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Abstract

Muscle- and liver-derived IGF-1 play important roles in muscle anabolism throughout growth and
aging. Yet, prolonged food restriction is thought to increase longevity in part by lowering levels of
IGF-1, which in turn reduces the risk for developing various cancers. The dietary factors that
modulate IGF-1 levels are, however, poorly understood. We tested the hypothesis that the
adipokine leptin, which is elevated with food intake and suppressed during fasting, is a key
mediator of IGF-1 levels with aging and food restriction. First, leptin levels in peripheral tissues
were measured in young mice fed ad libitum, aged mice fed ad libitum, and aged calorie-restricted
(CR) mice. A group of aged CR mice were also treated with recombinant leptin for 10 days. Later,
aged mice fed ad libitum were treated with saline (VEH) or with a novel leptin receptor antagonist
peptide (Allo-aca) and tissue-specific levels of IGF-1 were determined. On one hand, recombinant
leptin induced a three-fold increase in liver-derived IGF-1 and a two-fold increase in muscle-
derived IGF-1 in aged, CR mice. Leptin also significantly increased serum growth hormone levels
in the aged, CR mice. On the other, the leptin receptor antagonist Allo-aca did not alter body
weight or muscle mass in treated mice compared to VEH mice. Allo-aca did, however, produce a
significant (20%) decline in liver-derived IGF-1 as well as an even more pronounced (>50%)
decrease in muscle-derived IGF-1 compared to VEH-treated mice. The reduced IGF-1 levels in
Allo-aca treated mice were not accompanied by any significant change in growth hormone levels
compared to VEH mice. These findings suggest that leptin receptor antagonists may represent
novel therapeutic agents for attenuating IGF-1 signaling associated with aging, and could
potentially mimic some of the positive effects of calorie restriction on longevity.
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1. Introduction

Calorie restriction has been observed to increase longevity in a variety of species including
fruit flies, mice, and non-human primates (Heilbronn and Ravussin, 2003). Long-term
reductions in food intake are thought to promote longevity at least in part by impacting the
growth hormone (GH)-insulin-like growth factor-1 (IGF-1) axis. That is, long-term food
restriction leads to relatively low levels of growth hormone and IGF-1, ultimately lowering
the risk for developing tumors and hence the risk of mortality due to cancer (Carter et al.,
2002; Barzilai and Bartke, 2009). This model is further supported by evidence from mouse
models showing that dwarf mice deficient in IGF-1, GH, and the IGF-1 receptor show
increased lifespan (Junnilla et al., 2013; Gesing et al., 2014). It is, however, not well
understood how reductions in food intake modulate IGF-1 secretion. For example,
reductions in overall caloric intake were thought to reduce IGF-1 levels (Barzilai and
Bartke, 2009), but recent studies suggest that particular dietary components such as protein
may be more important for regulating IGF-1 levels than other components such as
carbohydrates or fats (Levine et al., 2014; Solon-Biet et al., 2014).

While specific dietary components such as protein may be involved in modulating IGF-1
levels and thus influencing longevity, there are a number of different hormones that are also
responsive to food intake and changes in energy balance. The adipokine leptin, in particular,
increases with food intake and is known to modulate satiety and energy balance.
Hyperleptinemia is frequently associated with obesity and metabolic syndrome. There is
also evidence that leptin may have systemic effects by regulating the GH-IGF1 axis. Leptin-
deficient ob/ob mice have significantly lower circulating GH levels than normal, lean mice
(Luque et al., 2007), and leptin treatment increases GH levels in ob/ob mice and stimulates
growth hormone releasing hormone (GHRH) neurons in the hypothalamus (Carro et al.,
1997; Watanobe and Habu, 2002). Other data suggest that leptin may alter IGF-1 and
musculoskeletal growth through GH-independent pathways. For example, leptin treatment in
fasting rodents increases GH but not IGF-1 levels (Gat-Yablonski et al., 2008). In contrast,
recombinant leptin therapy in fasting men and women increased IGF-1 but not GH (Chan et
al., 2008), and in pigs exogenous leptin increases tissue-specific IGF-1 with no change in
GH (Ajuwon et al., 2003). Thus, leptin may play an important role in linking food intake
and caloric restriction with IGF-1 levels, through both GH-dependent and —independent
pathways.

Here we tested the hypothesis that leptin can modulate IGF-1 levels in aged animals
subjected to caloric restriction. The mice were maintained on long-term caloric restriction,
since these mice have been observed to show increased lifespan as well as low levels of
leptin and IGF1 (Hamrick et al., 2008). We also used a novel leptin receptor antagonist
peptide, Allo-aca (Otvos et al., 2011a, 2011b, 2014), in aged mice fed ad libitum to
determine whether or not altered leptin signaling, and interfering thereof, could modulate
tissue-specific IGF-1 levels.
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2. Materials & Methods

2.1 Ethics Statement

All animal procedures were approved by the Institutional Animal Care and Use Committee
of Georgia Regents University (formerly Georgia Health Sciences University).

