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Abstract

Caloric restriction (CR) is the only preventive intervention that has robust pro-longevity effects in
experimental models. Various circulating hormones that regulate the state of negative energy
balance may drive the multi-system beneficial effects of the CR phenomenon. Ghrelin, one such
stomach-derived circulating peptide hormone stimulates food intake, promotes GH release and
inhibits pro-inflammatory cytokines. We have recently demonstrated that ghrelin also reverses age-
related thymic involution. Here, we report that chronic CR in aging mice results in reduction in
body weight, and spleen size but remarkably, leads to a significant increase in the size and weight
of stomach. The increased size of stomach was largely due to increased size of fundus
(forestomach) and also smaller but statistically significant enlargement of antrum. The analysis of
serial stomach sections revealed that chronic CR leads to a striking hypertrophy of lamina propria,
stratum basale, stratum corneum and the stratified squamous epithelium of forestomach of the
aged animals. We also report for the first time that chronic CR during aging significantly increases
circulating ghrelin levels as well as total ghrelin production in the stomach and reverses age-
related loss of ghrelin receptor expression in pituitary. Our data suggests that long-term CR-
induced increased ghrelin production from hypertrophic stomach in mice may be an adaptive
survival strategy in response to sustained negative energy balance that triggers heightened state of
food seeking. Taken together, these data provide new insights into the underlying mechanism
behind the salutary effects of chronic caloric restriction during aging process.
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Introduction

Reduction in calories below usual ad /ibitum intake without malnutrition retards aging and
increases healthy life span in various animal models [29,30]. The underlying mechanisms
responsible for the CR’s salutary effects on aging process are under intense investigations
[4]. The chronic negative energy balance due to long-term CR elicits specific metabolic and
neuroendocrine adaptive responses in animals [26]. It has been reported that elevated
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cortisol, decrease in sympathetic nervous system activity [15], reduced triiodothyronine, [18]
and IGF-1 [24] are important neuroendocrine factors regulating the CR phenomenon. In
response to sustained negative energy balance, CR promotes gluconeogenesis, improves
insulin sensitivity and reduces glycolysis and fatty acid biosynthesis [3,30]. It is well
recognized that rodents on CR diet display enhanced food-seeking behavior in an effort to
make up for the reduction in caloric intake [27]. Ghrelin is the only known orexigenic
peptide that circulates in high concentration and initiates food intake [16]. Ghrelin is
predominantly expressed by the X/A-like cells of the stomach [19] but is also expressed in
low levels in variety of other tissues [8,28]. During states of negative energy balance and
fasting, ghrelin is released from the stomach into the circulation where it crosses the blood-
brain barrier and impinges on feeding centers in hypothalamus to induce hunger [16]. In
rodents, ghrelin administration stimulates feeding typically in less than 1 h of
administration, and chronic ghrelin treatment induces sustained feeding leading to increased
bodyweight and adiposity in a GH-independent manner [23]. Ghrelin also regulates hunger
in humans as a pre-prandial rise in serum ghrelin levels induces feeding behavior [6].
Ghrelin mediates its orexigenic effects via regulation of leptin expression and the signaling
of the NPY [1,2] AGRP and orexin pathways [14]. Ghrelin levels are elevated during fasting
and signaling via ghrelin receptor (GHS-R) promotes memory and neurogenesis [7],
immune function [8,10,11] and reduces pro-inflammatory cytokines by inhibiting NFkB
activity [8,22,13]. One of the hallmarks of CR is reduction in inflammation [12] by
regulating NFkB and associated reduction in age-related neurodegenerative changes [5].
Given ghrelin’s effects on key age-related processes, it has been hypothesized that reduction
in ghrelin levels may be responsible for ‘anorexia of aging’, increase in low grade chronic
inflammation, reduced T cell responses and reduction in muscle and bone mass due to
reduced GH levels in humans [10]. Indeed, it was recently reported that older (30-56 years)
lean women display lower levels of ghrelin compared to young (19-29 years) lean women
[25] and CR in young women (18-24 years) could significantly increase the circulating
ghrelin concentrations [31]. In the present study, we demonstrate for the first time that CR in
aging mice promotes gastric-ghrelin production and this is related to a marked forestomach
hypertrophy in these animals.

Materials and methods

Animals

The female CR (7= 20) mice and ad /ibitum (AL) fed (n= 20) 10-12-month-old C57/B6
mice were purchased from NIA-aging rodent colony. The calorie restriction was 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. Mice were
maintained on the CR diet during transit and sacrificed after 1-day rest.

Real-time PCR analysis

The pituitaries and hypothalamus was snap frozen in liquid nitrogen and total RNA was
isolated and reverse transcribed and real-time PCR was performed as described previously
[9,28].
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Immunohistochemistry

The stomachs from AL and CR mice were flushed with cold PBS to remove the gastric
contents. The fundus and antrum were dissected and weighed separately and snap frozen in
liquid nitrogen. The whole stomachs were fixed in 4% buffered paraformaldehyde and
embedded in paraffin and sectioned with 5 mm thickness as described previously [9,11].

