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Abstract

Disruption of the growth hormone (GH) signaling pathway promotes insulin sensitivity and is associated with both delayed aging and extended
longevity. Two kinds of long-lived mice—Ames dwarfs (df/df) and GH receptor gene-disrupted knockouts (GHRKO) are characterized by
a suppressed GH axis with a significant reduction of body size and decreased plasma insulin-like growth factor-1 (IGF-1) and insulin levels.
Ames dwarf mice are deficient in GH, prolactin, and thyrotropin, whereas GHRKOs are GH resistant and are dwarf with decreased circulating
IGF-1 and increased GH. Crossing Ames dwarfs and GHRKOs produced a new mouse line (df/KO), lacking both GH and GH receptor. These
mice are characterized by improved glucose tolerance and increased adiponectin level, which could imply that these mice should be also
characterized by additional life-span extension when comparing with GHRKOs and Ames dwarfs. Importantly, our longevity experiments
showed that df/KO mice maintain extended longevity when comparing with N control mice; however, they do not live longer than GHRKO
and Ames df/df mice. These important findings indicate that silencing GH signal is important to extend the life span; however, further decrease
of body size in mice with already inhibited GH signal does not extend the life span regardless of improved some health-span markers.

Keywords: Ames dwarf mice—GHRKO mice—Dwarfism—Longevity—Insulin signaling

Ames dwarf (df/df) mice are characterized by a spontaneous reces-
sive loss-of-function mutation in the Prophet of pituitary factor-1
(Prop-1) gene (1), which is upstream of pituitary factor-1 (Pit-1) (2)
and responsible for differentiation of somatotrophs, lactotrophs,
and thyrotrophs (1). This mutation promotes severe hormonal dis-
turbances, including dramatic declines in circulating growth hor-
mone (GH), prolactin (PRL), and thyrotropin (TSH). Moreover,

these animals also display extremely low circulating insulin-like
growth factor-1 (IGF-1) levels (3), enhanced insulin sensitivity (4,5),
increased circulating adiponectin, and decreased proinflammatory
mediators (tumor necrosis factor a [TNFa] and interleukin [IL]-6)
(6), with reduced DNA and protein oxidation in the liver (7). As a
consequence, df/df mice live up to ~70% longer than their normal
counterparts (8).
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Mice homozygous for targeted disruption of the GH receptor
(GHR)/GH-binding protein gene (Ghr/bp gene), known as GHR/
GH-binding protein knockout (GHR knockout [GHRKO]; Ghr/
bp™) or “Laron dwarfs” (9,10), constitute a mouse model for
human Laron syndrome. Similar to df/df, GHRKO mice live much
longer (~55% longer) than normal littermates and are characterized
by reduced body size with concurrent obesity, elevated serum GH
levels, and greatly reduced circulating insulin and IGF-1 levels with
improved insulin sensitivity. GHRKO mice also have reduced oxi-
dative damage and enhanced oxidative stress resistance (9,11-19).
GHRKO mice also display decreased levels of proapoptotic factors
and increased key regulators of mitochondrial biogenesis, includ-
ing peroxisome proliferator-activated receptor gamma [PPARY]
coactivator-1a (PGC-1a) (20), lower incidence and delayed onset of
fatal neoplastic diseases (21), and reduced proinflammatory media-
tors with beneficial changes in circulating apolipoproteins (22).

