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Reduced signaling through the IGF type 1 (IGF-1) receptor increases life span in multiple invertebrate organisms. Studies 
on mammalian longevity suggest that reducing levels of IGF-1 may also increase life span. However, the data are conflict-
ing and complicated by the physiology of the mammalian neuroendocrine system. We have performed life-span analysis 
on mice homozygous for an insertion in the Igf1 gene. These mice produce reduced levels of IGF-1 and display a phe-
notype consistent with a significant decrease in IGF-1. Life-span analysis was carried out at three independent locations. 
Although the life-span data varied between sites, the maximum life span of the IGF-1-deficient mice was significantly 
increased and age-specific mortality rates were reduced in the IGF-1-deficient mice; however, mean life span did not 
differ except at one site, where mean life span was increased in female IGF-1-deficient animals. Early life mortality was 
noted in one cohort of IGF-1-deficient mice. The results are consistent with a significant role for IGF-1 in the modulation 
of life span but contrast with the published life-span data for the hypopituitary Ames and Snell dwarf mice and growth 
hormone receptor null mice, indicating that a reduction in IGF-1 alone is insufficient to increase both mean and maximal 
life span in mice.
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Introduction
A reduction in signaling through the insulin/IGF receptor 

increases life span in multiple organisms. Seminal studies 
identifying this intracellular pathway as a modulator of 
longevity were performed using Caenorhabditis elegans 
as a model organism, and the results were later confirmed 
in Drosophila (1–3). Epistasis approaches have defined 
intracellular signaling pathways, which are required for 
enhanced longevity in these invertebrates, including the 
PI-3 kinase/Akt signaling pathway and the Daf16/Foxo 
transcription factors (1,4,5). Subsequent studies using 
mouse models of reduced neuroendocrine signaling have 
generally supported the concept that the IGF type 1 (IGF-
1) pathway is a primary modulator of longevity. Landmark 
studies on neuroendocrine signaling and longevity 
involved the Ames dwarf, which carries a mutation in 
the Prop-1 gene required for pituitary development (6). 
Subsequent studies on a similar mouse known as the Snell 

Dwarf, which carries a mutation in the Pit-1 gene that is 
also required for pituitary development, have confirmed 
these findings (7). Although both dwarf mutations result 
in reduced IGF-1, several other hormones (including 
growth hormone and thyroid hormone) that could affect 
life span are also altered in Snell and Ames dwarf mice. 
A  specific link between the growth hormone/IGF-1 axis 
and longevity is supported by studies on a mouse model 
of the Laron syndrome mutation in humans and the lit/
lit mouse model (8,9). The Laron mouse line harbors a 
point mutation in the growth hormone receptor. This 
mutation disrupts both the soluble and membrane-bound 
forms of the growth hormone receptor, whereas the lit/lit 
mice harbor a mutation in the growth hormone–releasing 
hormone receptor leading to a specific reduction in growth 
hormone levels (10,11). In both cases, the resulting 
mice exhibit a dwarf phenotype and life-span extension 
relative to genetically matched controls. Due to the fact 
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that growth hormone is the primary regulator of IGF-1 
production in the liver, the life-span extension provided 
by the pituitary and growth hormone receptor mutations 
has been interpreted as consistent with the invertebrate 
studies linking IGF-1 signaling with longevity. However, 
a direct assessment of the importance of IGF-1 signaling 
in mammalian longevity has been difficult due to the 
essential role that IGF-1 plays in growth and development. 
Null mutations of the IGF-1 gene or the IGF-1 receptor 
gene induce perinatal lethality in a large percentage of 
homozygotes depending on the genetic background (12–
15). Further, the growth and development of the survivors 
is severely affected (16,17). Mice heterozygous for a null 
mutation in the IGF-1 receptor gene have been tested for 
longevity (18). These animals displayed an increased life 
span relative to controls in females but not in males in 
an initial study; however, subsequent studies suggest that 
this increase in life span may be dependent upon housing 
conditions (19). In order to gain a better understanding 
of the relative role of IGF-1 and growth hormone in the 
modulation of mammalian longevity, we have examined a 
mouse line that harbors a hypomorphic Igf1 gene due to the 
insertion of a gene-targeting vector (20). This mouse line, 
known as the IGF-1-deficient mouse due to its intermediate 
size relative to wild-type and IGF-1 null mice, was the first 
demonstration that gene loci harboring a gene-targeting 
vector may be expressed through alternative splicing. 
Importantly, the relative messenger RNA transcript levels 
are significantly reduced relative to mice with a wild-type 
allele in all tissues tested. This approach provides the 
opportunity to examine the impact of reduced expression 
of genes that are critical to survival. We have established a 
cohort of these IGF-1-deficient mice and have performed 
longevity studies in three independent locations, the 
Lankenau Institute for Medical Research in Philadelphia, 
PA; The University of Texas Health Sciences Center at 
San Antonio, and at the Pennsylvania State University in 
University Park, PA.

