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Summary
Aging is associated with increased adiposity in white adipose tissues and impaired thermogenesis
in brown adipose tissues; both contribute to increased incidences of obesity and type 2 diabetes.
Ghrelin is the only known circulating orexigenic hormone that promotes adiposity. In this paper,
we show that ablation of the ghrelin receptor (growth hormone secretagogue receptor, GHS-R)
improves insulin sensitivity during aging. Compared to wild-type (WT) mice, old Ghsr−/− mice
have reduced fat and preserve a healthier lipid profile. Old Ghsr−/− mice also exhibit elevated
energy expenditure and resting metabolic rate, yet have similar food intake and locomotor activity.
While GHS-R expression in white and brown adipose tissues was below detection in the young
mice, GHS-R expression was readily detectable in visceral white fat and interscapular brown fat of
the old mice. Gene expression profiles reveal that Ghsr ablation reduced glucose/lipid uptake and
lipogenesis in white adipose tissues, but increased thermogenic capacity in brown adipose tissues.
Ghsr ablation prevents age-associated decline of thermogenic gene expression of uncoupling
protein 1 (UCP1). Cell culture studies in brown adipocytes further demonstrate that ghrelin
suppresses the expression of adipogenic and thermogenic genes, while GHS-R antagonist
abolishes ghrelin’s effects and increases UCP1 expression. Hence, GHS-R plays an important role
in thermogenic impairment during aging. Ghsr ablation improves aging-associated obesity and
insulin resistance by reducing adiposity and increasing thermogenesis. GHS-R antagonists may be
a new means of combating obesity by shifting the energy balance from obesogenesis to
thermogenesis.
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Introduction
Obesity often leads to insulin resistance, which can further lead to pancreatic β-cell failure
and type 2 diabetes (Kahn et al. 2006). Type 2 diabetes is a serious threat for the elderly
population; in the United States almost 1 in 5 elderly over age 65 has diabetes, mostly type 2
diabetes. The identification and characterization of the genes involved in the
pathophysiology of obesity and insulin resistance have become a pressing challenge.

There are two types of adipose tissues: energy-storing white adipose tissue (WAT) and
energy-burning brown adipose tissue (BAT). WAT stores energy in the form of triglycerides
and supplies energy to the body as ATP through lipolysis/β oxidation. Visceral adiposity of
WAT is a prominent risk factor for insulin resistance and type 2 diabetes, which is
significantly elevated in obese individuals and elderly (Gabriely et al. 2002; Ahima 2009;
Amati et al. 2009). In contrast to WAT, BAT is a key organ of non-shivering thermogenesis,
playing an important role in energy expenditure. While WAT is made of big adipocytes,
BAT consists of small adipocytes containing a reduced amount of triglyceride in multi-
lobular lipid droplets, and has a high density of mitochondria (Cannon & Nedergaard 2004).
UCP1 is a key regulator of thermogenesis in BAT; it allows protons to enter the
mitochondrial matrix and enables mitochondria to dissipate heat (Inokuma et al. 2005;
Feldmann et al. 2009). It is known that BAT is present in rodents and human neonates. BAT
positively correlates with energy expenditure, and negatively correlates with fat mass. BAT
is responsible for more than half of the total oxygen consumption in small animals (Cannon
& Nedergaard 2004). It is only recently recognized that BAT is also present in adult
humans, and that dysregulation of adaptive thermogenesis in BAT reduces energy
expenditure and promotes obesity (van Marken Lichtenbelt et al. 2009; Nedergaard &
Cannon 2010). Aging is associated with severely diminished thermogenesis (Lecoultre &
Ravussin 2010; Mattson 2010; Pfannenberg et al. 2010). It was recently reported that in
aged men, BAT activity decreased 75% and BAT mass decreased 95% when compared with
younger men (Pfannenberget al. 2010). BAT plays a critical role in fat metabolism and
thermogenesis during aging, but the underlying molecular mechanisms of age-associated
thermogenesis are totally unknown.

Ghrelin, a 28-amino acid acylated peptide, is the only circulating orexigenic hormone
known to increase growth hormone (GH) release, and stimulate appetite and promote
obesity (Tschop et al. 2000; Cowley et al. 2003; Shimbara et al. 2004; Sun et al. 2004;
Kojima & Kangawa 2005). We reported that ghrelin deletion increases glucose-induced
insulin secretion, and improves glycemic control in leptin-deficient ob/ob mice by reducing
uncoupling protein 2 (UCP2) in pancreatic islets (Sun et al. 2006). This helped to establish
ghrelin’s novel role in glucose homeostasis and diabetes. We and others have also shown
that ghrelin’s effects on GH release and appetite are mediated through the activation of
GHS-R (Sun et al. 2004; Andrews et al. 2008; Davies et al. 2009). Ghrelin is ubiquitously
expressed, and the highest levels are detected in the stomach and intestine; in contrast, the
expression of GHS-R is much more restricted (Gnanapavan et al. 2002). Using Ghsr−/−

mice as control, we showed that in young mice, GHS-R1a (distinct from non-functional
receptor GHS-R1b) mRNA is highly expressed in the pituitary and brain, and lower levels
are detectable in organs such as pancreas, heart, thymus, lung, adrenal, small intestine,
spleen, and kidney. However, GHS-R1a is not expressed in liver, skeletal muscle, white or
brown adipose tissues of young mice (Sun et al. 2007b). We have shown previously that
GHS-R knockout mice (Ghsr−/−) have modestly reduced body weight and insulin-like
growth factor 1 (IGF-1), but have a normal appetite (Sun et al. 2004). Furthermore, glucose
and insulin levels are reduced in Ghsr−/− mice upon calorie restriction challenge (Sun et al.
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2007a). These studies together suggest that the ghrelin signaling pathway may play an
important role in energy- and glucose-homeostasis.

In the present study, we used Ghsr−/− mice to further investigate the role of GHS-R in
obesity and insulin sensitivity during aging. We monitored wild-type (WT) and Ghsr−/−

mice during natural aging with regular chow feeding. As the old WT mice become obese
and insulin-resistant, old Ghsr−/− mice maintain a youthful metabolic state: lean, insulin-
sensitive and having a higher resting metabolic rate. Surprisingly, we have detected GHS-
R1a mRNA expression in epididymal WAT and interscapular BAT of old WT mice. We
showed that GHS-R ablation prevents age-associated decline of thermogenic gene
expression. Ablation of GHS-R reduces adiposity in energy-storing WAT, and increases
thermogenesis in energy-burning BAT. Our data showed for the first time that GHS-R has
opposite effects on WAT and BAT during aging, providing new insight into the
pathophysiology of age-associated obesity and insulin resistance.

Results
Old Ghsr−/− mice display reduced adiposity and improved lipid profile

Initial observations of the young Ghsr−/− mice indicated a slightly lower body weight (Sun
et al. 2004; Sun et al. 2008). We continued to monitor the body weights of the mice as they
aged. The Ghsr−/− mice showed a consistent 10-15% reduction in body weight from 4- to
20-months old when compared with their WT littermates, and the body weight difference
between the WT and null mice was even more pronounced between 22- to 26-months of age
(Fig. 1A). We used PIXImus densitometer to quantify the whole-body composition. Old
Ghsr−/− mice (18-22 months) had a 35% reduction in fat mass and a 10% increase of lean
mass when compared with their WT littermates (Fig. 1B). Anatomic magnetic resonance
imaging (MRI) analyses showed that old Ghsr−/− mice have dramatically reduced intra-
abdominal and subcutaneous fat (Fig. 1C). The dissection of epididymal fat from old mice
also supported the observation (Fig. S1.A). Thus, old Ghsr−/− mice have reduced body
weight, which was primarily due to their reduced adiposity.