2.2 Animals & Assays

All experiments described were approved by the Institutional Animal Care & Use
Committee (IACUC) at Georgia Regents University (formerly Georgia Health Sciences
University). In the first experiment, mice aged 12 months (n=6) and 20 months fed ad-
libitum (AL) (n=6) and mice 20 months on caloric restriction (CR) (n=12) were obtained
from the aged rodent colony at the National Institute on Aging (NIA; Bethesda, MD, USA).
CR follows the NIA protocol and is initiated at 14 weeks of age at 10% restriction, increased
to 25% restriction at 15 weeks, and to 40% restriction at 16 weeks where it is maintained
throughout the life of the animal. CR and AL diets follow those described in Hamrick et al.
(2008). Half of the mice 20 months of age on CR were treated with recombinant mouse
leptin (intraperitoneal injection; R&D Systems, Minneapolis, MN, USA cat # 498-OB-05M)
for 10 days at 10 mg/kg body weight, and the other half of each group treated with vehicle
control (saline; VEH). In the second experiment 20 mice aged 22 months were obtained
from the National Institute on Aging and randomly assigned to two groups. One group of ten
mice received saline i.p. injections (VEH) daily for ten days, whereas the other group of ten
mice received daily i.p. injections (0.2 ml volume, 1.0 mg/kg) of Allo-aca for ten days.
Peptide Allo-aca was synthesized by solid-phase methods and was purified by reversed-
phase high performance liquid chromatography (RP-HPLC). The final product was
characterized by RP-HPLC and matrix-assisted laser ionization/desorption mass
spectrometry (MALDI-MS) and was >95% pure. The peptide was lyophilized twice from
2% acetic acid before testing in biological systems. ELISA assays were performed for GH
on mouse serum samples (Millipore EZRMGH-45K) and for IGF-1 (R&D Systems MG100)
in liver and skeletal muscle (quadriceps or tibialis anterior) following the manufacturer's
instructions. Leptin levels in peripheral tissues and in serum were measured using ELISA
(R&D Systems MOBO00) following the manufacturer's protocol.

2.3 Tissue Collection

Animals were weighed and then euthanized by CO, overdose and were subjected to
thoracotomy following procedures approved by the Institutional Animal Care and Use
Committee of Georgia Regents University. Blood was collected via cardiac puncture, and
blood was allowed to clot at room temperature before spinning down for serum at 4500 rpm
(2250 x g) for 15 min. Serum was removed and stored at -20°C until assayed. Hindlimb
muscles (quadriceps femoris and tibialis anterior) were dissected out and weighed before
being snap frozen in liquid nitrogen. Both femora were disarticulated and snap frozen.
Inguinal fat pads and a 10 mm? piece of the liver were removed and also snap frozen in
liquid nitrogen. All tissue was rinsed with PBS before being homogenized using an
ultrasonicator in 500ul of PBS. Homogenates went through two freeze thaw cycles to disrupt
the plasma membrane then briefly centrifuged. Supernatant was removed and stored at -80C
until assayed. Mice were not perfused prior to tissue collection, and though tissues were
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washed thoroughly it is still possible that some circulating peptides remained in the tissue
homogenates.

2.4 Statistical Analysis

3. Results

ANOVA was used to detect between-group differences and Fisher's LSD test used for post-
hoc pairwise comparisons. Student's t-tests were used to compare mean values between
treatments for a particular tissue.

Aged, food-restricted (CR) mice weighed less than their ad-libitum counterparts, and CR
mice treated with leptin weighed significantly less than CR mice receiving saline (Fig. 1A).
Hindlimb muscle mass did not differ among the aged mice, and all aged mice had lower
muscle mass than the 12 month mice (Fig. 1B); however, relative muscle mass normalized
for body weight was increased with leptin treatment in the CR mice, such that young AL
mice did not differ significantly in terms of relative muscle mass from aged CR mice treated
with leptin (Fig. 1C). Leptin levels in peripheral tissues were similar between aged and
young (12 month) mice fed ad libitum (data not shown). Calorie restriction was found to
significantly decrease leptin levels in both fat and in serum of aged mice (Fig. 2A),
indicating that although leptin is abundant in peripheral tissues such as liver and muscle,
leptin levels in these tissues are not significantly altered by changes in food intake.

A negative feedback loop was observed in skeletal muscle, liver, and fat of aged CR mice,
where exogenous leptin suppressed leptin expression in these tissues (Fig. 2B). A dramatic
five-fold increase in circulating GH was seen with leptin treatment in aged, CR mice (Fig.
2C). This increase was associated with a marked three-fold increase in liver-derived IGF-1
(Fig. 2D), and a two-fold increase in muscle-derived IGF-1 (Fig. 2D). Aged mice fed ad-
libitum treated with the leptin antagonist Allo-aca did not differ significantly in body weight
from vehicle-treated mice either before or after the ten-day treatment period (Fig. 3A).
Hindlimb muscle mass also did not differ significantly between the control and treated mice,
either in absolute terms or when normalized by body weight (Fig. 3B, C). Allo-aca did,
however, induce a significant decrease in liver-derived IGF-1 (Fig. 3D) and an even more
pronounced decrease in muscle-derived IGF-1 (Fig. 3E). The decline in liver- and muscle-
specific IGF-1 with Allo-aca treatment was not accompanied by any change in circulating
GH (Fig. 3F).

