms responsible for the insulin resistance seen in the
elderly, glucose clamp studies were also performed at
insulin infusion rates of 15 and 1,200 mU/M2 per min
(Fig. 3). The 15 mU/M2 per min insulin infusion
yielded steady-state serum insulin concentrations of
33±2 gU/ml in the nonelderly and 61±5 uU/ml in the
elderly. Despite the higher insulin concentrations
achieved, the glucose disposal rate was markedly de-
creased (39%) in the elderly (93±7 mg/M2 per min)
compared with the nonelderly (152±11 mg/M2 per
min) (P < 0.001). At the insulin infusion rate of 1,200
mU/M2per min, steady-state serum insulin levels were
similar in the two groups (11,316±890 gU/ml vs.
11,083±1,079 uU/ml) and previous studies have shown
that this insulin level results in maximally stimulated
glucose disposal rates. Maximal insulin stimulated glu-
cose disposal rates were decreased by 25% in the el-
derly (328±24 mg/M2 per min) compared with the
nonelderly (439±21 mg/i2 per min) (P < 0.005).
Thus, the elderly group displayed a decrease in max-
imal insulin responsiveness, indicative of a postrecep-
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FIGURIE 2 (A) Relationship between the glucose disposal rate
at an insulin infusion rate of 40 mU/M2 per min and age of
the subjects showing a significant inverse correlation (r
--0.53, P < 0.01). (B) Mean glucose disposal rates at an
insulin infusion rate of 40 mU/M2per min with the subjects
divided into three age groups. The number of subjects in
each age group was 13 for the 20-39 yr; 8 for the 40-59 yr;
and 13 for the 60+ yr. Values represent the mean±SEM.

tor defect in insulin action (25). In addition to this
decrease in insulin responsiveness, there was also a de-
crease in insulin sensitivity in the elderly group as
manifested by the fact that there was a 39% decrease
in insulin's action to promote glucose uptake in the
elderly subjects at the low dose (15 mU/M2 per min)
insulin infusion, a 39% decrease during the 40 mU/M2
per min insulin infusion, and only a 25% decrease dur-
ing the high dose (1,200 mU/M2 per min) insulin in-
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fusion. Thus, the decrease in insulin action was greater
at the lower insulin concentrations than the higher one,

indicative of a rightward shift in the dose-response
curve. This point is made stronger in view of the fact
that the steady-state insulin level during the low dose
infusion was greater (61±5 ,U/ml) in the elderly com-

pared with the nonelderly (33±2 uU/ml). This concept
is further illustrated in Fig. 4 where the data are plot-
ted as a percentage of the maximal insulin effect. For
each group, the maximal glucose disposal rate was

taken as 100%, and the glucose disposal rate at each
submaximal insulin level is plotted as a percentage of
this value. For purposes of this analysis, 70% of the
absolute basal glucose disposal rate is initially sub-
tracted from all values because this represents non-

insulin-mediated glucose uptake (21). Fig. 4. shows an

approximate twofold rightward shift in the dose-re-
sponse curve of the elderly group compared with the
nonelderly group.

It should be noted that there were no significant
differences in our data between the men and women

in each of the nonelderly or elderly groups. Thus, glu-
cose disposal rates in the elderly men were 89±8 vs.

103±15 mg/M2 per min in the elderly women at an

insulin infusion rate of 15 mU/M2 per min (NS). Sim-
ilarly, there were no significant differences at insulin
infusion rates of 40 mU/M2 per min (elderly men:

148±19 mg/m2 per min vs. elderly women: 158±20
mg/M2 per min) and 1,200 mU/M2 per min (elderly
men 322±33 vs. elderly women 341±17 mg/M2
per min).