It is well established that adipose tissue is as an important endo-
crine organ that secretes a myriad of adipokines, cytokines, and
chemokines, thereby modulating systemic metabolic and inflamma-
tory homeostasis (23). Moreover, the site of fat accumulation may
be relevant for (patho)physiological consequences. Namely, visceral
(intra-abdominal, “central”) obesity may promote insulin resistance
and development of type 2 diabetes (24). Conversely, peripheral
obesity (increased amount of subcutaneous fat) may increase insulin
sensitivity and decrease risk of type 2 diabetes (25,26). Therefore,
the mechanisms that regulate the depot-specific production and
secretion of adipokines, cytokines, and chemokines are important
to be understood in the context of longevity. Overall, high levels of
inflammatory cytokines, including IL-1, IL-6, and TNFa, as well as
macrophage inflammatory proteins (MIPs; eg, MIP-1a. [CCL3] and
MIP-1 [CCL4]) (27) can have detrimental effects on health span
and promote aging. In turn, IL-10 is an anti-inflammatory cytokine
and may inhibit the synthesis of proinflammatory cytokines such
as interferon y (IFNy) or TNFa. Moreover, increased level of
plasminogen activator inhibitor-1 (PAI-1) is a known risk factor
for thrombosis and atherosclerosis (28). Another factor, vascular
endothelial growth factor (VEGF), is a signal protein that stimulates
angiogenesis. Also, the mitogen-activated protein kinases (MAPKs),
including p38a/f, are involved in different physiological pathways
and participate in the regulation of cell proliferation, differentia-
tion, or survival. These diverse functions of different cytokines and
delicate balance between proinflammatory and anti-inflammatory
cytokines during aging process make it important to determine the
levels of these cytokines in our studied model, to assess the level of
inflammation in healthy, long-living animals when comparing with
N control mice.

Our previous studies showed that both df/df and GHRKO mice
are not only living longer but also characterized by improved health
span with concomitant improvement of insulin sensitivity and low
inflammatory status (5,6,20). However, regardless of similar prolon-
gevity characteristics observed in df/df and GHRKO mice, we found
some differences indicating that these two different mutant mice
might have some overlapping characteristics, but the mechanism
responsible for improved health span is not identical. One of the
most striking differences was different response to calorie restric-
tion. Assuming that these two unique animal models might carry
different and more importantly independent mechanisms promoting
extended longevity and health span, we have decided to evaluate
the effects of crossing Ames dwarfs and GHRKO knockouts and
to determine if the double mutant (df/KO) will display synergis-
tic effects on adipose tissue, metabolic homeostasis, inflammatory

parameters, and longevity. In the present study, we assessed df/KO
life span and body weights, as well as levels of proinflammatory
(IL-6, TNFa, IFNY) and anti-inflammatory cytokines (IL-10, MIPs
[MIP-10 and MIP-2]), PAI-1, and the angiogenic factor (VEGF) in a
subcutaneous and epididymal visceral adipose tissue. We have also
assessed the gene expression of factors involved in lipid metabolism
(peroxisome proliferator-activated receptor o [PPARa] and PPARY),
key regulators of mitochondrial biogenesis (PGC-10o. and sirtuin-1
[Sirt-1]), insulin signaling-related components (insulin receptor [IR],
glucose transporter type 2 [GLUT-2], AKT-1), IGF-1, and MAPK
signaling pathways (p38 MAPK) in the liver, pituitary, and hypo-
thalamus. Furthermore, we assessed insulin sensitivity of these ani-
mals and the absolute and relative weights (percent of body weight)
of several organs of df/KO mice. Interestingly, the relative weight of
some organs, for example, brain, is intriguingly increased in dwarf
mice when compared to normal animals (29).

Materials and Methods

Animals

Normal wild-type (N), GHR knockout (GHRKO), and Ames dwarf
(df/df) mice were produced in our breeding colony. Importantly, as a
basic goal of our studies, we produced a new double-mutant mouse
lacking both circulating GH and GHR (df/KO) by crossing Ames
dwarfs and GHRKO. df/KO male and female animals were housed
under controlled temperature and light conditions (22+2°C with a
12-hour light/12-hour dark cycle) and were provided food ad libi-
tum with a nutritionally balanced diet (Rodent Laboratory Chow
5001: 23.4% protein, 4.5% fat, 5.8% crude fiber; LabDiet PMI
Feeds, St Louis, MO). All animal procedures were approved by the
Laboratory Animal Care and Use Committee at the Southern Illinois
University School of Medicine (Springfield, IL). For cytokines,
hormones, and chemokines analyses, the animals comprised four
experimental groups including male mice only: N (z = 10), GHRKO
(n = 12), df/df (1 = 11), and dF/KO (2 = 10).