Materials and Methods

Animals
Mice used in this study were derived from mice homozy-

gous for the Igf1 hypomorphic allele (11) obtained from 
The Jackson Laboratory (Bar Harbor, ME) on a 129sv/
C57/CD-1 genetic background. These mice were mated 
to C57BL/6J mice from The Jackson Laboratory to gen-
erate mice heterozygous for the Igf1 hypomorphic allele. 
Heterozygous mice were mated to produce litters contain-
ing control mice, mice heterozygous for the Igf1 hypomor-
phic allele, and mice homozygous for the Igf1 hypomorphic 
allele. Mice were housed as sibling groups of three to four 
mice in a high-efficiency particulate air–filtered positive-
flow isolation rack. Food and water were provided ad libitum 

throughout the study. All animal care and procedures were 
in compliance with the U.S. National Institutes of Health 
and the Institutional Animal Care and Use Committee at the 
University of Texas Health Science Center at San Antonio, 
The Pennsylvania State University, the Lankenau Institute 
for Medical Research, or the Drexel University College of 
Medicine. Chow-fed animals were fed standard vegetable-
derived chow (Harlan–Teklad 7912; Harlan Laboratories, 
Madison, WI); composition energy content (kcal/g) was 
as follows: protein 24%, carbohydrates 62%, and fat 
14%. End-of-life pathology was performed on mice in the 
Lankenau cohort following established parameters (21).

Tissue Extraction and IGF-1 Measurements
Tissue levels of IGF-I were measured as previously 

described (22). Briefly, approximately 100 mg of frozen tis-
sue was powdered under liquid nitrogen and suspended in 
5 mL of acetic acid/g of tissue. Tissue suspensions were 
incubated on ice for 30 minutes, and insoluble material 
was removed by centrifugation (10 min at 5,000g, 4°C). 
Extracts were lyophilized and resuspended in 0.1 M Tris 
(pH 8.0) at 2 mL/g of tissue. Samples were cleared by cen-
trifugation (10 min at 10,000g, 4°C). Protein concentrations 
of cleared lysates were determined by the method described 
by Bradford (23). An equal amount of protein was used 
to determine the IGF-I content using an IGF-I ELISA kit 
(Immuno Diagnostic Systems; Fountain Hills, AZ). Input 
volumes of the samples were increased to 25 μL, and the 
volume of diluent was decreased to 0.25 mL. The remainder 
of the assay was performed according to the manufacturer’s 
instructions. Female mice were used for tissue and serum 
IGF-1 measurements (n = 4 per group).

Body Composition and Bone Mineral Density
Analysis of body composition was obtained using dual-

energy x-ray absorptiometry and quantitative MRI tech-
nologies. An EchoMRI100 (Echo Medical Systems LLC., 
Houston, TX) Mouse quantitative MRI machine was used 
to perform whole-body composition analysis without anes-
thesia as per manufacturer’s recommendations. Bone min-
eral density (BMD) measurements were performed using a 
Lunar Pixmus dual-energy x-ray absorptiometry instrument 
(n = 40 per group).

Tumorigenesis Assay
Tumor assays were performed using MC17 cells, a 

cell line that is syngeneic to C57/BL6 mice (24). Cells 
were tested for the presence of known viruses and rodent 
pathogens prior to tumor studies. Cells were plated at 1 
× 104/cm2 24 hours prior to injection. Cells were rinsed 
three times with sterile saline and removed for the tissue 
culture plate by the addition of 1 mL 0.25% trypsin EDTA. 
Cells were collected by centrifugation, washed three times 
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with sterile saline and counted using a guava easycyte flow 
cytometer. A total of 3 × 106 cells were injected in a volume 
of 100 µL sterile saline into the flank of control or IGF-1-
deficient female mice (n = 4 per group). Tumor growth was 
monitored by caliper assessment for 21 days. At this time, 
tumors were excised and measured for volume and mass 
and subjected to histochemical analysis.