Since the elderly men had a 9.6% decrease in LBM
(Table I) compared with the nonelderly, it could be
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FiGURE 4 Mean dose-response curves for the nonelderly
(0) and elderly (0) subjects, plotted as the percentage of
maximal insulin effect.
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TABLE I
Clinical and Metabolic Features

Nonelderly Elderly

Subjects (n) 27 17
Sex (M) 7 11

(F) 20 6
Mean age (±SE) (yr) 37±2 69±1
Age range (yr) 23-58 60-82
Mean relative weight 0.94±0.02 0.93±0.02
LBM (kg) M 58.2±1.5 52.6±1.3 (P < 0.01)

F 39.3±1.0 37.8±1.4 (NS)
BMI (kg/cm2) X 10-3 2.29±0.05 2.40±0.05 (NS)

argued that this accounted for the observed decrease
in glucose disposal rate when the data are normnalized
to unit surface area (m2), as in Figs. 2 and 3. However,

when glucose disposal rates were expressed per unit
of LBM, the elderly group still evidenced insulin re-
sistance with decreases in overall glucose disposal rates
of 37, 38, and 26% at insulin infusion rates of 15, 40,
and 1,200 mU/m2 per min, respectively, when com-
pared with the nonelderly subjects (Fig. 5).

As can be seen in Fig. 5, although the mean glucose
disposal rates were decreased in the elderly group at
the three insulin infusion rates, some of the elderly
subjects had peripheral glucose disposal rates similar
to the nonelderly group. Analysis of the individual data
revealed that at one end of this spectrum were those
11 elderly subjects with normal glucose tolerance tests
(closed circles, Fig. 5), and at the other end were the
6 elderly subjects with nondiagnostic glucose tolerance
tests (open circles, Fig. 5). As seen in Fig. 6 A, although
all the elderly subjects were insulin resistant, the mag-
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with normal glucose tolerance tests (-), and elderly with nondiagnostic glucose tolerance
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nitude of this defect was much greater in those subjects
with nondiagnostic glucose tolerance tests. This group
had decreases in overall glucose disposal rates of 53,
58, and 42%, compared with the nonelderly group,
while the elderly group with normal glucose tolerance
tests had decreases of 28, 21, and 16% compared with
the nonelderly group at insulin infusion rates of 15,
40, and 1,200 mU/m2 per min, respectively. Addi-
tional evidence for this continuum can be seen in Fig.
6 B where the data are shown as a percentage of the
maximal insulin effect. The elderly group with non-
diagnostic glucose tolerance tests had a greater right-
ward shift in the dose-response curve compared with
the elderly with normal glucose tolerance tests. Fig.
7 shows the relationship between a measurement of
the elderly subjects' glucose intolerance, namely the
2-h glucose levels during the oral glucose tolerance

test, and a measurement of in vivo insulin action,
namely the glucose disposal rate during the 40 mU/
m per min glucose clamp study. The correlation be-
tween these two variables is quite good (r = -0.59, P
< 0.05) indicating that as insulin resistance increases
with aging a corresponding decline in glucose toler-
ance occurs.

Adipocyte and monocyte binding. Fig. 8 (left
panel) presents the competition curves for insulin
binding to isolated adipocytes from the elderly and
nonelderly groups. It is evident that these curves are
essentially identical for the two groups suggesting that
insulin binding to receptors is unaffected by aging. It
should be noted however, that these data are expressed
on the basis of cell number and some reports have
suggested that receptor density per unit of cell surface
area is a more appropriate method of expressing in-
sulin binding data (29). This is especially pertinent,
since the adipocytes from the elderly group were 16%
larger in volume than those from the nonelderly group
(393±33 pl vs. 332±48 pl). The difference in surface
area, however, was only 10% (2.56 X 104 M2/cell in the
elderly group vs. 2.29 X 104 #2/cell in the nonelderly
group). When the insulin binding data were normal-
ized to cell surface area, the binding curves were still
comparable (Fig. 8, right panel) and no significant
differences were noted at any insulin concentration.
To further explore this issue, insulin binding to mono-
cytes was measured and these results are shown in Fig.
9. Again, no difference in the ability of cells from the
elderly vs. nonelderly group to bind insulin was ob-
served, and in this cell system, aging had no effect on
cell size.