Life-Span Experiment

All animals (7 = 23-43 per genotype per sex) were checked daily for
health and survival and were handled for cage changes without any
experimental manipulations. Following our previous protocol and
approved IACUC criteria, natural death was considered for collect-
ing longevity data unless animal appeared to be near death (listless,
unable to walk, and cold to the touch) or had large bleeding tumors
or neoplastic growth approaching 10% of body weight; then, the
euthanasia was performed and the date of euthanasia was consid-
ered the date of death.

RNA Extraction and Complementary DNA
Transcription

Before the collection of tissues, the mice were fasted overnight,
anesthetized using ketamine/xylazine, bled by cardiac puncture,
and euthanized by decapitation. Livers, pituitary glands, and hypo-
thalami, as well as subcutaneous and epididymal adipose tissues
were rapidly collected, snap frozen on dry ice, and stored at -80°C
until processed. Whole blood was centrifuged in order to isolate the
plasma supernatant, which was also stored at -80°C.

RNA was extracted from the liver, pituitary, and hypothalamus
homogenates, using a miRNeasy Mini Kit (Qiagen) in accordance
with the manufacturer’s instruction. RNA quantity and quality were
analyzed using a NanoDrop 1000 Spectrophotometer (Thermo
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Scientific). The RNA concentration was measured spectrophoto-
metrically at 260nm. One microgram of total RNA was subjected
to electrophoresis on a 1.5% agarose gel to confirm RNA integrity.
Potentially contaminating residual genomic DNA was eliminated
using DNase I (Promega, Madison, WI). Reverse transcription was
performed, and complementary DNA was synthesized using an
iScript ¢cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instruction.

Real-Time Polymerase Chain Reaction

The real-time polymerase chain reaction (RT-PCR) was carried out
using the Smart Cycler instrument (Cepheid, Sunnyvale, CA) with
iQ SYBR Green Supermix (Bio-Rad Laboratories). The three steps
of the PCR included denaturation at 94°C for 2 minutes, anneal-
ing at 62°C for 30 seconds with fluorescence reading, and exten-
sion at 72°C for 30 seconds. In addition, a melting curve was done
for each reaction to evaluate the potential of nonspecific products.
B,-Microglobulin (B2M), which was previously validated in our
laboratory as the most appropriate gene for normalizing the data
(eg, 5, 20), was used as a housekeeping gene. Gene expression was
assessed by measuring steady state levels of mRNA. Relative expres-
sion from RT-PCR was calculated using the equation 24-/2¢-P
(where A = cycle threshold [Ct] number for the gene of interest in
the first control sample; B = Ct number for the gene of interest in
the analyzed sample; C = Ct number for the housekeeping gene in
the first control sample; D = Ct number for housekeeping gene in
the analyzed sample). The first control was expressed as 1.00 by
this equation, and all other samples were calculated in relation to
this value. Then, the results in the control group (N) were aver-
aged. All other outputs were divided by the mean value of the rela-
tive expression in the control group to yield the fold change of the
expression of genes of interest compared to the control group. For
RT-PCR, the primers used are listed in Supplementary Table S1.

Assessment of Blood Chemistry

Glucose was measured in blood collected via the tail vein using a
glucometer ONE Touch Ultra (Life Scan, Milpitas, CA). Plasma was
used for assessment of insulin and adiponectin. Plasma insulin levels
were determined using Ultra Sensitive Rat Insulin ELISA Kit (Crystal
Chem, Downers Grove, IL), and plasma adiponectin levels were
determined using Mouse Adiponectin ELISA Kit (Linco Research, St
Charles, MO) according to the manufacturers’ protocol.