4. Discussion

IGF-1 has significant anabolic effects on skeletal muscle through its activation of Akt and
mTor (Luo et al., 2013; Sandri et al., 2013). We have previously observed low levels of
leptin, IGF-1, and decreased muscle mass with caloric restriction in mice (Hamrick et al.,
2008), and these findings are consistent with our previous work showing that leptin
deficiency and the absence of functional leptin receptors are associated with decreased
muscle and bone mass (Bartell et al., 2011; Arounleut et al., 2013). Thus, leptin deficiency is
frequently associated with IGF-1 deficiency, and the two are likely to lead to reduced
muscle mass. This association is further corroborated by our observations here showing that
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leptin treatment normalizes relative muscle mass, such that muscle mass relative to body
weight is similar between young mice and aged, CR mice treated with leptin (Fig. 1A).
These data suggest that leptin levels may have a positive, direct relationship with muscle
mass, and that this relationship may change with age (Hamrick et al. 2006); however, though
leptin treatment seems to increase both muscle fiber size and relative muscle mass in aged
mice (Hamrick et al., 2010), we detected no change in absolute muscle mass or relative
muscle mass with leptin antagonist treatment. This may be related to the duration of
treatment (10 days), and a longer period of exposure to the antagonist could potentially lead
to muscle loss. Our results are, however, encouraging in that the leptin antagonist could
potentially lower IGF-1 levels in various tissues but not have a significant effect on muscle
mass.

As noted above, the molecular mechanisms by which leptin may modulate muscle mass are
thought to involve IGF-1 signaling (Arounleut et al., 2013). For example, leptin receptors
are abundant in skeletal muscle, and their expression increases with exercise (Guerra et al.,
2007). Our earlier studies have shown that caloric restriction decreases muscle mass as well
as circulating leptin and IGF-1 in rodents (Hamrick et al., 2008), whereas leptin treatment in
ob/ob mice increases muscle mass and serum IGF-1 (Bartell et al., 2008); however, it was
not known if these effects were mediated by GH, and if these leptin-mediated effects could
also be observed in aged animals. Our findings presented in this report indicate that leptin
can stimulate the GH-IGF1 axis in aged, food-restricted rodents. Our findings also reveal a
potential new role for leptin antagonists in modulating tissue-specific IGF-1 levels with
aging. These molecules have recently been studied for their effects on cancer, muscle
wasting (cachexia), and metabolic syndrome (Gertler and Elinav, 2014). Our data indicate
that the leptin receptor antagonist Allo-aca can suppress IGF-1 levels in both liver and
skeletal muscle independent of GH alterations. These data suggest that antagonism of leptin
signaling with high-affinity leptin receptor antagonists could perhaps attenuate the
potentially negative impact of leptin-IGF1 actions on longevity, and thus could mimic some
of the positive effects of calorie restriction on aging and lifespan.
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Figure 1.
Body weight and composition parameters for mice fed ad libitum (AL) and on calorie

restriction (CR). Data are provided for body mass (A), quadriceps muscle mass (B), and
quadriceps muscle mass normalized for body weight (C). Solid bars represent group means
and error bars represent one standard deviation. Means with different superscripts differ
significantly (P<.05) from one another in pairwise comparisons.
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Figure 2.

ELISA data for leptin, growth hormone (GH) and IGF-1. Data are shown for A. leptin levels
in peripheral tissues and serum of aged mice fed ad libitum (AL) and on calorie restriction
(CR), B. leptin levels in peripheral tissues and serum in aged, CR mice receiving saline
(VEH) and receiving leptin (LEP), C. serum levels of growth hormone (GH) in mice fed ad
libitum (AL), on caloric restriction (CR), and calorie-restricted treated with leptin (CR +
Lep), and D. IGF-1 in tissues of mice fed ad libitum (AL), on caloric restriction (CR), and
calorie-restricted treated with leptin (CR + Lep). Vertical bars represent group means and
error bars are the standard error. *P<.05,** P<.01,***P<.001, ns=non-significant.
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Body composition and ELISA data for aged mice fed ad libitum treated with saline (VEH)
or the leptin antagonist Allo-aca. Data for liver- and muscle (tibialis anterior)-derived IGF-1
are normalized to total protein but data for serum growth hormone were not normalized.
Vertical bars represent group means and error bars are the standard error. *P<.05,** P<.01,

ns=non-significant.
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