Serum levels of adipose-secreting hormones often correlate with the amount of lipid stored
in WAT. While there was no difference in adiponectin and resistin (Fig. S1.B), fasting
serum leptin levels were significantly lower in Ghsr−/− mice (Fig. 1D), indicative of reduced
fat mass. Serum free fatty acid (FFA), triglycerides, cholesterol, and low-density lipoprotein
(LDL) are positively correlated with obesity, which consequently causes insulin resistance,
type 2 diabetes and cardiovascular disease (Kahn et al. 2006). To elucidate whether the old
Ghsr−/− mice maintain a healthier lipid profile, the fasting serum lipid profiles of old WT
and Ghsr−/− mice were analyzed. The fasting cholesterol, triglycerides, HDL, LDL and
VLDL in Ghsr−/− mice were reduced when compared with WT controls (Fig. 1E). The FFA
levels were elevated after 18-hour fasting in both WT and Ghsr−/− mice when compared
with those of 4-hour fasted mice, and the fasted FFA of Ghsr−/− mice was significantly
lower than that of WT mice (Fig. 1F). Together, these results show that deletion of GHS-R
improves lipid profiles.

Old Ghsr−/− mice are protected against age-associated insulin resistance
It is well established that excess fat mass and high circulating FFA and triglycerides induce
insulin resistance (Kahn et al. 2006). Reduced fat mass and improved lipid profile in
Ghsr−/− mice led us to hypothesize that ablation of GHS-R might improve insulin
sensitivity. Insulin tolerance tests (ITT) and glucose tolerance tests (GTT) were performed
on young (2-4 months) and old (18-26 months) WT and Ghsr−/− mice. Young WT and
Ghsr−/− mice were both sensitive to insulin, and the difference between WT and Ghsr−/−
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was not pronounced in ITT at 2-, 3- or 4-months of age (4-month data is shown as “young”
in Fig. 2A). As the mice aged, ITT showed WT mice became severely insulin resistant.
Remarkably, old Ghsr−/− mice were significantly more responsive to an insulin challenge
when compared to WT mice at 18-, 20-, 24-, and 26-months of age, and maintained a
response curve similar to that of insulin-sensitive young mice (20-month data is shown “as
old” in Fig. 2A). During GTT, there was no difference in glucose clearance following a
glucose load in young WT and Ghsr−/− mice, but remarkably, the insulin levels of the null
mice were significantly lower, indicative of increased insulin sensitivity (Fig. 2B top panel).
In old mice, Ghsr−/− mice showed faster glucose clearance and reduced insulin secretion
during a GTT when compared with WT mice (Fig. 2B bottom panel, Fig. S2.A), again
supporting a conclusion of improved insulin sensitivity. Together, these functional tests
suggest that Ghsr−/− mice have improved peripheral insulin sensitivity during aging.

ITT and GTT are often considered stressful for the mice. To further define the insulin-
sensitive phenotype, we performed “state-of-the-art” glucose and insulin clamps on
conscious animals. In hyperinsulinemic-euglycemic clamps of young Ghsr−/− mice, while
the basal endogenous glucose production was unaffected (Fig. 2C), the glucose infusion rate
(GIR) was increased, which indicates increased glucose uptake in peripheral tissues. Using
isotope tracer (14C), we showed that glucose uptake was increased in muscle (Fig. 2C), but
not in liver or fat. Surprisingly, however, in old animals no difference was detected in
hyperinsulinemic-euglycemic clamps (Fig. S2.B). To further elucidate whether old Ghsr−/−

mice are insulin-sensitive, hyperglycemic and hypoglycemic clamps were carried out to test
the mice under extreme glycemic conditions. Hyperglycemic clamp study showed that old
Ghsr−/− mice produced a markedly reduced insulin response compared to that of WT mice,
indicative of requiring less insulin to maintain hyperglycemia (Fig. 2D). The hypoglycemic
clamp study showed that old Ghsr−/− mice required higher glucose infusion to maintain
hypoglycemia than WT mice (Fig. 2E). Results from these clamp experiments are consistent
with the conclusion that Ghsr−/− mice are more sensitive to insulin under extreme glycemic
conditions, and this phenotype becomes more pronounced during aging.

Old Ghsr−/− mice have increased energy expenditure
Energy balance is determined by energy intake and energy expenditure. Lean phenotype can
result from reduced food intake and/or increased energy expenditure (increased activity and/
or elevated thermogenesis). We employed indirect calorimetry to characterize the metabolic
profiles of 22-month old WT and Ghsr−/− mice in order to decipher the cause(s) of the lean
and insulin-sensitive phenotype of the old Ghsr/− mice. The daily food intake of WT and
Ghsr−/− mice was comparable during indirect calorimetry (Fig. 3A), indicating that energy
intake is not a determining factor of the lean phenotype. We then speculated that Ghsr−/−

may have increased energy expenditure due to elevated activity and/or enhanced
thermogenesis. However, the locomotor activity of Ghsr−/− mice didn’t differ from that of
WT control mice, (Fig. 3B), indicating that activity also is not a determining factor of the
lean phenotype. Remarkably however, the oxygen consumption (VO2) and carbon dioxide
production of Ghsr−/− mice were significantly elevated (Fig. 3C corrected by lean mass;
S3.A-B corrected by body weight). Old Ghsr−/− mice show significantly higher energy
expenditure (Kcal/h/Kg body weight) when compared with WT mice (Fig. S3.C). Recent
literature has questioned whether body weight is the right correcting factor for energy
expenditure when comparing animals which have different body composition (Butler &
Kozak 2010). Thus, we also calculated energy expenditure corrected by lean mass (Kcal/h/
Kg lean), and found that old Ghsr−/− mice consistently showed an elevated energy
expenditure (Fig. 3D). Furthermore, we analyzed resting metabolic rate (RMR) to evaluate
the metabolic state of the mice, and our data demonstrated that old Ghsr−/− mice have an
increased RMR (Fig. 3E). In addition, respiratory quotient (RQ) was increased during both

Lin et al. Page 4

Aging Cell. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



light and dark cycles (Fig. 3F), indicating that the Ghsr−/− mice favor carbohydrates as a
fuel substrate. Metabolic flexibility, defined as the capacity of the organism to adapt fuel
oxidation to fuel availability, is used as an indicator of insulin-sensitivity; relative
cumulative frequency (RCF) is a method for evaluating metabolic flexibility (Riachi et al.
2004). Old Ghsr−/− mice had broader RQ distributions when compared with their WT
counterparts, indicating a higher metabolic flexibility (Fig. 3G). The metabolic profile data
showed that ablation of GHS-R resulted in increased energy expenditure and RMR, and
improved metabolic flexibility. No difference was detected in any of the aforementioned
metabolic parameters in young (3-month old) WT and Ghsr−/− mice (data not shown).
Collectively, the data suggest that the insulin-sensitive lean phenotype of old Ghsr−/− mice
is likely due to increased energy expenditure, rather than changes caused by energy intake or
activity.

Ablation of GHS-R reduces size of adipocytes through reduction of fat synthesis in white
adipose tissues

Epididymal fat in rodents is commonly used as representative of a visceral fat depot because
it has many characteristics of visceral fat in humans (Miegueu et al. 2011). Our previous
studies showed that GHS-R1a is not expressed in epididymal fat of young mice (Sun et al.
2007b). However, intriguingly, our real-time RT-PCR analysis of old mice between 18- to
26-months of age showed consistently low levels of GHS-R1a mRNA expression were
detectable in epididymal fat, but not in subcutaneous fat (Fig. 4A).