InsulinTolerance Test

Approximately 11-month-old male mice were injected intraperito-
neally with 0.75 IU insulin/kg of body weight (1 = 11-20 per group).
Blood glucose levels were measured at the time points: 0, 15, 30, and
60 minutes, using a glucometer ONE Touch Ultra (Life Scan).

Glucose tolerance Test

Approximately 11-month-old male mice were injected with 2g of
glucose per 1kg of body weight, and the glucose levels were meas-
ured at different time points (z = 10-15 per group): 0, 15, 30, 60,
and 120 minutes, using a glucometer ONE Touch Ultra (Life Scan).

Subcutaneous and Epididymal FatTissue Assay
Milliplex Luminex 200 system (Merck, KGaA, Darmstadt, Germany)
was used to determine the protein levels of leptin, TNFa, PAI-1, IL-6,
IFNy, MIP-1a,, MIP-2, VEGE, and IL-10 following the protocol pro-
vided by manufacturer.

Statistical Analysis

These data are expressed as mean = SEM. To evaluate the effects
of the genotype, we used two-way analysis of variance. For ana-
lyzing differences between group means, we used a Bonferroni post
hoc test. A value of p < .05 was considered statistically significant.
All statistical calculations were conducted using SPSS version 17.0
(SPSS, Chicago, IL) with a = 0.05. Survival analysis was performed
on GraphPad Prism 5 using the log rank test, with female and males
curves being compared separately. All graphs were created using
Prism 4.02 (GraphPad Software, San Diego, CA).

Results
Life Span

Both male and female double-mutant df/KO mice lived longer (mean
life span) when compared to N mice (p < .001 each), although there
were no significant differences between these mutants and GHRKO
or df/df animals (Figure 1A and B). Also, male and female GHRKO
and Ames df/df mice lived longer than N mice (males: p = .001,
p = .044 vs N mice, respectively; females: p < 0.001 vs N mice both;
Figure 1A and B). The mean, minimum, median, and maximum life
span for female and male df/KO, GHRKO, Ames df/df, and N mice
are shown in Supplementary Table S2.

Plasma Adiponectin and Insulin

Plasma adiponectin was increased in df/KO mice when comparing
with N, GHRKO, and df/df animals (p < .001, p < .024, and p <
.0457, respectively). The level of this adipokine was also increased
in df/df mutants and GHRKO animals in comparison to N mice
(p <.001 and p = .012, respectively; Figure 2A). In contrast, plasma
insulin levels were severely decreased in df/df mice (p < .001 vs N
mice) as well as in df/KO and GHRKO animals (p = .001 vs N for
both mutant animals; Figure 2B).

InsulinTolerance Test and Glucose Tolerance Test

The insulin tolerance test (ITT) revealed that df/KO mice had
greater insulin responsiveness than GHRKO and N mice (p = .029
and p < .001, respectively; Figure 3A), whereas no difference was
observed between df/KO and df/df mice (Figure 3A). In alignment
with these observations, the glucose tolerance test (GTT) revealed
that df/KO mice had greater capacity for glucose disposal at 45
minutes (p < .001, p = .001, and p < .001, respectively) and 60
minutes (p <.001,p =.017, and p < .001, respectively) when com-
pared to GHRKO, df/df, and N mice (Figure 3B). For example,
there was already a difference between df/KO and GHRKO or N
mice after 15 minutes (p < .001 and p = .002, respectively), which
persisted after 120 minutes (p = .006 and p < .001, respectively;
Figure 3B).

Additionally, the area under the curve of performed GTT also
indicated improved glucose tolerance in df/KO mice when compar-
ing with N, GHRKO, and df/df animals (p < .0001, p < .0004, and
p < .0290, respectively; Figure 3C).

