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Reduced insulin sensitivity and glucose intolerance have been long suspected of having important involvement in aging.
Here we report that in studies of calorie restriction (CR) effects in mutant (Prop19f and growth hormone receptor knock-
out [GHRKO]) and normal mice, insulin sensitivity was strongly associated with longevity. Of particular interest was
enhancement of the already increased insulin sensitivity in CR df/df mice in which longevity was also further extended
and the lack of changes in insulin sensitivity in calorically restricted GHRKO mice in which there was no further increase
in average life span. We suggest that enhanced insulin sensitivity, in conjunction with reduced insulin levels, may repre-
sent an important (although almost certainly not exclusive) mechanism of increased longevity in hypopituitary, growth
hormone (GH)-resistant, and calorie-restricted animals. We also report that the effects of GH treatment on insulin sensi-

tivity may be limited to the period of GH administration.
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ORE than 20 million people in the United States (ap-

proximately 7% of population) have diabetes melli-
tus. Its incidence increases to 20% of the population after
age 75. The first study indicating impaired glucose metabo-
lism in human beings older than 60 years was published in
1920 (1), and the progressive increase in glucose intoler-
ance with advancing age has been recognized by scientists
and health care professionals and studied throughout most
of the 20th century. Numerous data show glucose tolerance
declining as a function of age, typically beginning in the
third decade of life span and continuing throughout the en-
tire adult life span (2). In contrast, extreme human longevity
seen in centenarians is associated with a low degree of insu-
lin resistance (3). This could suggest that the exceptionally
long-lived people are insulin sensitive throughout their life
span and are genetically protected from an age-related de-
cline of insulin action. Together with results obtained in dif-
ferent invertebrate species, these findings identify insulin
signaling as one of the major mechanisms to be investigated
in gerontology and aging research.

Evidence of the major involvement of growth hormone
(GH) in regulating aging has been provided in studies dem-
onstrating major alterations of life span in animals with GH
deficiency, GH resistance, or GH excess. Hypopituitary
Ames dwarf (Prop14, df/df) mice that do not produce GH
and mice with targeted disruption of the GH receptor gene
(GH receptor knockout [GHRKOY]) live much longer than
their normal littermates (4,5). GH levels in rodents decline
in response to reduced food intake (6), and calorie restric-
tion (CR) has been well documented as the only interven-
tion to consistently slow aging, prevent or delay age-related
disease, and increase life span (7). However, the mecha-
nisms of extended longevity in mutant and calorie-restricted
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mice are unknown. Importantly, long-lived GHRKO, Ames
and Snell (Pit19%) dwarfs, and normal calorie-restricted
mice have reduced levels of both insulin and glucose in
peripheral circulation (8—11).

Increased whole-animal insulin sensitivity, a characteris-
tic that we suggest may represent one of the mechanisms of
life extension, is implied by a concomitant reduction of in-
sulin and glucose levels in these animals and was confirmed
by measurements of “insulin tolerance,” that is, time course
of changes in plasma glucose levels after insulin adminis-
tration (8,10).

MATERIALS AND METHODS

Animals

Ames dwarf (Prop19) homozygous recessive mice were
produced by mating heterozygous females and homozygous
mutant males in our breeding colony. GHRKO mice were
also produced in our breeding colony derived from GHRKO
animals kindly provided by J. J. Kopchick (Ohio University,
Athens, OH). All animal protocols were approved by the
Southern Illinois University Laboratory Animal Care Com-
mittee. Animals were maintained under temperature- and
light-controlled conditions (20-23°C, 12-hour light/ dark
cycle). The CR and longevity study protocols were de-
scribed previously by Bartke and colleagues (12) and
Bonkowski and colleagues (13).

Calorie Restriction

Ames dwarf mice were subjected to CR at the age of
about 7 months old, and insulin tolerance test (ITT) was per-
formed after 8 weeks of CR. GHRKO mice were calorically
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restricted starting at the age of 2 months for about 10 months,
and ITT was performed when the animals were approxi-
mately 1 year old. Animals used for ITT and longevity were
from different cohorts; however, all groups were maintained
under the same environmental conditions and husbandry
and were subjected to CR following the protocol used in the
studies of the effects of CR on longevity as described previ-
ously (12,13).