Aging is associated with increased adiposity. In order to determine whether the increased
GHS-R expression in epididymal fat is a response to aging, but not adiposity per se, we
compared GHS-R expression in epididymal fat of 13-month old WT mice which were fed
either regular diet (RD) or high fat diet (HFD). Our data showed that these HFD-fed WT
mice were significantly obese and insulin resistant (data not shown). Interestingly, GHS-R
expression in epididymal fat was comparable between RD- and HFD-fed WT mice (Fig.
S4.A). Similarly GHS-R expression was also not elevated in obese and insulin-resistant
leptin-deficient ob/ob mice (Fig. S4.A). This data further supports our conclusion that the
elevated GHS-R expression is more likely associated with aging, but not obesity. The age-
dependent GHS-R expression in different types of fat depots suggests that GHS-R may have
a direct effect in epididymal fat in regulating adiposity and insulin resistance during aging.

To further evaluate the adiposity of young and old Ghsr−/− mice, different fat depots of age-
matched WT and Ghsr−/− mice were dissected and weighed. The weights of all fat depots
increase with age (Fig. 4B). Consistent with the body composition and MRI imaging results,
there were significant weight reductions in WAT fat depots in old Ghsr−/− mice. The
visceral (e.g., epididymal) and subcutaneous (e.g., inguinal) fat of old Ghsr−/− mice were
significantly lower than that of old WT mice, while the weights of these adipose depots in
young mice were comparable between WT and Ghsr−/− mice (Fig. 4B).

Lower fat mass in old Ghsr−/− mice could be due to a decrease of adipocyte cell size or cell
number. It is known that small adipocytes are more sensitive to insulin (Okuno et al. 1998;
Roberts et al. 2009). Our histological analysis of epididymal fat showed that old Ghsr−/−

mice have smaller adipocytes (Fig. 4C), which is in line with the insulin-sensitive phenotype
of the Ghsr−/− mice. Quantitative analysis of the size of epididymal adipocytes indicated
that Ghsr−/− mice had more small adipocytes and far fewer big adipocytes (Fig. 4D). The
average adipocyte size of WT mice was 9316 μm2, and average adipocyte size of Ghsr−/−

mice was 5113 μm2. The adipocyte cell numbers were also evaluated, using triglyceride
content (Okuno et al. 1998); there was no difference in cell numbers between WT and
Ghsr−/− mice (Fig. 4E). Therefore, the marked decrease in fat mass of Ghsr−/− mice was
due to a reduction in adipocyte cell size, but not cell number.
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Old Ghsr−/− mice have lower fat mass. Fat mass is determined by fat synthesis
(adipogenesis/lipogenesis) and fat mobilization (lipolysis/β oxidation) (Kersten 2001). To
determine the underlying molecular mechanisms, epididymal fat was collected from 20-
to-24-month old WT and Ghsr−/− mice, and the mRNA expression of adipogenic, lipogenic,
lipolytic and lipid recycling genes was assessed using real-time RT-PCR (Table 1). PPARγ2
and C/EBPα are important regulators for adipogenesis. PPARγ2 was significantly down-
regulated in the Ghsr−/− mice but C/EBPα was unchanged, suggesting that adipogenesis
may not be a key mechanism. The expression of glucose uptake (GLUT4) and lipid uptake
(LPL, CD36) genes were markedly reduced, suggesting reduced substrate uptake. The
expression of lipogenesis markers (aP2, FAS, and lipin1) was also significantly reduced in
Ghsr−/− mice, suggesting reduced lipogenesis. Gene expression profiles above collectively
support that Ghsr ablation inhibits lipid synthesis. Perilipin is a lipid droplet-protective
protein, and down-regulation of perilipin is associated with increased lipolysis; while
hormone-sensitive lipase (HSL) is a key lipolytic enzyme, and down-regulation of HSL is
associated with decreased lipolysis (Saha et al. 2004; Kovsan et al. 2009). We observed
decreased mRNA expression of both perilipin and HSL in the epididymal fat of the old null
mice. Thus, lipolysis may not play a major role in GHS-R mediated lipid metabolic
regulation in WAT, and the reduced expression of perilipin and HSL may simply reflect the
reduced lipid droplets in the null mice. In addition, a lipid recycling gene PEPCK was down-
regulated, the fat utilization gene (UCP2) was unchanged, and cholesterol exporter gene
(ABCG1) was modestly reduced. Since the fat mass is also reduced in subcutaneous fat, we
also studied lipid metabolic gene expression in inguinal fat. Down-regulation of the genes
involved in adipogenesis, glucose/lipid uptake, lipogenesis and lipid utilization was detected
in inguinal fat (Supplemental Table), which is similar to the gene expression profile detected
in epididymal fat. Collectively, the data suggest that the reduction of fat mass in old Ghsr−/−

mice is mainly due to decreased glucose/lipid uptake and reduced lipogenesis in WAT.

Deletion of Ghsr increases lipid anabolic capacity and elevates thermogenic gene
expression in brown adipose tissues

Increased energy expenditure in old Ghsr−/− mice is independent of their physical activity,
which led us to hypothesize that GHS-R ablation may enhance thermogenesis. Our real time
RT-PCR and semi-quantitative RT-PCR data showed that GHS-R1a mRNA was detected in
BAT of old, but not in young mice (Fig. 5A). In order to decipher whether the increased
GHS-R expression in BAT is a response to aging, but not to adiposity per se, we compared
GHS-R expression in BAT of 13-month old WT mice fed either RD or HFD. While the
expression of UCP1 in BAT was robustly increased in HFD-fed mice as expected, no
increase was detected with GHS-R expression (Fig. S4.B). This result supports that GHS-R
expression in BAT of old mice is likely associated with aging, but not obesity, suggesting
that GHS-R may have direct effect on BAT function as the animals age. BAT mass and/or
activity are determinants of thermogenic capacity; aging is associated with reduced BAT
mass and activity (Mattson 2010; Pfannenberg et al. 2010). As expected, the BAT
percentage is significantly reduced in old mice regardless of genotype, but there was no
difference in BAT mass between old WT and Ghsr−/− mice (Fig. 5B). The H&E staining of
BAT sections of old Ghsr−/− mice showed a higher percentage of multilobular adipocytes
and increased cellularity (dark blue nuclei), as shown in Fig. S5. PGC-1α is an upstream
regulator of UCP1 (Inokuma et al. 2005). As shown in Table 2, PGC-1α expression was
modestly increased in the old Ghsr−/− mice when compared to that of WT mice. As
expected, UCP1 mRNA expression levels were decreased in BAT of old WT mice when
compared to that of young WT mice (Fig. 5C). While there was no significant difference in
UCP1 expression in BAT between young WT and Ghsr−/− mice, UCP1 expression in BAT
of old Ghsr−/− mice was significantly higher than that of old WT mice, maintaining a level
that is similar to young mice (Fig. 5C). We further demonstrated that the UCP1 protein
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expression in BAT of old Ghsr−/− mice was significantly higher than that of old WT mice
(Fig. 5D). The elevated expression of thermogenic genes indicates increased thermogenic
capacity in BAT of the old Ghsr−/− mice. Consistently, the mitochondrial density
characterized by ratio of mitochondrial DNA:nuclear DNA was increased in BAT of the old
null mice (Fig. 5E); this supports our conclusion that the BAT of the old null mice have
higher mitochondrial density. To further validate our results, we measured the rectal
temperature (a good “read out” of core body temperature) of old (18-20 months) WT and
Ghsr−/− mice. Indeed, the rectal temperature of old Ghsr−/− mice was significantly higher
than that of WT mice, and the difference became more pronounced at an ambient
temperature of 4°C, increasing from 0.67°C at 0 hour to 3.50°C after 4 hours of cold
exposure (Fig. 5F).