Hepatic glucose output. Basal hepatic glucose out-
put was similar in both groups (79±3 vs. 78±4 mg/M2
per min in nonelderly and elderly groups, respectively;
Fig. 10). However, insulin's ability to suppress hepatic
glucose output was decreased in the elderly compared
with the nonelderly during the low dose insulin in-
fusion rate of 15 mU/M2 per min. Thus, hepatic glu-
cose output was suppressed by 89±4% in the noneld-
erly subjects compared with only 77±5% in the elderly
(P < 0.05). This difference in suppressibility of hepatic
glucose production is even more impressive in light of
the finding that the low dose insulin infusion yielded
higher steady-state serum insulin levels in the elderly
compared with the nonelderly (61±5 uU/ml vs. 33±2
,gU/ml). At an insulin infusion rate of 40 mU/M2 per
min, hepatic glucose output was equally suppressed
in both groups (95±2 vs. 93±3%). And, during the
1,200 mU/M2 per min insulin infusion rate, hepatic
glucose output was similarly maximally suppressed (98
vs. 100%). The decreased suppressibility at low con-
centrations of insulin with normal maximal suppres-
sibility at higher insulin levels indicates a rightward
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shift in the dose-response curve for insulin's ability to
suppress hepatic glucose production in elderly subjects.

DISCUSSION

Wehave studied the effects of aging on carbohydrate
metabolism across a continuum of nonelderly and el-
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lation overall had decreased glucose tolerance follow-
ing an oral glucose load and had increased insulin se-
cretion in response to the glucose challenge. This
confirms previous studies, which demonstrated declin-
ing glucose tolerance with age (1, 2). The elevated
insulin levels in the face of increased glucose levels
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suggest an insulin resistant state. This was confirmed
by utilizing the euglycemic glucose clamp technique
that demonstrated resistance to insulin's action to pro-
mote glucose uptake in elderly subjects. During phys-
iological hyperinsulinemia (insulin concentrations
_ 100 MU/ml) the elderly group had a 39% decrease
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in overall glucose disposal rate compared with the non-
elderly group. The mechanisms underlying the insulin
resistance of aging have, to date, been unclear. The
results of the glucose clamp studies performed at in-
sulin concentrations of 15, 40, and 1,200 mU/m2 per
min suggest that aging is associated with a postreceptor
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3H]glucose. The bar for the nonelderly (NE) group at the far right indicates 100% suppression
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defect in insulin action. Thus, the elderly group was
not able to attain glucose disposal rates comparable to
the nonelderly group at the highest insulin infusion
rate of 1,200 mU/M2 per min, and this rate yielded
insulin concentrations of - 11,000 gU/ml, which in
previous studies (21, 25) have been shown to generate
the maximal possible insulin effect. An inability to
achieve a normal maximal insulin effect is termed de-
creased insulin responsiveness and implies a postre-
ceptor defect in insulin action. Insulin binding to iso-
lated adipocytes and circulating monocytes was un-
changed with advancing age, which further confirms
the presence of a postreceptor defect in insulin action.

In addition to the decrease in maximal insulin re-
sponsiveness, an apparent rightward shift in the insulin
dose-response curve exists (Fig. 4). The elderly pop-
ulation demonstrated a 39% decrease in the peripheral
glucose disposal rate during the low dose (15 mU/M2
per min) insulin infusion, a 39% decrease during the
40 mU/M2 per min infusion, and a 25% decrease dur-
ing the 1,200 mU/M2 per min infusion. This smaller
percentage decrease in insulin's ability to stimulate
glucose uptake at the highest insulin level compared
with the lower ones indicates a rightward shift in the
dose-response curve for insulin action. This rightward
shift is even more pronounced if one takes into account
the fact that the steady-state serum insulin levels dur-
ing the lowest insulin infusion rate (15 mU/M2 per
min) were almost twice as high in the elderly (61±5
ttU/ml) compared with the nonelderly (33±2 ,uU/ml).
Thus, if the steady-state serum insulin levels had been
comparable, a much greater difference in the rates of
glucose disposal would have been observed between
the two groups. The reason the elderly displayed
higher steady-state serum insulin levels at the low in-
sulin infusion rate is not clear, but this could be due
either to impaired metabolic clearance of the infused
insulin or incomplete suppression of endogenous in-
sulin secretion, or both.