Subcutaneous Adipose Tissue

Double-mutant df/KO had increased levels of TNFa (p = .012
vs GHRKO mice) and IL-6 (p = .04 vs df/df mice) in subcutane-
ous fat (Supplementary Figures S1B and S1D, respectively). IL-10
showed only a tendency for elevated level in df/KOs compared to
GHRKO, df/df, and N mice, but there were no significant differ-
ences between genotypes (p = .365; Supplementary Figure S2D).
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Figure 1. Survival plot of normal (N), growth hormone receptor knockout
(GHRKO), Ames dwarf (df/df), and double-mutant (df/KO) mice for males
(A) and females (B).

Furthermore, increased value of VEGF was observed in GHRKO
dwarfs (p = .002 vs N mice; Supplementary Figure S2C). On the
contrary, decreased values of leptin were found in df/df mice
(p = .006 vs GHRKO and p = .008 vs N animals) and MIP-1a
in GHRKOs and df/df animals (p = .002 vs N mice and p = .007
vs N animals, respectively; Supplementary Figures S1A and S2A,
respectively).

Epididymal Adipose Tissue

In epididymal fat, decreased values for IL-6 (p = .016 vs N mice) and
IFNYy (p = .02 vs N mice) were observed in df/KO double mutants
(Supplementary Figures S3D and S3E, respectively). Moreover,
a very low IFNy level was observed in df/df mice (p = .036 vs N
mice; Supplementary Figure S3E). Similar to subcutaneous fat tis-
sue, decreased value of leptin was observed in df/df mice (p < .001
vs N animals; Supplementary Figure S3A). Also, a low leptin level
was detected in df/KO animals (p = .003 vs N mice and p = .001
vs GHRKOs; Supplementary Figure S3A). Moreover, decreased
value of MIP-1a was observed in df/df mice (p = .015 vs N mice;
Supplementary Figure S3F).
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Figure 2. Plasma level of adiponectin (A) and insulin (B) in normal (N),
growth hormone receptor knockout (GHRKO), Ames dwarf (df/df), and
double-mutant (df/KO) mice. Values are means + SEM. a, b, c—values that do
not share the same letter in the superscript are statistically different (p <.05).

Gene Expression

Importantly, highly suppressed mRNA levels for IGF-1 were detected
in the liver of df/KO, GHRKO, and Ames dwarf mutants (all p <.001
vs N mice; Supplementary Figure S4A). Moreover, df/KO mice had
increased hepatic gene expression levels for PPARa (p = .007 vs N
mice), PPARY (p < .001 vs N mice), IR (p < .001 vs N mice and
p =.003 vs GHRKO mice), p38 (p = .046 vs N mice), and GLUT-2
(p = .015 vs N mice; Supplementary Figures S5A, S5B, S5C, SSE,
and SSE, respectively). Sirtuin-1 only showed a slight tendency for
higher mRNA levels in df/KO mice compared to KO, df/df, and N
animals; however, there was no significant genotype effect (p = .336;
Supplementary Figure SSD).

In the pituitary gland, df/KO mice had increased gene expression
levels for PPARa (p = .004 vs N mice and p = .021 vs GHRKO mice),
AKT-1 (p = .006 vs N mice and p = .052 vs GHRKO mice), PGC-
la (p = .02 vs N mice), and IGF-1 (p = .001 vs N mice, p = .0017
vs GHRKO mice; Supplementary Figures S6A, S6C, S6D, and S4B,
respectively).

In the hypothalamus, only a tendency for increased mRNA level
for IGF-1 was observed in df/KO mice, but there were no signifi-
cant differences (p = .13; Supplementary Figure S4C). For PPARaq,
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Figure 3. Insulin tolerance test (ITT) (A), glucose tolerance test (GTT) (B),
and area under the curve (AUC) (C) in normal (N), growth hormone receptor
knockout (GHRKO), Ames dwarf (df/df), and double-mutant (df/KO) mice.
Values are means + SEM. a, b, c—values that do not share the same letter in
the superscript are statistically different (*p < .05).

PPARY, AKT-1, and PGC-1a, no significant genotype effects were
observed (Supplementary Figures S7A-S7D).