GH Therapy

Starting at the age of 2 weeks, Ames dwarf mice were
injected twice daily with bovine GH, 3 pg/g of body weight,
from Monday to Friday and 6 pg/g of body weight once
daily on Saturdays and Sundays. The treatment was contin-
ued for 6 weeks. ITT was performed 1 hour after last GH
injection at the age of 2 months, and then, it was repeated
1 month after the last GH injection.

Insulin Tolerance Test

Because of the extremely small size of the animals (8§-15 g
of body weight), ITT instead of clamp study was chosen to
measure insulin sensitivity in the present study. Animals
subjected to ITT were injected intraperitoneally with 0.75 TU
insulin per kilogram of body weight. Blood glucose levels were
measured at 0, 15, 30, and 60 minutes using a glucometer
(ONE Touch Ultra; LifeScan, Inc., Milpitas, CA).

Statistical Association Between Insulin Sensitivity and
Longevity

Assessment of the association between insulin sensitiv-
ity, as measured by the ITT, and median life span was devel-
oped as follows: Glucose levels were measured at 15, 30,
and 60 minutes subsequent to a baseline measure and ex-
pressed as a percentage of that baseline value. The area un-
der the curve (AUC) for the time series was used as a
measure of insulin sensitivity (smaller AUC = greater sensi-
tivity). Repeated-measures analysis of variance was used to
determine the interaction of the main effect variables, phe-
notype and diet. Longevity, as measured by median life
span, was obtained from a separate set of animals on identi-
cal dietary protocol and being maintained under the same
environmental conditions. Using these data sets imposes
some limitations on the choice of statistical analysis and
potential interpretations of the data; however, in the studies
of longevity, animals should not be used for any experimen-
tal manipulations that could interfere with longevity out-
come. All possible pairings of AUC and longevity were
obtained within each treatment condition. The median AUC
and longevity values derived from data for all treatment
conditions were used to partition the pairs into quadrants
(Q1, Q2, Q3, and Q4). Q1 consisted of all pairs for which
the AUC was less than or equal to the median AUC value,
and longevity was less than or equal to the median life span

(AUC- and Long-). Q2 contained all pairs for which the AUC
was less than or equal to the median AUC value, and longevity
was greater than the median life span (AUC—- and Long+).
Q3 contained all the pairs in which both AUC and longevity
exceeded the respective median values (AUC+ and Long+),
and Q4 contained pairs for which AUC was greater than the
median but longevity was less than or equal to the median
(AUC+ and Long-). A chi-square test of independence was
conducted on the quarter-sectioned data for the Ames dwarf
(df/df), GHRKO, and their respective normal controls (Ns)
on ad libitum (AL) or calorie-restricted diets.

RESULTS AND DISCUSSION

Association Between Median Life Span and Insulin
Sensitivity in Ames Dwarf, GHRKO, and Calorie-
Restricted Mice

In the present study, we have used the results of ITT in df/
df and normal mice fed AL or subjected to 30% CR along
with data previously reported by our laboratory (12,13) to
relate insulin sensitivity to longevity in normal animals and
in two types of long-lived mutant mice under different di-
etary conditions. ITT indicated that the remarkably long-
lived df/df mice are more insulin sensitive than Ns
(p < .0001; Figure 1) (4,8). Similar association of enhanced
insulin sensitivity and increased life span was observed in
GHRKO mice (Figure 2) (13). In the Ames dwarf mice
study, CR increased both sensitivity to insulin and longevity
of Ns (p < .0001) to levels characteristic of Ames dwarf
mice (Figure 1). Moreover, CR produced further significant
increases in both insulin sensitivity and life span measure-
ments of Ames dwarf mice. Close relationship between the
effects of CR on insulin sensitivity and on longevity was
also observed in our study of GHRKO mice (Figure 2) (13).
In this study, it was noteworthy that CR significantly in-
creased both life span and insulin sensitivity in normal ani-
mals but had no or very little effect on the same parameters
in GHRKO mice (13). In proposing insulin sensitivity as a
potential mechanism or as a “biomarker” of longevity, or
both, we would like to contrast the effects of CR in Ames
dwarf and GHRKO mice (Figures 1 and 2) and emphasize
the close correspondence of the effects of CR on longevity
and insulin sensitivity. For this purpose, we have used the
data from ITT collected in two different experiments, one
with Ames dwarf mutants at the age of about 9 months and
the other with approximately 1-year old GHRKO mice.
Certainly, using only one age group places some limitations
on the interpretation of the presented data; however, the
data of ITT from Figure 4 and other unpublished data from
Ames dwarf and GHRKO animals indicate that increased
insulin sensitivity is present not only at one time point but
also throughout the adult life in these animals.