A rightward shift in the dose-response curve is
termed a decrease in insulin sensitivity and is usually
due to a decrease in insulin binding to its target tissue
(21, 33). However, since insulin binding to isolated
adipocytes and circulating monocytes was normal in
the elderly group, these current results indicate that
the rightward shift in the dose-response curve in the
elderly subjects represents a decrease in insulin sen-
sitivity due to a postreceptor (or postbinding) defect
in insulin action and is not due to a decrease in insulin
binding. Similarly, insulin's ability to suppress hepatic
glucose output was decreased in the elderly at low
insulin concentrations but was normal at high insulin
levels, which maximally and completely suppress he-
patic glucose output. Again, this difference in hepatic
insulin action at the low insulin infusion rate is more

striking in view of the fact that the elderly achieved
twofold higher insulin levels during these studies.
Therefore, a decrease in insulin sensitivity (rightward
shifted dose-response curve) in the elderly is seen at
the level of hepatic glucose production, and this is
comparable to the decrease in sensitivity for insulin's
effects to stimulate glucose disposal. If one assumes
that adipocyte and monocyte insulin receptors are re-
flective of the status of hepatocyte insulin receptors,
then this decrease in insulin sensitivity is not due to
decreased insulin binding, but rather to a postreceptor
defect in insulin action. A possible mechanism to ex-
plain a rightward shift in the dose-response curve due
to a postreceptor abnormality would be a coupling
defect distal to insulin binding. If such a defect caused
this step to become rate limiting in insulin action in
elderly subjects, then even at low levels of receptor
occupancy, this defect would be expressed as a right-
ward shift and be of a postreceptor (or postbinding)
nature.

The present results also indicate that there is a spec-
trum, or continuum, of insulin resistance in the elderly.
Thus, there was a strong negative correlation between
the degree of insulin resistance and the magnitude of
the glucose intolerance in the individual elderly sub-
jects. Based on analysis of the individual data, we be-
lieve that in nonobese, nondiabetic elderly subjects,
the degree of insulin resistance ranges between those
subjects with normal and those with nondiagnostic
glucose tolerance tests. Some elderly individuals have
completely normal glucose tolerance tests with mildly
elevated insulin levels, indicating insulin resistance.
These subjects have maximal insulin-stimulated glu-
cose disposal rates that are near normal, but have
markedly decreased glucose disposal rates at lower in-
sulin levels indicating a rightward shift in the dose-
response curve (decreased insulin sensitivity) (Fig. 6
A). Insulin binding to adipocytes and monocytes is
normal in these individuals, and therefore, the insulin
resistance manifested in this group indicates a type of
postreceptor defect with near normal maximal insulin
action but with decreased insulin effects to stimulate
glucose disposal or inhibit hepatic glucose production
at lower insulin concentrations. 11 of the 17 elderly
subjects fell into this category. The mean maximal
glucose disposal rate in these 11 subjects was 368±31
mg/M2 per min. When this value was corrected for
the 9.6% decrease in LBM exhibited by men in this
group compared with the nonelderly men, a small but
significant (16%) difference existed between nonel-
derly and elderly (17.2±0.9 vs. 14.4±1.2 mg/kg LBM/
min). The insulin resistance was more pronounced
during the 15 and 40 mU/M2per min insulin infusion
rates in these 11 elderly subjects with normal glucose
tolerance, since the glucose disposal rates were de-
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creased by 28 and 21%, respectively, in the elderly
compared with the nonelderly (Fig. 6 A). At the other
end of the spectrum lie those elderly individuals who
have nondiagnostic glucose tolerance tests according
to National Diabetes Data Group criteria (17). These
subjects also have greater elevations of serum insulin
levels, normal insulin binding, and marked insulin re-
sistance manifested as both a decrease in insulin action
at submaximal and maximal levels. 6 of the 17 elderly
subjects fell into this group and they had a 53, 58, and
42% decrease in glucose disposal rates compared with
the nonelderly group at insulin infusion rates of 15,
40, and 1,200 mU/M2per min, respectively (Fig. 6 A).
This analysis is not presented to indicate the existence
of two distinct groups in the elderly population but to
point out that there appears to be a continuum of
metabolic abnormalities ranging from mild to more
severe insulin resistance and that the basic lesion is a
postreceptor defect in insulin action that manifests it-
self predominantly as decreased insulin sensitivity
when insulin resistance is mild, and decreased insulin
sensitivity plus decreased responsiveness when the in-
sulin resistance is more severe. This spectrum of insulin
resistance resembles to some degree that seen in other
insulin resistance states of obesity and noninsulin-de-
pendent diabetes mellitus. However, the mechanisms
underlying the insulin resistance appear to differ. In
obesity there is a spectrum of insulin resistance ranging
from mild to more severe and associated with a right-
ward shift in the dose-response curve in the former
and a rightward shift plus decreased responsiveness in
the latter (25). In obese subjects there is a decrease in
insulin binding, well correlated to the magnitude of
the rightward shift (25). Similarly, previous studies
indicate that subjects with impaired glucose tolerance
have decreased insulin sensitivity due to a decrease in
insulin binding, whereas patients with noninsulin-de-
pendent diabetes mellitus have both decreased insulin
sensitivity and responsiveness (21). This contrasts with
our current study where elderly subjects with normal
glucose tolerance have a rightward shift in the dose-
response curve, but have normal insulin binding to
both adipocytes and monocytes leading us to conclude
that the rightward shift is due to a postbinding defect.
One can speculate then that the difference in mech-
anisms responsible for the rightward shift in aging
compared with obesity and impaired glucose tolerance
resides in the fact that the former case is a physiologic
change due to the aging process and the latter are
pathophysiologic states.