An adequate supply of fatty acids is essential for BAT non-shivering thermogenesis
(Festucciaet al. 2009). In agreement, increased expression of genes in regulating substrate
uptake (GLUT4, LPL and CD36) and lipogenesis (aP2, Lipin1) was detected in BAT of
Ghsr−/− mice (Table 2). The adipogenic markers PPARγ2 and C/EBPα were elevated, but
only C/EBPα level reached statistical significance. The lipolytic gene expression showed
that perilipin was increased, but HSL was unchanged. Together, these gene expression
profiles suggest that old Ghsr−/− mice have increased glucose/lipid uptake and increased
lipogenesis in BAT. The data collectively suggest that GHS-R regulates thermogenic
function in BAT, and GHS-R ablation prevents the age-associated decline of thermogenesis.

Ghrelin, via GHS-R, directly regulates adipogenic and thermogenic genes in brown
adipocyte HIB1B cells

To further address the direct effect of the ghrelin signaling pathway in BAT, we studied the
expression of GHS-R1a in mouse brown adipose-derived HIB1B cells. GHS-R1a mRNA
was expressed in both undifferentiated (day 0) and differentiated HIB1B cells (days 2-6)
(Fig. 6A). To evaluate the role of ghrelin in thermogenic activation of HIB1B cells, saline or
ghrelin (0.01 or 1 nM) was added to the cultures at day 0, day 2, day 4, and day 6.
Interestingly, the adipogenic markers PPARγ2 and C/EBPα, and thermogenic regulators
PGC-1α and UCP1, were significantly suppressed upon ghrelin treatment (Fig. 6B). To
further elucidate the direct effect of GHS-R on thermogenic regulation in HIB1B cells,
GHS-R antagonist, [D-Lys3] -GHRP-6, was added to the cultures at day 0, day 2, day 4 and
day 6. As expected, [D-Lys3]-GHRP-6 increased UCP1 expression significantly (Fig. 6C),
supporting that antagonism of GHS-R enhances thermogenic capacity. Interestingly, [D-
Lys3]-GHRP-6 also up-regulates PPARγ2, suggesting that GHS-R antagonist may also
affect brown adipocyte differentiation (Fig. 6C). It is also important to note that [D-Lys3]-
GHRP-6 abolished ghrelin’s inhibitory effects on PPARγ2, C/EBPα, PGC-1α, and UCP1
(Fig. 6C). The data together suggest that ghrelin, via GHS-R, directly inhibits differentiation
and thermogenic activity of brown adipocytes. This is consistent with the gene expression
profile we observed in BAT of Ghsr−/− mice (Table 2).

Discussion
Our study is the first report on chow-fed Ghsr−/− mice during normal aging up to 26-months
of age. Old Ghsr−/− mice fed on regular chow have reduced fat mass, improved lipid profile
(Fig. 1), and markedly improved insulin sensitivity (Fig. 2A and 2B), similar to high fat-fed
young adult Ghsr−/− mice reported by others (Zigman et al. 2005; Longo et al. 2008).
Interestingly, during hyperinsulinemic-euglycemic clamps, only young Ghsr−/− mice exhibit
increased glucose infusion, but not old Ghsr−/− mice (Fig. 2C and Fig. S2.B). At the same
time, old Ghsr−/− mice clearly showed improved insulin sensitivity during hyperglycemic
and hypoglycemic clamps (Fig. 2D and 2E), suggesting that the insulin-sensitive phenotype
of old Ghsr−/− mice is more pronounced under challenging conditions. We previously
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reported that ghrelin ablation increases insulin secretion as a result of lowering UCP2 (Sun
et al. 2006). Here, we demonstrated that ablation of GHS-R attenuates age-associated
obesity and insulin resistance, maintaining a healthier metabolic profile. These data suggest
that the ghrelin signaling pathway plays an important role in glucose homeostasis by
regulating both insulin secretion and insulin actions.

With no difference in food consumption (Fig. 3A), the body weight and fat mass of old
Ghsr−/− mice were lower compared to WT mice (Fig. 1A and 1B), suggesting old Ghsr−/−

mice might have increased energy expenditure. Indeed, the old Ghsr−/− mice exhibited
higher energy expenditure (Fig. 3D). Increased energy expenditure could result from
increased physical (locomotor) activity, higher resting metabolic rate (RMR), and/or
increased thermogenesis. Our results show that the locomotor activity is unchanged (Fig.
3B). RMR is an important parameter in determining energy balance, which accounts for
~60% of total energy expended (Tentolouris et al. 2006); and thyroid hormones are
important regulators of RMR (Roti et al. 2000). Ghsr−/− mice have a higher RMR (Fig. 3E),
but total serum T3 and T4 levels were no different between old WT and Ghsr−/− mice (Fig.
S6). This suggests that the elevated RMR of old Ghsr−/− mice is not due to changes in
circulating thyroid hormones, but we cannot preclude enhanced thyroid hormone activity at
hypothalamus in the Ghsr−/− mice (Lopez et al. 2010). Thus, the increased energy
expenditure observed in old Ghsr−/− mice is likely due to increased thermogenesis.

RQ is an indicator of fuel preference. Previously, it was reported that ghrelin increases RQ
in rats and mice (Tschop et al. 2000; Theander-Carrillo et al. 2006), and Ghsr−/− mice
showed reduced RQ under HFD feeding (Zigman et al. 2005). Interestingly, in the old
Ghsr−/− mice fed normal chow, we detected higher RQ (Fig. 3F), which indicates that they
favor carbohydrate as a fuel substrate. The elevated RQ may be due to reduced lipid supply
in the lean old Ghsr−/− mice, thus forcing the mice to use more carbohydrate instead of fat.
We detected increased GLUT4 in BAT, and increased glucose uptake in the muscle of the
null mice (Fig. 2C). Increased glucose uptake in BAT and muscle of Ghsr−/− mice may
contribute to the higher RQ. Old Ghsr−/− mice have greater RCF (Fig. 3G), which indicates
the null mice have greater metabolic flexibility, consistent with the insulin-sensitive
phenotype. Collectively, our data support that Ghsr ablation increases energy expenditure,
RMR, and metabolic flexibility during aging, thereby maintaining a youthful, insulin-
sensitive metabolic state.

During the preparation of this manuscript, another group reported that suppression of GHS-
R using anti-sense RNA activates BAT and decreases fat storage in rats, and the effects were
more pronounced under high fat feeding (Mano-Otagiri et al. 2010). Similar to our study,
their GHS-R suppressed rats were lean and had increased energy expenditure. In contrast to
our study, calorie intake and locomotor activity were increased in those rats. Our old
Ghsr−/− mice exhibited a lean and insulin-sensitive phenotype with increased energy
expenditure, but neither their food intake nor their activity levels were changed (Fig. 3A and
3B). Our data provide the first evidence that GHS-R regulates fat metabolism without
affecting appetite or activity. Calorie restriction is the only proven intervention which
prolongs lifespan. Low blood glucose, low triglycerides, and low insulin are the
characteristic metabolic hallmarks of calorie-restricted subjects and centenarians (Barzilai et
al. 1998; Barzilai & Gabriely 2001). Our Ghsr−/− mice have all these youthful health traits.
GHS-R antagonists may offer great promise for novel interventions to mimic calorie
restriction without diet or exercise.