Statistical Analysis
Either SPSS or SAS v.9.1.3 was used to perform all sta-

tistical analysis. Survival analysis was used to assess lon-
gevity. Descriptive statistics were used to give an overview 
of data obtained, whereas t tests and multifactorial analy-
sis of variance were performed to analyze the remaining 
data as appropriate. Power analysis performed using SAS 
v. 9.1.3 PROC POWER indicated n = 9 per group (by sex 
and genotype) would give the longevity study 0.80 power 
with 50% survival expected at 24 months of age. Our total 
N was larger to increase the power over 0.90. Similarly, the 
cross-sectional studies using younger mice required an n = 
9 per group to give 0.80 power. In our studies, we had 9–12 
mice per group (by sex and genotype). Median life span of 
a group was defined as the number of days at which 50% of 
a group had died. Maximum life span was defined as the age 
in days at which 90% of mice of a particular group had died. 
Each group was defined by sex (male or female) and geno-
type (IGF-1 deficient or control). Life tables were produced 
using SPSS and were modified to include L

x
, T

x
, and e

x
 

(25). Age-specific mortality rates were plotted using 30-day 
intervals throughout life span based upon the life tables by 
calculating the proportion of animals entering each interval 
and the number which terminated during that interval.

Results
We verified the phenotype of the IGF-1-deficient mouse 

by examining IGF-1 levels in serum and tissue, as well as 
several physiologic characteristics known to be influenced 
by IGF-1. IGF-1 levels were examined through the use of 
a tissue extraction method that releases IGF-1 from the 
IGF-binding proteins allowing total IGF-1 to be assessed 
by ELISA (26). We have successfully used this approach to 
examine the response of the IGF-1 to injury in aged animals 
(27) and in the measurement of IGF-1 levels in the brain 
as it relates to proteasome activity and oxidative damage 
(28). Relative IGF-1 levels in several tissues in the IGF-1 
deficient mice have been reported elsewhere (Salmon et al. 
submitted) and were further examined to provide additional 
verification that IGF-1 production was reduced in the IGF-
1-deficient mice (Table  1). IGF-1 levels were reduced in 
IGF-1 deficient mice serum levels and tissues of the IGF-1 
deficient mice relative to wild-type animals. In order to 
verify that the reduction in IGF-1 levels were physiologically 
relevant, several physiological parameters known to be 
sensitive to IGF-1 were examined in the IGF-1-deficient 

mice. For example, gene-targeting studies have established 
that a reduced IGF-1 expression results in lower body size 
(29) and thus adult body weight can serve as a measure of 
the relative phenotypic impact of manipulations involving 
IGF-1 expression. Adult body weight of the IGF-1-deficient 
mice was significantly reduced in the IGF-1-deficient mice 
relative to controls (males 39 ± 4 g vs 30 ± 6 g; females 28 
± 4 g vs 17 ± 4 g wild type vs IGF-1 deficient p < .02 in 
all cases). Food intake was slightly increased in the IGF-
1-deficient mice relative to wild-type mice when corrected 
for body weight (0.095 vs 0.155; 0.125 vs 0.145; control 
vs IGF-1-deficient for females and males, respectively). 
Organ size was reduced in all cases commensurate with 
the reduction in IGF-1 levels; however, the relative organ 
size expressed as a percent of body weight increased. For 
example, liver, kidney, and brain were slightly increased 
relative to total body weight in the IGF-1-deficient mice 
(7.3% vs 6.3%; 1.1% vs 0.9%; 2.4% vs 2.1%, respectively), 
whereas the relative heart size was slightly smaller (0.8% 
vs 1.0%). Body fat is reduced in the IGF-1-deficient mice 
making it unlikely that the differences in organ weight 
reflect differences in body composition and normalization 
to tibia length provided similar results in terms of relative 
differences in relative organ size (see Table 1).