Previous studies examining tissue sensitivity to in-
sulin as a function of aging have yielded conflicting
results. Utilizing a combined infusion of insulin, glu-
cose, epinephrine, and propranolol, Kimmerling et al.
(15) were unable to demonstrate a decrease in insulin

sensitivity in elderly subjects. However, all of the sub-
jects in their study had normal glucose tolerance tests,
and it seems likely that their group represented one
end of the spectrum discussed above. Using the fore-
arm perfusion technique, Kalant et al. (14) did not
find a decrease in insulin-stimulated muscle glucose
uptake with advancing age. However, only 1 of the
31 subjects they studied was over the age of 60. Thus,
it is not surprising that no age-related decline in insulin
action was seen, and their results are in agreement
with our data showing no insulin resistance in the
middle age range. DeFronzo (13) has used the eugly-
cemic glucose clamp technique and reported results
similar to ours in a group of elderly subjects, although
he found that the decrease in insulin sensitivity could
also be demonstrated in the 30-50-yr-age group as
well. Robert et al. (34) also concluded that reduced
glucose tolerance in the elderly is associated with a
decrease in the uptake of glucose by peripheral tissues.
Finally, Andres and Tobin (16) have reported normal
glucose disposal rates as measured with the euglycemic
clamp method in elderly subjects.

Interpretation of the decline in glucose tolerance
and presence of insulin resistance in aging has been
made difficult because of associated changes that occur
in diet, activity level, and degree of adiposity. Diets
low in carbohydrate will impair glucose tolerance (35).
If the elderly subjects had a substantial decrease in
their carbohydrate intake, this could conceivably have
resulted in abnormal glucose tolerance tests on the
basis of diet alone. However, Seltzer (35) has analyzed
the effect of diet on the percentage of abnormal oral
glucose tolerance tests in an older population. Al-
though proportionately more glucose tolerance tests
were normal as the carbohydrate in the diet increased,
a larger percentage still remained abnormal, and when
matched for carbohydrate intake, the elderly subjects
still had significantly higher glucose values than a
younger population, even though the test results were
within the normal range.

Another dietary factor that may play a role in the
glucose intolerance of aging is the level of organic
chromium in the diet. Marginal dietary intake of chro-
mium over years in man can lead to a depletion of the
body's chromium content (36-38), and many elderly
people are so affected. There have been several studies
indicating that a deficiency of chromium may play a
role in the insulin resistance and glucose intolerance
of aging, and supplementation of chromium in the diet
of elderly individuals has been shown to improve glu-
cose tolerance (39-41). It seems possible, therefore,
that chromium deficiency may play a role in the in-
sulin resistance of aging.

Physical activity has also been shown to affect in-
sulin sensitivity. Increases in maximal aerobic power
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are correlated to an increase in insulin's ability to pro-
mote glucose uptake (42, 43). Since elderly individuals
are generally less active than younger individuals, it
is possible that the glucose intolerance of aging is at
least partly due to decreased physical fitness. However,
this explanation seems unlikely in the current study
group since all of our elderly subjects were ambula-
tory, active, and in several instances involved in reg-
ular strenuous physical training programs. Wedo not,
however, discount the possibility that the degree of
physical training may play some role in the spectrum
of the insulin resistance of aging.