Increasing evidence has shown that adipocyte cell size, but not adipocyte cell number, is
correlated with insulin resistance (O’Connell et al. 2010). Larger adipocytes exhibit elevated
lipolysis and secrete more FFA into the circulation, resulting in fatty acid toxicity in insulin-
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responsive organs (Raz et al. 2005). Histological data revealed that decreased fat mass in old
Ghsr−/− mice was mainly due to the reduction of cell size, rather than decreased cell number
(Fig. 4C-E), which is consistent with the insulin-sensitive phenotype. We previously showed
that Ghsr−/− mice have reduced circulating glucose levels under fasting condition (Sun et al.
2008). In the current study, the levels of circulating cholesterol, triglycerides, and fasting
FFA levels were lower in the old Ghsr−/− mice (Fig. 1E and 1F). As shown in Table 1 of
epididymal fat and the Supplemental Table of inguinal fat, the expression levels of glucose/
lipid uptake genes (GLUT4, lipoprotein lipase and CD36) were dramatically down-
regulated. Similarly, expression levels of lipogenic genes (aP2, FAS, Lipin 1) were also
lower. These data suggest that reduced glucose/lipid uptake and lipogenesis could contribute
to the reduced WAT mass of Ghsr−/− mice. Also as shown in Table 1, GHS-R ablation also
appeared to decrease adiposity by promoting lipid export (ABCG) and/or inhibiting lipid
recycling (PEPCK). Thus, GHS-R ablation may reduce fat mass of WAT by regulating lipid
uptake, lipogenesis, lipid storage, lipid recycling, and/or lipid export.

BAT plays an important role in energy expenditure by regulating thermogenesis; BAT mass
and activity show severe impairment during aging (Pfannenberg et al. 2010). It is intriguing
that GHS-R expression was only detectable in BAT of old WT mice, but not young WT
mice (Fig. 5A); this suggests that GHS-R may play a unique role in thermogenic regulation
during aging. Our results showed that while the weight of BAT was significantly reduced in
old mice as expected, there was no difference in weight of BAT between WT and Ghsr−/−

mice at either young or old age (Fig. 5B). UCP1 expression decreases with age, and
correlates with age-associated thermogenic impairment. Remarkably, BAT of old GHS-R
mice maintained a level of UCP1 similar to that of young mice (Fig. 5C). The higher mRNA
and protein expression levels of UCP1 and higher mitochondrial density detected in old
Ghsr−/− mice suggest that GHS-R ablation improves thermogenic function and protects
against aging-associated decline of thermogenesis (Fig. 5C-E). Indeed, we detected
significantly higher core temperatures in the old Ghsr−/− mice (Fig. 5F). Body temperature
is typically tightly regulated. The increased body temperature of old Ghsr−/− mice is
significant, because it has been shown that increased body temperature of about 1°C could
thermodynamically correspond to a 10% increase in metabolic rate (Cannon & Nedergaard
2010). Furthermore, old Ghsr−/− mice have significantly reduced subcutaneous fat; reduced
subcutaneous fat can reduce insulating capacity and lead to increased heat loss. Thus, the
difference we detected may be understated due to increased radiated heat loss; the amount of
heat generated in GHS-R null mice is likely to be much higher than that reflected by core
body temperature.

In direct contrast to WAT, all lipid metabolic genes in BAT were up-regulated (Table 2).
Glucose and lipid uptake (GLUT4, LPL and CD36) and lipogenesis (aP2) genes were
significantly increased in the BAT of Ghsr−/− mice, suggesting increased lipid uptake/
synthesis. These results suggest that deletion of GHS-R may activate lipid synthesis
machinery and increase lipid anabolic capacity in BAT, thus enhancing mitochondrial
thermogenesis. Since elevated heat generation in BAT requires a huge amount of energy,
lipid in BAT of the null mice may be quickly mobilized to generate heat. Thereby, even
though lipid anabolic capacity is elevated in BAT of Ghsr−/− mice, no increased lipid
accumulation could be detected (Fig. S5). Triglyceride and glucose are oxidizable substrates
for thermogenesis. The elevated thermogenesis (heat production) in BAT of the null mice
may subsequently diminish the lipid substrates in circulation, which may further promote fat
mobilization in WAT, and then lead to reduced fat mass and improved insulin sensitivity.

Since our Ghsr−/−mice are global knockout, the effects in adipose tissues we detected could
be direct or indirect, central or peripheral. We detected down-regulation of the lipid
metabolic genes in subcutaneous fat of old GHS-R null mice (Supplemental Table), but we
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failed to detect GHS-R expression in subcutaneous fat of old WT mice (Fig. 4A). This
suggests that the lipid metabolic effect of GHS-R in subcutaneous fat is likely an indirect
effect. On another note, we detected more pronounced body weight difference as mice aged
when GHS-R is expressed in adipose tissues (Fig. 1A); in the same time, we also detected
modest body weight difference in young mice when GHS-R is hardly detectable in adipose
tissues (Fig. 4A and 5A). The body weight difference in young mice may not be explained
by GHS-R expression in adipose tissues. GHS-R is expressed at a high level in the brain
(hypothalamus) starting from a young age, and hypothalamus is also known to play a role in
thermogenesis and energy homeostasis. It is possible that the weight difference in the young
mice reflects the central effect of GHS-R.

Our data in the old mice showed that low levels of GHS-R were detectable in epididymal
WAT and interscapular BAT (Fig. 4A and Fig. 5A). The expression of GHS-R1a in white
and brown adipose tissues is low, which invites the question of whether the expression is
real and physiologically meaningful. We believe that a low-level of expression could still
have significant impacts on biological functions, depending upon the binding partners and
signaling cascades. To determine whether the expression of GHS-R is age-dependent but not
obesity-dependent, we studied the expression of GHS-R in epididymal fat and BAT of diet-
induced obese mice. While our data clearly showed an elevated diet-induced thermogenesis
in the BAT of (insert it) obese mice, the GHS-R expression in WAT and BAT remained
unchanged (Fig. S4). This further supports our conclusion that GHS-R expression is
correlated with age but not obesity. Our result of GHS-R1a expression in visceral WAT of
aging mice is consistent with reports in adipose tissues of old rats (Choi et al. 2003; Davies
et al. 2009), and GHS-R is expressed at higher levels in rat epididymal fat than in
subcutaneous fat (Davies et al. 2009). We have shown that circulating ghrelin levels and
mRNA expression of brain and pituitary GHS-R increase with age (Sun et al. 2007b), which
may suggest that there is an increase in “ghrelin resistance” during aging. GHS-R may be
“turned on” in those fat depots during aging, and play a causative role in age-associated
obesity and insulin resistance. In line with our observation, chronic i.v. infusion of ghrelin
into rats has been shown to induce a depot-specific increase in WAT mass, and ghrelin’s
effect on adiposity has been shown to be attenuated in Ghsr−/− mice (Choi et al. 2003;
Davies et al. 2009). An animal model of GHS-R inducible systems turning GHS-R on or off
during aging may provide further direct evidence as to whether the dysregulation of GHS-R
plays a key role in fat metabolism during aging. Increased obesity and insulin resistance in
mice during aging may be explained by the activation of the GHS-R pathway in the white
and/or brown fat depots.