Because IGF-1 is known to be a critical factor for the 
differentiation of multiple tissues (16), we examined sev-
eral additional parameters of the IGF-1-deficient mice. 
For example, IGF-1 is known to play an important role in 
oocyte maturation (30–33), and a reduction in IGF-1 levels 
would be predicted to affect fertility. Consistent with this 
prediction, litter size was decreased in the IGF-1-deficient 
mice relative to wild-type animals (6 ± 2 pups vs 8 ± 2 pups, 
p < .05). IGF-1 has also been reported to be important for 
proper bone development (34–36), so BMD was examined 
in the IGF-1-deficient mice. In order to assess potential age-
related changes, BMD was compared at 100  days and at 
495 days of age. At 100 days of age, BMD was lower (p 
< .0001) in IGF-1-deficient mice compared with controls, 
with no differences between sexes of either genotype (p = 
.321). At 495 ± 5 days, BMD was lower in IGF-1-deficient 
mice (p < .0001) compared with controls. In addition, BMD 
exhibited a sexual dimorphism in that males of both geno-
types exhibiting lower BMD in older animals (p = .010).

IGF-1 is known to be a positive factor for cellular 
transformation (37) and tumor formation in multiple tis-
sues (38–43), and the reduced IGF-1 environment in the 
IGF-1-deficient mice would be expected to be inhibi-
tory for tumor formation. We focused on female mice 
for these studies due to the fact that the female IGF-1-
deficient mice displayed an increased mean life span in the 
Lankenau cohort and thus would be most likely to dem-
onstrate phenotypic changes associated with increased life 
span. When female IGF-1-deficient mice were challenged, 
tumor formation by MC17 mouse fibrosarcoma cells was 
significantly reduced relative to controls (34% reduction 
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Table 1.  Physiologic Parameters of IGF-1 Deficient and Wild-Type Mice Related to IGF-1 Function

IGF-1 Levels

Genotype Liver Kidney Muscle Serum

IGF-1 deficient 1980 ± 555 ng/g 1620 ± 208 ng/g 678 ± 181 ng/g 480 ± 58 ng/mL
Wild type 2808 ± 245 ng/g 2396 ± 434 ng/g 1541 ± 706 ng/g 909 ± 123 ng/m

Organ Weight (g)

Genotype Liver Kidney Heart Brain

IGF-1 deficient 1.37 ± 0.001 0.21 ± 0.007 0.155 ± 0.0015 0.44 ± 0.028
Wild type 1.39 ± 0.002 0.21 ± 0.022 0.22 ± 0.0033 0.47 ± 0.019

Organ Weight (% of body weight)

Genotype Liver Kidney Heart Brain

IGF-1 deficient 7.3% 1.1% 0.8% 2.4%
Wild type 6.3% 0.9% 1.0% 2.1%

Organ Weight/Tibia Length (g/cm)

Genotype Liver Kidney Heart Brain

IGF-1 deficient 1.41 0.175 0.129 0.367
Wild type 1.06 0.161 0.169 0.361

Litter Size

IGF-1 deficient 6 ± 2
Wild type 8 ± 2

Bone Mineral Density

100 d 495 d

Male Female Male Female

IGF-1 deficient 0.0425 g/cm2 0.0475 g/cm2 0.0435 g/cm2 0.0440 g/cm2

±0.002 ±0.002 ±0.002 ±0.002
Wild type 0.0535 g/cm2 0.0565 g/cm2 0.0525 g/cm2 0.0535 g/cm2

±0.002 ±0.002 ±0.002 ±0.002
End-of-Life Pathology

Male Female

Wild Type (N = 26) IGF-1 Deficient (N = 6) Wild Type (N = 26) IGF-1 Deficient (N = 12)

Cause of death
  Neoplastic 15 (57.7%) 2 (33.3%) 15 (57.7%) 6 (50.0%)
  Lymphoma 1 1 1 4
  Hemangioma 9 0 9 1
  Hepatocellular carcinoma 2 1 2 1
  Others 3 0 3 0
  Non-neoplasm 5 2 5 3
  Glomerurosclerosis 4 (26.7%) 1 (16.7%) 4 (26.7%) 3 (25%)
  Thrombus, heart 1 1 1 0
Other 6 2 6 3
Total 26 6 26 12