It could be argued that some of the effect of aging
on carbohydrate metabolism is not due to the aging
process itself, but to the increase in percent adiposity
that occurs with aging. It is known that both body fat
(44, 45) and fat cell size increase with age, and, there-
fore, separating the effects of age and obesity could
be a potential problem. For these reasons we analyzed
the data from the glucose clamp studies by normalizing
the results to both body surface area (Fig. 3) and to
LBM (Figs. 5 and 6). The elderly subjects in our study
all had relative body weights and BMI comparable to
the nonelderly group and LBMdiffered by only 9.6%
in the elderly men, while no difference in LBM was
observed in women. Therefore, although a small com-
ponent of the decrease in in vivo insulin action may
be accounted for on the basis of increased adiposity,
and decreased LBM, it would not explain the large 30-
40% differences in glucose uptake between nonelderly
and elderly. This is emphasized in Figs. 5 and 6, which
show that even when the glucose disposal rates were
corrected for the small differences in LBM, marked
insulin resistance was still readily evident in the elderly
group. Similarly, despite comparable relative weights,
adipocytes size was greater in the elderly compared
with the nonelderly (393 pl/cell vs. 332 pl/cell, re-
spectively). However, when insulin binding to adi-
pocytes was expressed per unit of cell surface area, no
difference in insulin binding was noted between the
nonelderly and elderly groups. This observation is
reinforced by the data in Fig. 9 which show no effect
of aging on insulin binding to isolated circulating
monocytes (a cell type whose size does not change
with age).

In conclusion, we have evaluated the mechanisms
underlying the glucose intolerance of aging. Aging is
associated with a spectrum of insulin resistance. On
one end are those elderly individuals who display no
abnormalities in glucose tolerance testing, are mildly
hyperinsulinemic, and have insulin resistance mani-
fested as a mild postreceptor defect in insulin action
with a rightward shift in the insulin action dose-re-
sponse curve with near normal maximal insulin action.
On the other end of the spectrum are those individuals

who are glucose intolerant, hyperinsulinemic, and
whose insulin resistance consists of a more severe post-
receptor defect expressed as a more marked rightward
shift in the dose-response curve and a decrease in
maximal insulin action.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Dennis Jahnigen for his as-
sistance in recruiting volunteers for the study, and Joan
Weyant and Suc McQuilken for their technical assistance.

This work was supported by funds from the Medical Re-
search Service of the Veterans Administration, by grant AM
19905 from the National Institutes of Arthritis, Metabolism,
and Digestive Diseases of the National Institutes of Health,
and by grant R200051 from the Clinical Research Center
Branch of the National Institute of Health.

REFERENCES

1. Davidson, M. B. 1979. The effect of aging on carbohy-
drate metabolism: a review of the English literature and
a practical approach to the diagnosis of diabetes mellitus
in the elderly. Metab. Clin. Exp. 8: 688-705.

2. DeFronzo, R. A. 1981. Glucose intolerance and aging.
Diabetes Care. 4: 493-501.

3. O'Sullivan, J. B., C. M. Mahan, A. E. Freedlender, and
R. F. Williams. 1971. Effect of age on carbohydrate
metabolism. J. Clin. Endocrinol. Metab. 33: 619-623.

4. Nolan, S., T. Stephan, S. Chae, C. Vidalon, C. Gegick,
R. C. Khurana, and T. S. Danowski. 1973. Age-related
insulin patterns in normal glucose tolerance. J. Am. Ger-
iatr. Soc. 21: 106-111.

5. Smith, M. J., and M. R. P. Hall. 1973. Carbohydrate
tolerance in the very aged. Diabetologia. 9: 387-390.

6. Sandberg, H., N. Yoshimine, S. Maeda, D. Symons, and
J. Zavodnick. 1973. Effects of an oral glucose load on
serum immunoreactive insulin, free fatty acid, growth
hormone, and blood sugar levels in young and elderly
subjects. J. Am. Geriatr. Soc. 21: 433-439.