To determine whether GHS-R has direct effects on lipid metabolism in white and brown
adipocytes, we studied expression of GHS-R1a in white adipose-derived cell line 3T3-L1.
We were not able to detect GHS-R1a expression in either undifferentiated or differentiated
3T3-L1 cells (data not shown). Interestingly, GHS-R mRNA expression was readily
detectable in both undifferentiated and differentiated brown adipose HIB1B cells (Fig. 6A).
Ghrelin strongly suppresses the expression of differentiation regulator PPARγ and
thermogenic regulator UCP1 in HIB1B cells (Fig. 6B). In contrast, GHS-R antagonist [D-
Lys3]-GHRP-6 has opposite effects on PPARγ and UCP1, and abolishes ghrelin’s inhibitory
effects (Fig. 6C). This data is in line with our gene expression data of BAT in Table 2, and
further supports our in vivo observation that GHS-R antagonism increases differentiation
and thermogenic capacity of brown adipocytes. The data more importantly suggests that
ghrelin, via GHS-R, may directly regulate lipid metabolism and thermogenesis in BAT.

Our data provide the first evidence that GHS-R is an important regulator of lipid metabolism
during normal aging, and Ghsr ablation increases energy expenditure through up-regulation
of thermogenic function. Increased GHS-R expression in fat during aging may promote
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impairment of thermogenesis, and contribute to aging-associated obesity and insulin
resistance. Ghsr ablation prevents age-associated decline of thermogenic gene expression in
BAT, and ghrelin/GHS-R has direct thermogenic effects in brown adipocytes, suggesting
that GHS-R may directly regulate thermogenesis in BAT. Our data showed that GHS-R
ablation has effects on both energy-storing WAT and energy-burning BAT: reducing
adiposity in WAT to reduce energy substrates, and activating heat production in BAT to
increase energy expenditure (Fig. 7). This unique property of GHS-R suggests that GHS-R
antagonists may serve as new anti-obesity and anti-insulin resistance drugs shifting
metabolic states from obesogenic to a thermogenic.

Experimental procedures
Animals

Ghsr−/− mice in C57BL/6J background were generated and genotyped as described
previously (Sun et al. 2004). All mice used in the experiments are congenic (backcrossed 13
generations to C57BL/6J background) male mice. Wild-type (WT) and homozygous
knockout mice (Ghsr−/−) were housed and bred in a pathogen-free facility at Baylor College
of Medicine. Animals were housed under controlled temperature and lighting (75±1 °F; 12h
light-dark cycle) with free access to food and water. All diets from Harlan-Teklad, and the
diet compositions are as follows: control chow (2920X, 16% of calories from fat, 60% from
carbohydrates, 24% from protein); or a high-fat diet (“Western diet”, TD 88137, 42% of
calories from fat, 43% from carbohydrates,15% from protein). All experiments were
approved by the Animal Care Research Committee of the Baylor College of Medicine. To
determine data-relevant age cohorts, we tested young mice at 2-, 3-, and 4-months of age,
and old mice at 18-, 20-, 24-, and 26-months of age. We found that the data results were
similar from 2- to 4-months of age, and 18- to 26 months of age, respectively. The figures
presented in the papers are representative data.

Metabolic characterizations
Serum cholesterol was determined with a Cholesterol/Cholesteryl Ester Quantitation Kit
(BioVision). Plasma triglyceride levels were analyzed by a Serum Triglyceride
Determination Kit (Sigma). LDL, HDL and LVDL were determined by homogeneous
enzymatic colorimetric methods. Plasma leptin, adiponectin, and resistin levels were
measured by Linco Research, Inc., using a mouse leptin RIA kit. Plasma FFA was measured
with an enzymatic colorimetric NEFA C Test Kit by Wako Chemicals (Richmond, VA). .

Mice body composition were analyzed with a Lunar PIXImus densitometer (Lunar Corp.,
Madison, WI), equipped for dual energy X-ray absorptiometry (DEXA). MRI analysis of
body composition was also carried out using an EchoMRI Whole Body Composition
Analyzer (Echo Medical Systems). Anatomical MRI experiments were performed utilizing a
Bruker Pharmascan 7.0-T spectrometer, 16cm-bore, horizontal imaging system (Bruker
Biospin, Billerica, MA) with a 38-mm volume resonator. All imaging was respiratory-gated.
During the imaging, the animal body temperature was maintained at 37.0°C using an animal
heating system (SA Instruments, Stony Brook, NY). For each mouse, images were acquired
for 20 axial slices and 20 coronal slices, with 1.0-mm thickness. To get the best contrast for
fat tissue, a T1-weighted spin-echo sequence was used for imaging with the following
parameters: repetition time = 500ms, echo time = 10.7ms, field of view = 50.0mm ×
45.0mm (coronal slices) and 45.0 × 45.0mm (axial slices), matrix size of 256 × 256; two
signal averages were acquired.

Metabolic parameters were obtained using an Oxymax open-circuit indirect calorimetry
system (Columbus Instruments, Columbus, OH). Briefly, oxygen consumption (VO2) and
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carbon dioxide production (VCO2) by each animal was measured for a 48h period.
Respiratory quotient (RQ) ratio of VCO2/VO2 was then calculated. Energy expenditure (or
heat) was calculated as the product of the calorific value of oxygen (3.815 +1.232 * RQ) and
the volume of O2 consumed. Resting metabolic rate (RMR) was determined by selecting the
three lowest points of the energy expenditure curve during each light cycle; this corresponds
to resting periods, as previously described (Nuotio-Antar et al. 2007).

The percent relative cumulative frequency (PRCF) is a quantitative approach, which is used
to detect small differences in energy metabolism (Riachi et al. 2004). The approach involves
sorting data in ascending order, calculating their cumulative frequency, and then expressing
the frequencies in the form of percentile curves. Statistical comparisons of PRCF curves are
based on the 50th percentile values and curve slopes (H values). The 50th percentile value
represents the mean RQ. The slope of a PRCF graph of RQ results is inversely related to the
degree of metabolic flexibility between the oxidation of fatty acids and carbohydrates.

Histological analysis
Tissues (WAT and BAT) were fixed overnight in 10% formalin at room temperature,
dehydrated and then embedded in paraffin. Tissue blocks were then sectioned at 5 μm for
H&E staining. The H&E staining were carried out following the standard protocols (Stevens
1996).

Insulin tolerance test and glucose tolerance test
The insulin tolerance tests (ITT) were carried out on the young and old male mice. After
being fasted for 6h, mice tail blood glucose concentration was measured using the
commercially available OneTouch Ultra blood glucose meter and test strips (LifeScan).
Mice then received an i.p injection of human insulin (Eli Lilly) at a dose of 0.75-1.0 U/kg of
body weight. Tail blood glucose concentration was measured at 0, 30, 60, 90, and 120min
after injections. The glucose tolerance tests (GTT) were carried after the mice were fasted
for 18h. The mice then received an i.p. injection of glucose solution (Sigma-Aldrich) at a
dose of 2.0-2.5 g/kg body weight. The mice tail blood glucose was measured at 0, 15, 30, 60
and 120min after injections.

Hyperinsulinemic-euglycemic, hyperglycemic and hypoglycemic clamp studies
For hyperinsulinemic-euglycemic clamp of young mice (2-months): jugular vein was
catheterized, and the clamp experiment was performed as previously described (Saha et al.
2004). Briefly, after being fasted overnight, mice were administered a primed infusion (10
μCi), and then a constant rate intravenous infusion (0.1 μCi/min), of high pressure liquid
which was chromatography-purified [3-3H]glucose (PerkinElmer Life Sciences), using a
syringe infusion pump (KD Scientific). For determination of basal glucose production, blood
samples were collected from the tail vein after 50, 55, and 60min from the start of labeled
glucose infusion. After 60 min, mice were primed with regular insulin (bolus 16 milliunits/
kg body weight), followed by a 2-hr insulin infusion (4 milliunits/kg/min). Simultaneously,
10% glucose was infused using another infusion pump at a rate adjusted to maintain the
blood glucose level at 100–140 mg/dl. Blood glucose concentration was determined every
10 min by a glucometer (LifeScan, NJ). At the end of a 120-min period, blood samples were
collected (80, 90 100 and 120 min) to measure the hepatic glucose production and peripheral
glucose disposal rates.