Note: IGF-1 = IGF type 1.
Physiological parameters predicted to be influenced by changes in IGF-1 levels were examined in wild-type and IGF-1-deficient mice.
Total IGF-1 levels were assessed by ELISA using extracts from the tissues indicated or using serum in female mice. Tissue IGF-1 levels were examined in two 

separate assays with similar results, whereas serum IGF-1 levels presented are representative of at least three similar assays; animal numbers were n = 4 for kidney, 
n = 5 for liver and muscle, n = 15 for IGF-1-deficient serum, and n = 4 for wild-type serum. Absolute values of IGF-1 levels varied between assays, whereas relative 
differences between wild-type and IGF-1-deficient animals remained consistent. All differences between wild-type and IGF-1-deficient animals were significant 
at p < .05.

Average body weights were 18.62 g for IGF-1-deficient females and 22 g for control females at 7 months of age. Tibia length at this age was 1.2 cm for IGF-1 
deficient and 1.3 for controls.

Litter size was determined during breeding for longevity cohorts. Organ weight was examined at 3 months of age during necropsy. Organs were washed in 
phosfate-buffered saline and briefly dried prior to weighing, n = 4 for each genotype.

Bone mineral density was assessed by dual-energy x-ray absorptiometry; bone mineral density was lower (p < .0001) in the IGF-1-deficient mice compared with 
controls. Bone mineral density was reduced at 495 days relative to 100 days, and sex also influenced bone mineral density (p < .01); n = 10 in each age group and 
for each sex.

Pathological examination was performed at the University of Texas Health Sciences Center on a subset of animals from the Lankenau Cohort.
The mean and maximum life span achieved for the IGF-1-deficient and control mice at each institution is presented. The data labeled “All Cohorts” contains life-

span data from all mice at all three institutions. Maximum life span represents the average life span of the final 10% of each cohort. The maximum life-span difference 
between IGF-1-deficient and control animals at all sites is significant at p = .0001 for males and p = .0016 for females.
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in tumor mass; control 0.8 ± 0.15 g vs IGF-1 deficient 
0.5 ± 0.18 g, p < .05). Additionally, end-of-life pathology 
on a subset of animals indicates a reduced incidence of neo-
plastic disease (Table 1).

Given that in all parameters we examined the IGF-1-
deficient mouse line demonstrated significant differences 
from controls we anticipated that the reduced IGF-1 envi-
ronment in the IGF-1-deficient mouse would provide a 
benefit in terms of life span. Life-span analysis was carried 
out at three independent locations, the Lankenau Institute 
for Medical Research in Wynnewood, Pennsylvania, The 
University of Texas Health Sciences Center at San Antonio, 
and at the Pennsylvania State University in State Park, 
Pennsylvania (Table 2). In all cases, mouse colonies were 
maintained in AAALAC (Association for Assessment and 
Accreditation of Laboratory Animal Care)-approved SPF 
(specific pathogen free) barrier facilities. At the Lankenau 
Institute for Medical Research, a cohort of animals was 
bred within a 6-week period through the breeding of mice 
heterozygous for the IGF-1-deficient allele. Heterozygous 
animals showed no difference from wild type in terms of 
body size, IGF-1 levels or litter size and were classified as 
wild type. For this cohort of animals, the mean life span of 
the female animals was 729 ± 174 days for wild type (n = 
43) and 863 ± 184 days for homozygous IGF-1-deficient 
females (n = 17). Maximum life span was 1093 days for 
female wild type and 1170 days for female IGF-1-deficient 
animals. The difference between wild-type and IGF-1-
deficient females in terms of the mean and maximum life 
span were significant. Additional animals bred outside this 
time window were included in additional life-span analyses 
that increased the number of animals in the wild type group 
to 53 and the IGF-1-deficient cohort to 25. Homozygous 
IGF-1-deficient mice were under-represented in litters of 
heterozygous pairs. Male IGF-1-deficient animals were 
present at less than 10% of all offspring. For this reason, 
the male cohort at Lankenau contained only nine ani-
mals, whereas the wild-type group contained 53 animals. 

Nonetheless, there was no statistical difference between 
IGF-1-deficient and wild-type males in terms of mean or 
maximum survival.