The sections were stained with Meyer hematoxylin and eosin. The frozen sections were
studied for ghrelin expression using immunoflourescence microscopy as described
previously. Briefly, the anti-ghrelin polyclonal antibody (Phoenix Pharmaceuticals) was
utilized for labeling. The frozen sections were fixed with cold ethanol and non-specific
binding sites were blocked with protein blocking buffer. After overnight incubations with
anti-rabbit ghrelin antibody, the sections were labeled with Alexa Fluor 488 (Invitrogen) and
counter stained with DAPI (Invitrogen) to visualize the nuclei. Negative controls as obtained
by occulting the primary antibody or by using an unrelated IgG displayed no specific
labeling. Stomach sections from four AL and CR mice were used for staining and at least
three serial sections were utilized for each labeling.

Ghrelin assay

The total immunoreactive ghrelin was measured in duplicate with an ELISA using a rabbit
polyclonal antibody against full-length ghrelin based on manufacturer’s instructions
(Phoenix Pharmaceuticals).

Results

Chronic caloric restriction in aging mice causes gastric hypertrophy

The examination of 10-month-old ad /ibitum fed (n= 10) and CR (7= 10) female mice
revealed that long-term dietary restriction led to a significant reduction in the body weight
(Fig. 1A) of mice as well as a proportional reduction in the spleen size (Fig. 2B).
Interestingly, we observed that compared to AL fed animals, the stomach from CR mice was
markedly enlarged (Fig. 1B) with a significant (v < 0.05) increase in the fundus (Fig. 1C)
and antrum weight (Fig. 1D) after complete removal of gastric contents. Given a very
striking phenotype of CR mice stomachs, we next confirmed our findings from a separate
batch of 12 month AL fed and CR female mice from the NIA-aging rodent colony. The mice
were kept on CR diet during the transit and were sacrificed within 48 h of arrival in our
animal facility. Similar to 10-month-old mice from a previous batch we observed a marked
increase in the size of the forestomach (Fig. 2A) of 12-month-old female mice on a CR diet.

We next performed the histological analysis of the stomachs to determine if the increase in
the stomach size was a result of specific cellular change or as a consequence of delayed
gastric emptying or distension of stomach wall. Analysis of both frozen as well as paraffin
embedded stomach sections revealed marked hypertrophy of all the cellular layers. Compare
to AL fed mice; old CR animals displayed a marked hypertrophy of lamina propria, stratum
basale, stratum corneum, stratified squamous epithelium and the muscularis layers (Fig. 2C).
We did not observe any significant cellular changes in the antrum area of stomach.
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Chronic CR-induced gastric hypertrophy leads to increased ghrelin production in aging

mice
It has been hypothesized that sustained negative energy balance as a result of CR will elicit
adaptive metabolic response that is driven by the balance of orexigenic and anorexigenic
peptides [10]. Ghrelin is predominantly produced from enter-oendocrine cells in the stomach
[19]. Given a marked hypertrophy of stomach in response to CR we next studied the
peripheral and stomach-derived ghrelin in AL fed young (3 month) and aging (10-12
month) mice versus the aging female mice on a CR diet (10-12 month). We observed that
compared to AL fed young mice, no significant difference in serum ghrelin levels was
detected in the aging animals (p > 0.05). Interestingly, the aging mice on long-term CR
exhibited a significant (p < 0.005) increase in serum ghrelin compared to the AL fed old
mice (Fig. 3). Despite higher circulating ghrelin levels in CR mice, compared to the
stomachs of aging mice we did not observe any increase in the number of ghrelin expressing
cells in the stomach of CR animals (Fig. 4A). In order to quantify total ghrelin production
from stomach, the protein lysates were prepared from the 3 and 12 month AL and 12 month
CR mice and analyzed by ELISA. Total ghrelin production in stomach was found to be
significantly higher in old CR animals compared to AL fed age-matched controls (Fig. 4B).
These data suggest that despite a similar number of ghrelin producing cells in a given
section, the overall increase in size of stomach CR mice results in an increase in ghrelin
production from stomach.

Chronic CR increases GHS-R expression in pituitary of aging mice

We next studied if increase in ghrelin post-CR in the aging mice is associated with changes
in its receptor expression in the pituitary and hypothalamus. We demonstrate that compared
to young animals, the pituitaries of 10-12-month-old aging mice displayed a significant
decrease in GHS-R mRNA. Interestingly, chronic CR led to a marked increase in GHS-R
expression in pituitary of the aging mice (Fig. 5A). We did not observe any change in GHS-
R expression in the hypothalamus with age or post-CR (Fig. 5B).

Discussion

Ghrelin, a stomach-derived orexigenic peptide has received considerable attention over the
past years due to its ability to promote food intake, stimulate somatotropic axis, enhance
immune function and increase memory and neurogenesis [16,19,8,10,11,7]. Given, aging is
associated with deficits in each of these processes; ghrelin and ghrelin receptor mimetics
have been proposed as possible target for drug development [10,21]. Caloric restriction is
presently the only known intervention that results in robust life span extension effects in
various species [17,29,30]. Pro-longevity effects of experimental intervention such as CR are
difficult to be translated into clinical practice in humans due to challenges associated with
adherence to strict dietary restriction regimens especially in current obesogenic environment
[17,27]. Therefore, a major emphasis of ongoing research has been to unravel and harness
the pathways activated by CR that could potentially result in future *anti-aging pill’ to mimic
the CR’s salutary effects on aging [17]. In the present study, we demonstrate that the
sustained negative energy balance without malnutrition in aging mice is associated with an
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increase in ghrelin production along with a marked hypertrophy of forestomach and
enhanced hypophyseal GHS-R expression.