Hyperinsulinemic-euglycemic, hyperglycemic and hypoglycemic clamps of old mice (20-22
months) were carried out as described by Vanderbilt University MMPC (Berglund et al.
2008). Briefly, the carotid artery and jugular vein were catheterized. The arterial catheter
was used for blood sampling, and the venous catheter was used for infusion in all protocols.

Lin et al. Page 12

Aging Cell. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mice were unrestrained and not handled thereafter to minimize stress. The experimental
period (t = 0–120 min) began at >1300 h with the infusion of insulin (Humulin R; Eli Lilly)
in euglycemic and hypoglycemic clamps, and glucose in hyperglycemic clamps. The steady-
state period was defined as stable glycemia between t = 80–120 min. Euglycemic clamp: A
primed continuous [3-3H]glucose infusion (5-μCi bolus and 0.05 μCi/min) was given at t =
−120 min to measure glucose turnover. The clamp was started at t = 0 min with a continuous
insulin infusion (24 pmol/kg/min), and the [3-3H] glucose was increased to 0.1 μCi/min to
minimize changes in specific activity. Glucose (5 μl) was measured every 10 min, and
euglycemia of ~150mg/dl was maintained using a variable glucose infusion rate. To
determine glucose-specific activity, blood samples (10 μl) were taken at t = −15 and −5 min
and every 10 min from t = 80-120 min. Blood samples (50 μl) were taken to measure plasma
insulin at t = 0, 100, and 120 min. Hyperglycemic clamp: At t = 0 min, a variable glucose
infusion rate was used to increase and maintain blood glucose at ~250 mg/dl. Blood glucose
(5 μl) was measured at t = −15, −5, 0, 5, 10, 15, and 20 min and then every 10 min until t =
120 min. Blood samples (50 μl) were taken at various time points to measure plasma insulin
and C-peptide. Hypoglycemic clamp: At t = 0 min, a constant insulin infusion (120 pmol/
kg/min) was started to induce hypoglycemia, and a variable GIR was used to maintain blood
glucose at 40-50mg/dl. Blood glucose was measured at t = −15, −5, 0, 5, 10, 15, and 20 min
and then every 10 min until t = 120 min.

Determination of cell size and cell numbers of adipocytes
The H&E-stained slides of adipose tissue were analyzed with Scion Image software (Scion
Corporation). Area and diameter of adipocytes were traced manually; 100 or more cells per
mouse in each group were analyzed and recorded. The mean cell area was considered as
equal to the mean adipocyte cell size. Mean adipocyte cell volume = π × (mean
diameter)3/6. To determine cell number, an entire lobe of epididymal fat was homogenized.
Total triglyceride was extracted with chloroform:methanol (1:1) at room temperature. After
centrifuging the tubes at 1000g for 10min, the clear chloroform phase was transferred to a
pre-weighed tube and dried in a 60°C heat block overnight. Then, net weight was considered
as total triglyceride content of the epididymal fat lobe. Number of adipocytes per lobe of
epididymal fat was calculated as = total triglyceride content (g)/mean adipocyte volume
(mm3)/density (0.915) (Okuno et al. 1998; Pichon et al. 2006).

Real-time RT-PCR
Total RNA of cells was isolated using TRIzol Reagent (Invitrogen), following the
manufacturer’s instructions. RNA was treated with DNAse and run on the gels to validate
the purity and quality of the RNA. The cDNA was synthesized from 1 μg RNA using the
SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen Corp.). Real-time
RT-PCR was performed on an ABI 7900 using the SYBR Green PCR Master Mix or the
Taqman gene expression Master Mix (Applied Biosystems). After amplification, the PCR
product was subjected to 2% agarose gel electrophoresis. 18s RNA, β-actin and 36B4 were
used as internal controls. All primer and probe information are available upon request.

Western blot analyses
Tissues were lysed in RIPA buffer with Complete Protease Inhibitor Cocktail (Roche Inc.).
Protein concentration was determined with BCA protein assay kit (Pierce, Rockford, IL).
Twenty microgram protein of each sample was separated by SDS-PAGE, and electro-
transferred to nitrocellulose membrane for immunoblot analyses. The following antibodies
were used: anti-UCP1 (Millipore, 1:1000), anti-β-actin (Santa Cruz Biotechnology, 1:1000),
HRP-conjugated anti-mouse (GE Healthcare UK Limited, 1:10,000), and anti-rabbit (GE
Healthcare UK Limited, 1:10,000). The SuperSignal West Pico Chemiluminescent kit
(Pierce) was used as substrates.
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Cell culture
HIB1B pre-adipocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% bovine calf serum. At confluence (day 0), HIB1B cells were incubated in
the differentiation medium {DMEM with 10% cosmic calf serum (Hyclone), supplemented
with 5 μg/ml insulin (Sigma), 0.5 mM isobutylmethylxanthine (Sigma), 1 μM
dexamethasone (Sigma), and 1 nM triiodothyronine (Sigma)} for 2 days. Then cells were re-
fed with maintenance medium (DMEM with 10% cosmic calf serum, containing 5 μg/ml
insulin and 1 nM triiodothyronine) at day 2, day 4 and day 6. Saline, 0.01nM, 1nM ghrelin
(Pi Proteomics), 1μM [D-Lys3]-GHRP-6 (Sigma) or 1nM ghrelin and 1μM [D-Lys3]-
GHRP-6 were added into the differentiation or maintenance medium at day 0, day 2, day 4
and day 6. On the 7th day of differentiation, cells were stimulated with 1 μM isoproterenol
(Sigma) for 6h prior to harvest.

Statistics
Data are represented as mean ± SEM, and analyzed using statistical software SPSS by
repeated measures to ANOVAs (one-way repeated measures and 2-way within-subjects to
ANOVA). Statistical significance is set to a minimum of p < 0.05. *, p < 0.05, **, p < 0.01,
***, p < 0.001.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

T2D type 2 diabetes

WAT white adipose tissue

BAT brown adipose tissue

UCP uncoupling protein

GHS-R Growth Hormone Secretagogue Receptor

IGF-1 insulin-like growth factor 1

WT wild-type

Null homozygous knockout

MRI magnetic resonance imaging

FFA free fatty acid

LDL low density lipoproteins

VLDL very-low density lipoproteins
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HDL high density lipoproteins