Additional life-span analyses were carried out at the 
Pennsylvania State University and at the University of Texas 
Health Sciences Center in San Antonio. Due to the diffi-
culties encountered when breeding the heterozygous mice, 
IGF-1-deficient cohorts were generated from homozygous 
pairs for these studies. Litter size in the IGF-1-deficient 
mice was significantly reduced (see Table 1) compared with 
wild-type animals consistent with the low-IGF-1 phenotype 
in these animals. At the Pennsylvania State University, the 
life-span cohort consisted of 75 mice, 21 wild-type females, 
14 IGF-1-deficient females, 20 wild-type males, and 14 
IGF-1-deficient males. In this case, the mean life span of 
the males was 849 ± 130 days versus 800 ± 136 days, IGF-
1-deficient versus controls, whereas the mean life span for 
females was 867 ± 169 days versus 822 ± 161 days, IGF-1 
deficient versus controls. Maximum life span for the males 
was 1120 ± 127 days versus 1002 ± 64 days, IGF-1 deficient 
versus control, whereas the maximum life span for females 
was 1143 ± 50 days versus 1075 ± 42 days, IGF-1 deficient 
versus control. The differences in mean and maximum life 
span were not significant in this cohort.

The life-span cohort established at the University of 
Texas Health Sciences Center consisted of 227 mice, 63 
male IGF-1 deficient and 54 male controls and 64 female 
IGF-1 deficient and 46 female controls. Mean life span was 
714 ± 247 versus 698 ± 227 for male IGF-1 deficient versus 
male controls and 692 ± 292 versus 732 ± 256 for female 
IGF-1 deficient versus female controls. The differences in 
mean life span between wild-type and IGF-1-deficient mice 
were not statistically significant. Maximum life span was 
1204 ± 63 versus 1075 ± 62 for male IGF-1 deficient versus 
male controls and 1209 ± 130 versus 1079 ± 95 for female 
IGF-1 deficient versus female controls. In both cases, the 
maximum life-span difference between control animals and 
IGF-1-deficient animals is significant (p < .001).

Table 2.  Mean and Maximum Life Span for IGF-1 Deficient and Control Mice

Mean Life Span Maximum Life Span

Wild Type IGF-1 Deficient Wild Type IGF-1 Deficient

Lankenau cohort
  Female 729 ± 174 (n = 43) 863 ± 184 (n = 17) 1093 ± 87 1170 ± 38
  Male 624 ± 297 (n = 53) 688 ± 246 (n = 9) 935 ± 62 893 ± 41
UTHSC cohort
  Female 732 ± 256 (n = 46) 692 ± 292 (n = 64) 1079 ± 95 1209 ± 130
  Male 698 ± 227(n = 54) 714 ± 247(n = 63) 1075 ± 62 1204 ± 63
Penn state cohort
  Female 822 ± 161 (n = 21) 867 ± 169 (n = 14) 1075 ± 42 1143 ± 50
  Male 800 ± 136 (n = 20) 849 ± 130 (n = 14) 1002 ± 64 1120 ± 127
All cohorts
  Female 756 ± 218 (n = 110) 779 ± 289 (n = 95) 1118 ± 58 1233 ± 92
  Male 704 ± 213 (n = 127) 738 ± 296 (n = 86) 1067 ± 54 1172 ± 61

Note: IGF-1 = IGF type 1; UTHSC = University of Texas Health Sciences Center.
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Contol IGF deficient

Contol IGF deficient

Contol IGF deficient

Figure 1.  Survival characteristics of IGF-1-deficient mice evaluated at three independent sites. Survival curves for life-span cohorts are presented from the three 
independent life-span analyses carried out as described in Materials and Methods. Panel A contains the survival curves for the life-span study carried out at the 
Lankenau Institute for Medical Research. Panel B contains the survival curve for the life-span study carried out at the Pennsylvania State University. Panel C contains 
the survival curve for the life-span study carried out at the University of Texas Health Sciences Center and San Antonio. Panel D contains a composite survival curve 
for all animals included in all three life-span studies. In Panel E, the age-specific mortality rates based upon the life table for Panel D were determined using 30-day 
increments throughout the life span.
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When the life-span data from all cohorts were combined, 
the mean life-span difference was 779 ± 289 versus 756 ± 218 
for female IGF-1 deficient versus control and 738 ± 296 ver-
sus 704 ± 213 for male IGF-1 deficient versus male control 
(Table 2). Differences in maximum life span for the com-
bined cohort were 1233 ± 92 versus 1118 ± 58 for female 
IGF-1 deficient versus control and 1172 ± 61 versus 1067 ± 
54 for male IGF-1 deficient versus male control (Table 2). 
The differences in maximum life span were significant at 
p < .005, whereas the differences in mean life span were not 
significant. The survival curves for the life-span cohorts at 
each site are presented in Figure 1. The survival curve for 
all animals included in all three life span studies is also pre-
sented, as well as the relative mortality rate for all animals.