Body and Organ Weights

Double-mutant df/KO had decreased body weight as compared
to N and GHRKO mice (p < .001 and p = .003, respectively;
Supplementary Figure S8A). df/KO mice also had decreased weight
of the brain, heart, liver, kidney, spleen, pancreas, epididymal fat (p <
.001 vs N mice all; Supplementary Figures S8B, S8D, S8E, S8H, S9A,
S9C, and S10A, respectively), perinephric fat (p = .004 vs N mice;
Supplementary Figure S10C), and subcutaneous fat (p = .003 vs N

mice; Supplementary Figure S10E). Moreover, when compared to
N mice, GHRKO and Ames dwarf mice had lower weights of brain
(p = .001 both; Supplementary Figure S8B), heart (p < .001 both;
Supplementary Figure S8D), liver (p < .001 both; Supplementary
Figure S8F), kidney (p < .001 both; Supplementary Figure S8H),
spleen (p = .001 and p = .0035, respectively; Supplementary Figure
S9A), pancreas (p < .001 both; Supplementary Figure S9C), epididy-
mal fat (p < .001 both; Supplementary Figure S10A), and subcu-
taneous fat (p = .039 and p = .019, respectively; Supplementary
Figure S10E).

On the contrary, df/KO animals had the highest relative brain
weight in comparison to N mice (p < .001) but also when compared
to GHRKO and Ames dwarf mice (p < .001 both; Supplementary
Figure S8C). For the liver, the relative weights were trended to
be increased in df/KOs and Ames df/df mice in comparison to
GHRKOs; however, the results were not significant (Supplementary
Figure S8G); for the heart relative weight, there was a difference
between df/KO and GHRKO mice only (p = .006; Supplementary
Figure S8E). Surprisingly, the relative weights of the kidney, spleen,
and epididymal fat were decreased in df/KO mice (p =.002,p = .033,
and p < .001 vs N mice, respectively; Supplementary Figures S8I,
S9B, and S10B, respectively). For perinephric fat, the relative weight
was also trended to be decreased in df/KO mice but without any
significance (Supplementary Figure S10D).

Discussion

As reported above, both male and female double-mutant df/KO
mice live much longer in comparison with N mice; however, there
were no differences in life span between these double mutants and
GHRKO and df/df animals, each of which exhibited an extension in
longevity relative to N mice confirming previous observations (8,30).
These findings provide new important insight for the correlation
between body size and life span. It is well accepted in aging literature
that within the same species the body size strongly correlates with
expected longevity, indicating that smaller animals outlive the large
one. Most of the studies seem to prove this observation. Our study
with early-life GH treatment in df/df mice showed that treating df/
df mice for 6 weeks only early in life caused increased body size and
normalized longevity of these long-living mutants (31). However, in
the same study, we have shown that the same intervention with T4
also caused increase of body size without any effect on life span
(31). This could suggest that just altering the body size is not enough
to alter the life span, but direct action of GH/IGF-1 axis is crucial
to affect the life span, whereas observed body size changes provide
only visible phenotypic side effects. Based on this observation, we
can assume that GH/IGF-1 axis similarly suppressed in either df/df,
GHRKO, or df/KO mice and additional decrease of body size will
not provide any further life-span extension. Therefore, the crossing
between df/df and GHRKO mice did not lead to further increase the
life span in df/KO animals, likely due to overlapping mechanisms of
life-span extension.

Importantly, plasma adiponectin level was increased and insulin
level was decreased in df/KO mice, compared to N mice. This could
have been anticipated, given that the similar changes in levels of
these hormones were previously observed in long-lived GHRKO
(32-34) and df/df mice (4-6,35,36). Therefore, it may confirm the
hypothesis that these changes that seem to be involved in the regu-
lation of life span are also contributing to the extended longevity of
df/KO mice. However, the adiponectin data suggest that maintain-
ing high levels of this anti-inflammatory adipokines in long-living
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df/KO, df/df, and GHRKO mice might be important for extended
health span and life span, and it also indicated that additional
increases observed in df/KO mice when comparing with df/df and
GHRKO mice did not support additional life-span extension.