7. Fedele, D., A. Valerio, M. Molinari, and G. Crepaldi.
1977. Glucose tolerance, insulin, and glucagon secretion
in aging. Diabetologia. 13: 392a. (Abstr.)

8. Metz, R., B. Surmaczynska, S. Berger, and G. Sobel.
1966. Glucose tolerance, plasma insulin, and free fatty
acids in elderly subjects. Ann. Intern. Med. 64: 1042-
1048.

9. Jaffe, B. I., A. I. Vinik, and W. P. U. Jackson. 1969.
Insulin reserve in elderly subjects. Lancet. 1: 1292-1293.

10. Barbagallo-Sangiorgi, G., E. Laudicina, G. D. Bompiani,
and F. Durante. 1970. The pancreatic beta-cell response
to intravenous administration of glucose in elderly sub-
jects. J. Am. Geriatr. Soc. 18: 529-538.

11. Himsworth, H. P., and R. B. Kerr. 1942. Age and insulin
sensitivity. Clin. Soc. 4: 153-157.

12. Silverstone R. A., M. Brandfonbrener, N. W. Shock, and
M. J. Yiengst. 1957. Age differences in the intravenous
glucose tolerance tests and the response to insulin. J.
Clin. Invest. 36: 504-514.

13. DeFronzo, R. A. 1979. Glucose intolerance and aging.
Evidence for tissue insensitivity to insulin. Diabetes. 28:
1095-1101.

14. Kalant, N., D. Leibovici, T. Leibovici, and N. Fuku-
shima. 1980. Effect of age on glucose utilization and
responsiveness to insulin in forearm muscle. J. Am. Ger-
iatr. Soc. 28: 204-207.

1534 R. I. Fink, 0. G. Kolterman, J. Griffin, and J. M. Olefsky



15. Kimmerling, G., W. C. Javorski, and G. M. Reaven.
1977. Aging and insulin resistance in a group of non-
obese male volunteers. J. Am. Geriatr. Soc. 25: 349-353.

16. Andres, R., and J. D. Tobin. 1977. Endocrine systems.
In Handbook of the Biology of Aging. C. E. Finch and
L. Hayflick, editors. Van Nostrand Reinhold, New York.
357-378.

17. National Diabetes Data Group. 1979. Classification and
diagnosis of diabetes mellitus and other categories of
glucose intolerance. Diabetes. 28: 1039-1057.

18. Society of Actuaries. 1959. Build and blood pressure
study. 1: 17.

19. Cunningham, J. J. 1982. An individualization of dietary
requirements for energy in adults. J. Am. Dietetic Assoc.
80: 335-338.

20. Rappaport, M. I., and H. F. Hurd. 1964. Thiazide-in-
duced glucose intolerance treated with potassium. Arch.
Int. Med. 113: 405-408.

21. Kolterman, 0. G., R. S. Gray, J. Griffin, P. Burstein, J.
Insel, J. A. Scarlett, and J. M. Olefsky. 1981. Receptor
and postreceptor defects contribute to the insulin resis-
tance in noninsulin-dependent diabetes mellitus. J. Clin.
Invest. 68: 957-969.

22. Insel, P. A., J. E. Liljenquist, J. D. Tobin, R. S. Sherwin,
P. Watkins, R. Andres, and M. Berman. 1975. Insulin
control of glucose metabolism in man. J. Clin. Invest.
55: 1057-1066.

23. Sherwin, R. S., K. J. Kramer, J. D. Tobin, P. A. Insel,
J. E. Liljenquist, M. Berman, and R. Andres. 1974. A
model of insulin kinetics in man. J. Clin. Invest. 53:
1481-1492.

24. DeFronzo, R. A., J. D. Tobin, and R. Andres. 1979. Glu-
cose clamp technique: a method for quantifying insulin
secretion and resistance. Am. J. Physiol. 327: E214-
E223.

25. Kolterman, 0. G., J. Insel, M. Saekow, and J. M. Olefsky.
1980. Mechanism of insulin resistance in human obesity.
Evidence for receptor and postreceptor defects. J. Clin.
Invest. 65: 1272-1284.

26. Chiasson, J. L., J. E. Liljenquist, W. W. Lacy, A. S. Jen-
nings, and A. D. Cherrington. 1977. Gluconeogenesis:
methodological approaches in vivo. Fed. Proc. 36: 229-
235.