Discussion
We present data on a life-span analysis of 418 mice of 

which 181 are homozygous for a mutant allele of the Igf1 
gene leading to reduced IGF-1 production in all tissues 
tested to date. The mice producing reduced IGF-1 exhibit a 

significant increase in maximum life span but no significant 
change in mean life span relative to controls. The data sug-
gest that a specific reduction in IGF-1 produces a signifi-
cant increase in life span in mammals, but the increase is 
not commensurate with the level of reduction in IGF-1. The 
significance of the study lies in both the verification that 
IGF-1 directly influences life span in mice and the fact that 
the IGF-1 reduction did not produce an increase in mean 
life span. Both mean and maximal life span are important 
parameters for the assessment of life span; however, the 
implication of a change in either mean or maximum life 
span differs, and an examination of the age-specific mor-
tality rates for control and IGF-1-deficient mice reveals a 
difference in the late-life mortality rate. The exponential 
increase in mortality rate that has been described in multiple 
species (25) is apparent in the control cohort (see Figure 1, 
Panel E). However, the IGF-1-deficient mice have an atten-
uation of this late-life increase in mortality rate. An effect 
on the late-life rise in mortality rate has been described in 
response to caloric restriction in rats but not in mice (44), 

Contol IGF deficient

Figure 1.  (Continued)
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and the change in late-life mortality we observe in the 
IGF-1-deficient mice suggests that lowering IGF-1 levels 
affect fundamental processes related to aging. A caveat to 
this conclusion is that the mean life span is not affected in 
our animals although there is a clear impact on the pheno-
type of the mice and on maximum life span. In addition, 
we must note that the IGF-1-deficient animals display an 
increase in early-life mortality that can be observed in the 
life-span curves for the Texas cohort and in the combined 
cohort. The reason for this early-life mortality is not clear, 
but it is of interest to note that the Drexel cohort was estab-
lished through breeding of heterozygotes, whereas the Penn 
State and Texas cohorts were established through mating 
of homozygous IGF-1-deficient mice. Thus, the intrauterine 
environment differs between the cohorts. Given the docu-
mented influence of the intrauterine environment on adult 
phenotype (45), this may be one cause of some of the vari-
ation between cohorts in our analysis.

Regardless of the differences between the cohorts, in 
each case, the result is in contrast with multiple studies 
using mice with defects in the growth hormone axis such 
as the hypopituitary Ames and Snell dwarfs and the growth 
hormone receptor null mice (6–9). Ames dwarf mice are 
among the longest lived mouse lines that have been iden-
tified to date, displaying an increase in mean life span of 
66% over controls (1206 ± 32 vs 723 ± 54), whereas the dif-
ference in mean life span in the Snell pituitary dwarf was 
reported to be 42% (1,178 ± 235  days vs 832 ± 158  days) 
(6,8). Growth hormone–deficient mice exhibit an increase 
of 37% in females (1031 ± 41 vs 749 ± 41), whereas the dif-
ference in mean life span between IGF-1-deficient and con-
trol mice was 3.5% (758 ± 292 vs 730 ± 215 days). Thus, the 
results presented in this study do not support the simple pre-
diction that IGF-1 reduction alone is sufficient to extend life 
span in mammals and suggest that in there are additional 
factors that affect the fundamental mechanisms related to 
mammalian life span. Interestingly, there are also examples 
of growth hormone antagonism that fail to extend life span. 
For example, mice producing an antagonist of growth hor-
mone do not display a life-span extension (9), and a recent 
analysis of these animals indicates an increasing adipos-
ity with age, a phenotype not found in our IGF-1-deficient 
mice (46). An examination of tissue-specific IGF-1 levels in 
these growth hormone antagonist mice may provide infor-
mation regarding the IGF status that may underlie aspects 
of the phenotype that are important to longevity.