Chronic CR causes a reduction in body weight, loss of fat mass and a proportional decrease
in the size of internal organs [17,27]. We observed that long-term CR in the aging mice
resulted in a significant reduction of body weight with lower subcutaneous and ovarian fat
(data not shown) and a decrease in the size of spleen. However, in CR mice we observed an
unexpected and a large increase in the size of the forestomach as well as increased weight of
fundus and antrum. This finding was first observed in the stomachs of 10-month-old CR
mice (7= 10), and further confirmed in separate batch of 12-month-old mice on long-term
CR (n=10). We next demonstrated that this CR-induced increase in size of forestomach was
not just a distension of the stomach wall, but is a marked hypertrophy of lamina propria,
stratum basale, stratum corneum and the stratified squamous epithelium of forestomach of
the aged animals. It is feasible that long-term CR is an adaptive response by the animal that
is reflected in the gain of function of stomach to promote the nutrient utilization. Other than
stomach, we did not observe any changes in the gross anatomy of the Gl tract of CR aging
mice.

Given, stomach is the major site of production of ‘hunger hormone’ ghrelin, we next
hypothesized that CR during aging will result in increase in the circulating ghrelin levels.
Similar to Sun et al. (2006), we did not observe any significant difference in peripheral
ghrelin concentrations in young and old mice [28]. Interestingly, upon long-term CR a
significant increase in ghrelin production was observed in the aging mice. Recently, it was
shown that CR in young women results in increased ghrelin levels in the blood [20,25]. In
young rats, moderate short-term CR has also been demonstrated to result in increased
ghrelin production [2]. Our data demonstrates that chronic CR specifically up regulates
GHS-R expression in the in the pituitary but does not affect GHS-R expression in the
hypothalamus. A similar decline in GHS-R expression in pituitary has recently been
reported to occur within 6 months of age in C57/B6 mice with no changes in hypothalamus
[28]. Together, our current study demonstrates that long-term dietary restriction which is
known to enhance healthy life span results in elevated circulating ghrelin levels and CR also
reverses the age-related loss of GHS-R expression in the pituitary. We and others have
demonstrated that ghrelin via GHS-R specific mechanism serves as a potent endogenous
anti-inflammatory signal and inhibits age-related thymic involution [9,11]. Given that CR
promotes longevity by reducing the incidence of various age-related inflammatory disorders
[12,29,30], our present findings suggest that ghrelin which signals the state of negative
energy balance manifested during CR may serve as a new class of CR-mimetic agents with
potential therapeutic effects on various age-related degenerative disorders.
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Chronic CR decreases body weight and increases the weight of forestomach and antrum of
aging mice. (A) Compared to ad /ibitum (AL) fed young mice (3 month of age) the 10-
month-old aged mice (n7=10) had a significant increase in body weight and CR results in
marked reduction in body weight of aging mice (10 month). CR in aging mice leads to
increase weight of (B), stomach, (C) forestomach and antrum (D).
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(A) Stomach Spleen

Fig. 2.
Chronic CR causes gastric hypertrophy in aging mice. (A) Representative image of stomach

of CR (10 month) and AL fed old mice. There was a large increase in the size of
forestomach (f) and antrum (a). The esophagus (e) and duodenum (d) of AL and CR mice
did not display any change while spleen size was reduced in aging mice on dietary
restriction. (B) Compared to AL fed mice, CR in aging mice resulted in a marked
hypertrophy of lamina propria (LP), stratum basale (SB), stratum corneum (SC) and the
stratified squamous epithelium (SSE) of forestomach of the aged animals while no
significant difference could be detected in the antrum.
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Fig. 3.
Total ghrelin levels in aging mice on CR diet are significantly increased compared to AL fed

age female mice. No significant differences in circulating ghrelin levels were detected in the
young (3 month) and old animals (10 month).
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Total ghrelin production from stomach is increased in aging upon CR. (A) The paraffin
embedded stomach section were labeled with anti-rabbit ghrelin 1gG, followed by specific
Alexa Fluor 488 antibody. The nuclei were counterstained with DAPI. (B) The total ghrelin
content in stomach was quantified by ELISA of protein lysates derived from stomachs of AL
fed young (3 month), aging (10 month) and CR aging (10 month) female mice. Compared to
AL aging mice, CR led to a significant increase in ghrelin production from stomach of aging
mice.
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Effect of chronic CR on age-related changes in GHS-R expression. (A) There is a significant
decline in GHS-R mRNA expression in the pituitaries of 10-month-old mice that is
completely restored to young levels upon chronic CR. (B) No changes in hypothalamic
GHS-R expression were detected during aging and chronic CR did not alter this expression
profile.
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