27. Sherwin, R. S., R. Hendler, R. A. DeFronzo, J. A. Wah-
ren, and P. Felig. 1977. Glucose homeostasis during pro-
longed suppression of glucagon and insulin secretion by
somatostatin. Proc. Natl. Acad. Sci. USA. 74: 348-352.

28. Steele, R. 1959. Influence of glucose loading and of in-
jected insulin on hepatic glucose output. Ann. N.Y. Acad.
Sci. 82: 420-430.

29. Olefsky, J. M. 1976. Decreased insulin binding to adi-
pocytes and circulating monocytes from obese subjects.
J. Clin. Invest. 57: 1165-1172.

30. Olefsky, J. M., P. Jen, and G. M. Reaven. 1974. Insulin

binding to isolated human adipocytes. Diabetes. 23: 565-
571.

31. Olefsky, J. M., and G. M. Reaven. 1976. Insulin binding
to monocytes and total mononuclear leukocytes from
normal and diabetic patients. J. Clin. Endocrinol. Me-
tab. 43: 226-228.

32. Desbuquois, B., and A. D. Aurbach. 1971. Use of poly-
ethylene glycol to separate free and antibody-bound
peptide hormones in radioimmunoassays. J. Clin. En-
docrinol. Metab. 33: 732-738.

33. Kahn, C. R. 1978. Insulin resistance, insulin insensitivity
and insulin unresponsiveness: a necessary distinction.
Metab. Clin. Exp. 27(Suppl. A): 1893-1902.

34. Robert, J. J., J. C. Cummins, R. R. Wolfe, M. Durkot,
D. E. Matthens, X. H. Zhao, D. M. Bier, and V. R. Young.
1982. Quantitative aspects of glucose production and
metabolism in healthy elderly subjects. Diabetes. 31:
203-211.

35. Seltzer, H. S. 1970. Diagnosis of diabetes. In Diabetes
Mellitus, Theory and Practice, M. Ellenberg and H. Rif-
kin. editors. McGraw-Hill Book Co., Inc., New York.
436-507.

36. Schroeder, H. A., J. J. Balassa, and I. H. Tipton. 1962.
Abnormal trace metals in man. J. Chronic Dis. 15: 941-
964.

37. Tipton, I. H., and M. J. Cook. 1963. Trace elements in
human tissues. II. Adult subjects from the U. S. Health
Phys. 9: 103-145.

38. Schroeder, H. A., A. P. Nason, and I. H. Tipton. 1970.
Chromium deficiency as a factor in atherosclerosis. J.
Chronic Dis. 23: 123-142.

39. Levine, R. A., D. H. P. Streeten, and R. S. Doisy. 1968.
Effect of oral chromium supplementation on the glucose
tolerance of elderly subjects. Metab. Clin. Exp. 17: 114-
125.

40. Offenbacher, E. G., and F. Xavier Pi-Sunyer. 1980. Ben-
eficial effect of chromium-rich yeast on glucose tolerance
and blood lipids in elderly subjects. Diabetes. 29: 919-
925.

41. Riales, R. and M. J. Albrink. 1981. Effect of chromium
chloride supplementation on glucose tolerance and serum
lipids including high-density lipoprotein of adult men.
Am. J. Clin. Nutr. 34: 2070-2078.

42. Soman, V. R., V. A. Koivisto, D. Diebert, P. Felig, and
R. A. DeFronzo. 1979. Increased insulin sensitivity and
insulin binding to monocytes after physical training. N.
Engl. J. Med. 301: 1200-1204.

43. Matter, S., B. A. Stamford, and A. Weltman. 1980. Age,
diet, maximal aerobic capacity, and serum lipids. J.
Gerontol. 35: 532-536.

44. Malina, R. M. 1969. Quantification of fat, muscle, and
bone in man. Clin. Orthop. Res. 65: 9-38.

45. Chumlea, W. C., A. F. Roche, R. M. Siervogel, J. L.
Knittle, and P. Webb. 1981. Adipocytes and adiposity
in adults. Am. J. Clin. Nutr. 34: 1798-1803.

Insulin Resistance in Aging 1535