In the same way, the ITT and GTT showed improved insulin
sensitivity and glucose handling in df/KO double-mutant mice when
compared to normal and GHRKO or df/df mice. Importantly, as
it has been demonstrated earlier, that the two types of dwarf mice
(GHRKO and Ames) are more insulin sensitive than normal animals
and it seems to be a key element of life extension (37). However,
ITT and GTT measure general glucose handling or sensitivity to
injected insulin, yet the detailed tissue specific regulation was not
determined using this method. Moreover, based on our published
clamp study performed on df/df mice, we can expect that either df/
KO and GHRKO are characterized by hepatic insulin sensitivity as
well as are characterized by upregulated glucose uptake in skeletal
muscle and adipose tissue similarly to df/df mice (38).

In the present study, decreased levels of two proinflammatory
cytokines, that is, IL-6 and IFNy, as well as leptin, were observed
in the epididymal fat in df/KO double-mutant mice. Consistently,
IL-6 level was decreased in the same fat tissue in GHRKO mice,
and a tendency for lower leptin level in GHRKO mice compared to
N mice was previously found (34), which was not clear in the pre-
sent study. Similarly, in df/df mice, reduced IL-6 level in epididymal
fat tissue was detected (36), although not significant in the current
study. We previously showed a decreased level of another proinflam-
matory cytokine, that is, TNFa in epididymal fat of df/df animals
(36); however, in the current study, no genotype effect was observed.
Therefore, these findings indicate an even more reduced level of pro-
inflammatory cytokines in long-lived df/KO double mutants, which
should be considered beneficial for the improved insulin sensitivity
observed. Thus, we hypothesize that this is one of many important
mechanisms responsible for extended longevity in these mice.

As noted previously, dramatic suppression in hepatic mRNA
level for IGF-1 was detected in df/KO mice. The reduction in
IGF-1 level is assumed to be one of the most crucial features
leading to extended longevity (39,40). On the other hand, dele-
tion of liver IGF-1 gene at 1 year of age reduced serum IGF-1 but
distinctly impaired health span of the iLID (inducible liver IGF-
1-deficient) mice (41). In the present study, there were no dif-
ferences in IGF-1 mRNA levels between double-mutant df/KOs
and both GHRKO and df/df mice. Thus, the lack of differences
in extended life span observed between df/KOs and GHRKOs, as
well as between df/KO animals and df/df mice, may be a conse-
quence of the three mouse lines having similar suppressed levels
of liver IGF-1 production compared to normal mice. Importantly,
our findings are consistent with results published previously by
our group, also demonstrating greatly suppressed levels of IGF-1
in the liver and skeletal muscles of GHRKO mice (42), as well as
in the hearts of these mutants (43). Moreover, severely reduced
plasma IGF-1 concentrations in GHRKO mice (12) and df/df
mice (35) were demonstrated previously. Previously, we have
reported (44) strongly decreased IGF-1 gene expression level
in hepatic tissue of df/df mice. Intriguingly, our findings indi-
cate an increased pituitary IGF-1 mRNA level in df/KO double
mutants, with a tendency for higher IGF-1 gene expression levels
in GHRKO and df/df mice compared to normal animals. These
results are not unexpected, given that it is known that IGF-1 is
locally produced in different extrahepatic tissues, including the
pituitary gland (eg, ref. (45)). Therefore, increased IGF-1 gene
expression in the pituitary may be a compensatory effect against

severely decreased production of this growth factor by the liver
and other tissues.