One important element of the growth hormone/IGF-1 
axis that has arisen during vertebrate evolution is growth 
hormone itself. Growth hormone appears to be an ancestral 
gene to the growth hormone family (growth hormone, pro-
lactin, and chorionic somatomammotropin), which arose 
during vertebrate evolution (47). Interestingly, the growth 
hormone gene is divergent among species and appears to 
be the target of episodic evolution (48–51). Rapid evolu-
tion of the growth hormone gene has been characterized 

in primates (51), fish (52), and ruminants (53), and it has 
been proposed that functional switching to accommodate 
changes in secondary function may underlie these peri-
ods of rapid evolution for this gene locus (53). In contrast, 
IGF-1 is highly conserved across multiple species (54). 
Given the responsiveness of the growth hormone gene loci 
to evolutionary pressures, it is an attractive candidate for the 
acquisition of any additional functions related to life span 
during mammalian evolution.

In this context, a potentially important aspect of the phe-
notype associated with a reduction in IGF-1 level is the 
subsequent elevation of growth hormone due to loss of feed-
back inhibition at the level of the pituitary (55). Elevation 
of growth hormone has been found to reduce life span, 
and it produces a variety of pathologies including glom- 
erular and tubular pathologies in the kidney, liver fibrosis, 
and increased incidence of hepatocellular carcinoma (56). 
Previous studies indicate that the IGF-1-deficient mice do 
produce elevated levels of growth hormone (20), and we 
have verified the increase in growth hormone (4.4 ± 0.3 ng/
mL vs 3.2 ± 0.9 ng/mL in females; 6.5 ± 4 ng/mL vs 2 
± 0.1 ng/mL) in IGF-1-deficient mice relative to controls; 
however, the levels of growth hormone in these animals is 
orders of magnitude lower than those observed in the short-
lived growth hormone transgenics (56), and the dramatic 
pathologies identified in the growth hormone transgenic 
animals are not present in the IGF-1-deficient mice, for 
example, there is minimal impact on the size of the liver or 
other internal organs in the IGF-1-deficient mice (Table 1), 
whereas the growth hormone transgenic mice display 
enlarged internal organs (56). Interestingly, antagonizing 
growth hormone signaling through increased production 
of FGF21, a member of the fibroblast growth factor family 
(57), increases life span in mice (58).

The effect of altering IGF-1 levels on life span in a par-
ticular genetic background may also be dependent upon the 
age and tissue-specific effects of these changes. For exam-
ple, IGF-1 has multiple roles in the CNS, inducing differ-
entiation and survival of neurons, as well as potentiating 
learning and memory (59), and it has been proposed that 
the age-specific roles of IGF-1 may underlie the apparent 
contradiction between the protective role that IGF-1 plays 
in the CNS and reports, suggesting that mice with reduced 
IGF-1 levels maintain cognitive function during aging (60). 
In addition to its protective role in the brain, IGF-1 appears 
to provide benefit to the cardiovascular system. IGF-1 has 
been shown to reduce inflammatory processes related to 
atherosclerosis, and cardiac specific expression of IGF-1 
provides protection against age-related changes in cardiac 
function and increases life span (61,62). It seems clear that 
IGF-1 may ameliorate some age-related decline in some 
tissues. These studies combined with reports that short-
term growth hormone replacement early in life abrogates 
the life span of hypopituitary dwarfs (63), whereas adult 
onset of growth hormone deficiency extends life span (64), 
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which has led to the suggestion that a reduction of growth 
hormone/IGF-1 signaling at critical stages of development 
may be sufficient to produce life-long benefits (65). Given 
these studies and our results, we suggest that there is, at 
the minimum, a requirement for reduced growth hormone 
levels in order to achieve significant life-span extension in 
rodents. Given the widespread perception that growth hor-
mone injections may benefit human health and life span, 
this work underscores the need for additional investigation 
to reconciling the impact of IGF-1 and growth hormone on 
late-life events and the aging process.
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