To assess the association between median life span and
insulin sensitivity as measured by the AUC in ITT tests, a
chi-square test of independence was conducted on the
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Figure 1. (A) Survival plots of Ames dwarf (Df) and normal (N) mice fed ad
libitum (AL) or subjected to 30% calorie restriction (CR) starting at 2 months of
age and maintained for the remainder of life span. From Bartke and colleagues
(12). (B) Insulin tolerance test performed in N and Df mice indicated improved
insulin sensitivity after CR in both genotypes. All groups were randomly fed
(100% AL) overnight. Mice were injected intraperitoneally with insulin (0.75
U/kg of body weight). Glucose was measured in samples collected from the tail
vein at specified time points. a, b, c—values that do not share the same letter are
significantly different (p < .05).

distribution of data for Ames dwarfs, GHRKOs, and their
respective Ns fed AL or subjected to CR, and the results
are presented in Figure 3. Chi-square test of association
was chosen because the AUC and median life span data
were collected form different animal cohorts. Quartiles
were created that represent all possible combinations of
long and short life span (Long+, Long—) and high and low
insulin sensitivity (AUC—, AUC+; Figure 3). There was a
significant (x2 = 68.4, df = 1, p < .001) interaction be-
tween longevity and insulin sensitivity for df/df mice and
controls on AL and calorie-restricted diets. There were
greater than expected frequencies in quartiles 2 and 4
([AUC-&Long+] and [AUC+&Long-]), indicating a
positive association between longevity and insulin sensi-
tivity. The same pattern of results was obtained for the
GHRKO mice and controls on AL and calorie-restricted
diets (x2=135.0, df = 1, p < .001). Furthermore, the com-
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Figure 2. (A) Kaplan—Meier survival plot of normal (N) and growth hor-
mone receptor knockout (GHRKO) mice that were fed ad libitum (AL) or sub-
jected to 30% calorie restriction (CR) starting at 2 months of age and maintained
for the remainder of life span. Data from males and females are combined. From
Bonkowski and colleagues (13). (B) Results of insulin tolerance test in normal
and GHRKO mice that were fed AL or subjected to 30% CR between 2 and 12
months of age. All groups were randomly fed (100% AL) overnight. Mice were
injected intraperitoneally with insulin (0.75 U/kg of body weight). Glucose was
measured in samples collected from the tail vein at specified time points.
*p < .05 compared with AL controls within phenotype. From Bonkowski and
colleagues (13).

position of the quadrants differed with respect to treat-
ment conditions (diet and strain). A chi-square goodness
of fit was computed in which 25% of observations in each
of the treatment combinations served as the expected
value for each of the quadrants. The analysis of the Ames
dwarf study indicated that 100% of the N mice on the AL
diet were in Q4 (y2 =390, df = 3, p < .001), whereas only
31% of N mice on the calorie-restricted diet were in Q4
and 29% in Q3 (y2=11.2, df = 3, p < .05). The only prob-
lem with this pattern of distribution was noted among
Ames dwarf mice on the AL diet, which were only mod-
erately overrepresented in Q2 and Q4 (3% = 9.52, df = 3,
p < .05). However, 75% of the df/df mice on the calorie-
restricted diet were in Q2, with the remaining 25% in Q1
(x*>=1288, df =3, p <.001). In the GHRKO study, 75% of
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Figure 3. Chi-square test of independence representing the distribution of data for the Ames dwarf (df/df), growth hormone receptor knockout (GHRKO), and
their respective normal controls on ad libitum (AL) or calorie-restricted diets into quartiles representing all possible combinations of long and short median longevity
(Long+, Long—) and high (smaller area under the curve, AUC-) and low (bigger area under the curve, AUC+) insulin sensitivity (see Materials and Methods section).
Notes. CR = calorie restriction. *Expected count/observed count.

the N mice on the AL diet were in Q4 (32 = 985.6, df = 3, p < .001). In addition, 42% of the GHRKOs on the calorie-
p < .001), whereas only 27% of the N mice on the calorie- restricted diet were in Q2 and 25% in Q3 (y2=112.7, df =
restricted diet were in Q4 and 33% in Q3 (y2 = 42.8, 3, p<.001).

df=3, p<.001). The GHRKO mice on the AL diet were over- To summarize, we have found that in normal, Ames
represented in Q2 (61%) and Q1 (28%; 2 = 609.1, df = 3, dwarf, and GHRKO mice, changes in the whole-body
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insulin sensitivity as assessed by ITT are significantly as-
sociated with life span alterations, and we would like to
propose enhanced insulin sensitivity as a potential bio-
marker of increased life expectancy.