In our study, the df/KO mice were characterized by increased hep-
atic gene expression for two transcription factors, that is, PPARa and
PPARY. This is consistent with previous results, showing elevated lev-
els of PPARa and PPARY mRNAs and proteins in the liver of GHRKO
mice (46,47). However, although PPARY mRNA and protein levels
were also increased in the liver of df/df compared to N mice, the same
was not observed for PPARa (44). Intriguingly, PPARa and PPARY
protein levels, but not gene expression, were decreased in the skeletal
muscles of GHRKO mice (48). Similarly, PPARa and PPARY mRNAs
were not altered in the hearts of GHRKO mice (43). As reported in
the present study, PPARo and PPARy mRNA levels were also ele-
vated in the pituitary glands of df/KO mutants. Moreover, pituitary
mRNA level of PGC-lo—the master regulator of mitochondrial
biogenesis—is increased in df/KO mutants compared to normal ani-
mals. Consistently, PGC-1a. gene expression increased in the skeletal
muscles and kidneys of GHRKO dwarfs (20,49). We also showed
increased IR and p38 gene expression in the liver in df/KO double
mutants. High IR protein level was demonstrated previously in hep-
atic and muscle tissue in GHRKO mice (33). Consistently, IR gene
expression increased in the liver (42) and did not change in the heart
(43) of GHRKO mice compared to N animals. IR protein level was
also elevated in hepatic tissue in df/df mice (4). In turn, increased hep-
atic phosphorylated p38 (p-p38) protein level in GHRKO mice was
previously reported (32), which is the opposite of df/df mice, in which
p-p38 protein level decreased in the liver in comparison with N mice
(5). In conclusion, the above changes in genes expression observed in
df/KO mice may be considered beneficial in the context of extended
life span of these animals, because these results were previously inde-
pendently observed in both GHRKO and df/df long-lived mice.

As reported above, df/KO double mutants had distinctly
decreased body weight compared not only to normal mice but also
to GHRKO dwarfs, with a tendency for decrease in comparison
with df/df mice. Consistently, both GHRKO (29,33,50) and df/df
mice (4,44) had lower body weight as compared to normal animals.
Intriguingly, df/KO double mutants had the highest (among all pres-
ently examined mouse strains) relative brain weight (expressed as
percent of body weight), while simultaneously having—as in the
cases of all other examined organs—decreased absolute weight of
this organ compared to normal rodents. However, such data could
be expected, given that GHRKO mice also have higher relative brain
weight compared to N mice in the current and in a previous study
(29), and an improved long-term memory in these mutants as they
age has been reported (51). Similarly, df/df mice also have improved
cognitive function in advanced age (52) and had a similar relative
brain weight comparing to GHRKO in the current study.

In summary, taking into account all of the above-mentioned
biochemical, physiological, and anatomical features of df/KO dou-
ble-mutant mice, and remembering the potential beneficial role of
numerous parameters, as examined in our study regarding the regu-
lation of the insulin action, inflammation, immunity, and/or life span,
one could conclude that the newly created mouse model, characterized
by a lack of circulating GH and GHR, may be considered as a new
and unique experimental animal model for aging studies. Elimination
of both GH and GHR may produce a more severe growth phenotype,
associated with improvements in insulin signaling, glucose metabol-
ism, and higher adiponectin levels. All these characteristics could pro-
vide strong suggestion that df/KO mice will live longer than either
df/df and GHRKO mice. However, lack of further life-span exten-
sion might suggest that once GH/IGF-1 signaling is silenced, then any
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further suppression of body size will not provide additional benefits
on longevity. These new findings suggest that alteration of GH/IGF-1
signaling pathway represents the most robust mechanistic action for
life-span extension, whereas concomitant body size reduction might
represent just phenotypic side effect. Based on this, we will need to
continue more in-depth study of detailed mechanism to be able to
determine if we could reach the same 40%-60% of life-span exten-
sion by targeting some genes related to GH/IGF-1 signaling pathway
without producing dwarfism effects.

Supplementary Material

Please visit the article online at http://gerontologist.oxford
journals.org/ to view supplementary material.
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