The Effects of GH Treatment on Insulin Action

The proposal that increased insulin sensitivity produced
by disruption of GH action in mutant mice and by CR in
normal or Ames dwarf mice contributes to extended longev-
ity of these animals appears to be inconsistent with the report
that the life span of hypopituitary Snell dwarf mice treated
with GH between the ages of 4 and 15 weeks was unaffected
by this treatment (14). We injected df/df mice with GH start-
ing at the age of 2 weeks, continuing for 6 weeks. One day
after the last injection, we performed an ITT test that indi-
cated a significant decrease of insulin sensitivity approaching
the values measured in normal mice (Figure 4A). However,
when we subjected the same GH-treated Ames dwarf mice
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Figure 4. Insulin tolerance test performed in Ames dwarf mice after 6 weeks
of growth hormone (GH) injections, and in control Ames dwarf and normal
animals. (A) One day after the last injection of GH, insulin sensitivity of Ames
dwarf mice was decreased to the level measured in normal mice. (B) One month
after the last injection, insulin sensitivity of dwarf mice improved and returned
to the level measured in control Ames dwarf mice. a, b—values that do not share
the same letter in the superscript are significantly different (p < .05).

to additional ITT tests 1 month after their last GH injections,
we found that insulin sensitivity increased to the level char-
acteristic of untreated dwarfs (Figure 4B). Presumably, Snell
dwarf mice studied by Vergara and colleagues (14) had
reduced insulin sensitivity only during the GH treatment,
whereas during the remainder of their lives these animals
most likely had high insulin sensitivity. This may have ac-
counted for persistence of extended life span despite GH
administration. In GH-deficient dwarf rats, plasma insulin
and glucose levels do not differ from the levels measured in
normal animals, and life span is unaltered (15). Curiously,
GH replacement therapy between 4 and 15 weeks of age led
to a significant increase in longevity of male dwarf rats (12).
The mechanism responsible for increased longevity in this
very complicated animal model is unknown, but the authors
suggested that it may have been related to correction of
developmental defects of pancreatic islets. Moreover, these
animals exhibit impairments in tests of glucose tolerance
that are resolved by short-term GH treatment (15).

The reported association of insulin resistance with ex-
tended life span in Klotho transgenic mice (16) and in mice
with deletion of insulin receptor substrate 2 (IRS2) in the brain
(17) likely represents benefits shielding the tissue from the
effects of hyperinsulinemia, as suggested by Taguchi and
colleagues (17) or, in the case of brain IRS2—deleted mice,
a relationship peculiar to animals consuming a diet with
relatively high fat content. However, findings in Klotho and
brain IRS2—deficient mice somewhat complicate our inter-
pretation. It is difficult to argue that insulin sensitivity could
be considered as a longevity biomarker. However, all avail-
able findings could suggest that reduced strength of the in-
sulin signal in some organs rather than whole-body insulin
sensitivity could be crucial for longevity. It would be of ob-
vious interest to measure insulin sensitivity and activation
of insulin molecular signaling pathway in different target
organs in animals and humans. Regardless of conflicting
data derived from long-lived Ames dwarf, GHRKO, calorie-
restricted, and Klotho mice, one common feature that
emerges is a reduced strength of insulin signal (18). Long-
living insulin-sensitive mice are characterized by severely
decreased levels of insulin and insulin-like growth factor 1
(IGF1), which decrease the activation of these pathways. In
Klotho transgenic mice, the levels of insulin and IGF1 were
reported to be normal or elevated; however, cellular resistance
to these molecules inhibits activation of insulin/IGF1 path-
way (18) leading to similar suppression of these pathways
in insulin-sensitive Ames dwarf, GHRKO, calorie-restricted,
and insulin-resistant Klotho mice.

In summary, we propose that enhancement of insulin sen-
sitivity, in conjunction with reduced insulin levels, may link
reduced somatotropic signaling with increased longevity in
long-lived mutant mice and in genetically normal (wild
type) mice subjected to CR. The role of the concomitant
reduction in circulating insulin levels in life span extension
remains to be determined.
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