ITT insulin tolerance tests

GTT glucose tolerance tests

RMR resting metabolic rate

RQ respiratory quotient

RCF relative cumulative frequency

PPAR peroxisome proliferator-activated receptor

C/EBP CCAAT-enhancer-binding protein

GLUT4 glucose transporter 4

LPL lipoprotein lipase

aP2 adipocyte protein 2

FAS fatty acid synthase

HSL hormone-sensitive lipase

PEPCK phosphoenolpyruvate carboxykinase

ABCG1 ATP-binding cassette transporter G1
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Fig. 1. GHS-R null mice display reduced adiposity and improved lipid profile
(A) Body weights of WT and Ghsr−/− mice from 2- to 26-months. n = 8-15.
(B) PIXImus scan analyses revealed that the 18-month old Ghsr−/− mice have less fat mass
and more lean mass than those of WT mice (percentage of body weight). n = 8.
(C) Proton density-weighted axial MRI images of 24-month old WT and Ghsr−/− mice in
both coronal and axial sections. White areas denote fat.
(D) Serum leptin level in 18-month old WT and Ghsr−/− mice after overnight fasting. n = 6.
(E) Plasma cholesterol, triglycerides, HDL, LDL, and VLDL levels in 16-month old WT and
Ghsr−/− mice after 24h fasting. n = 9.
(F) Plasma free fatty acid levels of 18-month old WT and Ghsr−/− mice in the 4h and 18h
fasted states. n = 9.
*, p < 0.05, **, p < 0.01, WT vs. Ghsr−/− mice.
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Figure 2. GHS-R null mice have improved age-associated insulin resistance
(A) Insulin tolerance tests of young (top panel, 4-month old) and old (bottom panel, 20-
month old) WT and Ghsr−/− mice. n = 9. # indicates that when the glucose levels at 30 min
and 90 min time points are calculated as percentage of baseline values (Fig. S2.A), the
difference between WT and Ghsr−/− mice is still significantly different, p < 0.05.
(B) Glucose tolerance test of young (top panel, 4-month old) and old (bottom panel, 20-
month old) WT and Ghsr−/− mice. On the left is glucose, and on the right is insulin. n = 8.
(C) Hyperinsulinemic-euglycemic clamp of 3-month old WT and Ghsr−/− mice. Basal
glucose production is shown on the left, whole-body glucose infusion rates (GIR) during
hyperinsulinemic-euglycemic clamp are shown in the middle, and muscle glucose uptake is
shown on the right. n = 6.
(D) Hyperglycemic clamp of 18-month old WT and Ghsr−/− mice. Glucose infusion rate is
shown on the left, insulin and c-peptide levels are shown on the right. n = 10-11.
(E) Hypoglycemic clamp of 18-month old WT and Ghsr−/− mice. Glucose infusion rate is
shown on the bottom. n = 10.
*, p < 0.05, **, p < 0.01, WT vs. Ghsr−/− mice.
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Figure 3. GHS-R null mice have increased energy expenditure and improved metabolic
flexibility
22-month old WT and Ghsr−/− mice were used.
(A) Daily food intake during calorimetry.
(B) Total locomotor activity during calorimetry.
(C) Oxygen consumption (VO2), normalized with lean mass and average values of oxygen
consumption during light and dark cycles (inserts).
(D) Energy expenditure normalized with lean mass.
(E) Resting metabolic rate (RMR) was measured during light cycle, and normalized with
both body weight and lean mass, respectively.
(F) Respiratory quotient (RQ) and average of RQ (inserts) during light and dark cycles.
(G) Relative cumulative frequency (RCF).
n = 8 for all experiments A through G. *, p < 0.05, **, p < 0.01 ***, p < 0.001, WT vs.
Ghsr−/− mice.
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Figure 4. GHS-R null mice have reduced adipocyte cell size
4-month young and 22-month old WT and Ghsr−/− mice were used.
(A) GHS-R expression levels in WAT (epididymal and inguinal fat) were evaluated using
real-time RT-PCR (top) and semi-quantitative RT-PCR (bottom).
(B) White adipose tissue (epididymal and inguinal fat) weight. n = 8, *, p < 0.05, **, p <
0.01 to compare WT vs. Ghsr−/− mice. #, p < 0.05 to compare young vs old WT.
(C) Epididymal adipocyte morphology (Representative H&E sections).
(D) The distribution of adipocyte cell size. Insert: average size of the adipocytes of WT and
Ghsr−/− mice. n = 7, ***, p < 0.001, WT vs. Ghsr−/− mice.
(E) Cell numbers of whole-piece epididymal fat from WT and Ghsr−/− mice were
determined by lipid content. n = 4.
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Figure 5. GHS-R is expressed in BAT of old mice and GHS-R ablation prevents against age-
associated decline of thermogenic function
4-month young and 22-month old WT and Ghsr−/− mice were used.
(A) GHS-R expression levels in BAT of young and old WT were evaluated using real time
RT-PCR (top) semi-quantitative RT-PCR (bottom).
(B) Brown adipose tissue weight, of young and old WT and Ghsr−/−mice. n = 8, #, p < 0.01
between young vs. old WT mice; &, p < 0.01 between young vs. old Ghsr−/− mice.
(C) UCP1 mRNA levels in BAT of young and old WT and Ghsr−/− mice. n = 9.
(D) UCP1 protein levels in BAT of 22-month old WT and Ghsr−/− mice. Top panel is the
representative Western blots and bottom panel is the quantization of the Westerns.
(E) Mitochondrial density was evaluated by the ratio of mitochondrial DNA(pg)/total
nuclear DNA(mg) in BAT of 22-month old WT and Ghsr−/− mice. n = 6.
(F) Rectal temperature of 18- to 20-month old WT and Ghsr−/− mice: mice were fasted
overnight in normal housing facility, then moved to 4°C cold room for 4 hours. The
temperature was sampled every hour, and after 2 hour recovery in room temperature. n = 12.
*, p < 0.05., WT vs. Ghsr−/− mice.
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Figure 6. Ghrelin regulates brown adipocyte differentiation and UCP1 expression in HIB1B cells
through GHS-R
(A) GHS-R expression in HIB1B cells during differentiation was detected with semi-
quantitative RT-PCR.
(B) Real-time RT-PCR analyses of PPARγ, C/EBPα, UCP1 and PGC-1α expression in
differentiated HIB1B cells treated with saline or ghrelin *, p < 0.05, **, p < 0.01,
Treatments vs. Controls.
(C) Real-time RT-PCR analysis of PPARγ, C/EBPα, UCP1 and PGC-1α mRNA levels in
differentiated HIB1B cells treated with saline, 1 nM ghrelin, 1 μM [D-Lys3]-GHRP-6 or
combination of ghrelin and [D-Lys3]-GHRP-6. *, p < 0.05, **, p < 0.01, Treatments vs.
Controls.
#, p < 0.01, Ghrelin and [D-Lys3]-GHRP-6 combination treatment vs. Ghrelin treatment.
n = 9, and each assay was measured in triplicate.
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Figure 7. The schematic diagram of the role of GHS-R ablation in fat metabolism during aging
Data summary and interpretation: Aging is associated with increased adiposity and impaired
thermogenesis, which results in energy imbalance and subsequently leads to obesity and
insulin resistance (left panel). GHS-R ablation reduces adiposity in white adipose tissues and
increases thermogenesis in brown adipose tissues. This allows the animals to maintain an
energy balanced state, subsequently leading to reduced obesity and improved insulin
sensitivity (right panel).
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Table 1
The mRNA Expression of Adipogenic, Lipogenic, Lipolytic, and Lipid Recycling Genes in
Epididymal Adipose Tissue

Transcripts WT Ghsr−/− P Value

Adipogenic

 PPARγ2 1.00 ± 0.12 0.76 ± 0.09 <0.05

 C/EBPα 1.00 ± 0.09 1.23 ± 0.20 0.26

Glucose/Lipid Uptake

 GLUT4 1.00 ± 0.12 0.54 ± 0.10 <0.001

 Lipoprotein lipase 1.00 ± 0.09 0.58 ± 0.11 <0.001

 CD36 1.00 ± 0.14 0.54 ± 0.11 <0.001

Lipogenic

 aP2 1.00 ± 0.12 0.61 ± 0.11 <0.001

 Fatty acid synthase 1.00 ± 0.09 0.50 ± 0.09 <0.001

 Lipin 1 1.00 ± 0.09 0.58 ± 0.10 <0.001

Lipid Utilization

 UCP2 1.00 ± 0.11 0.90 ± 0.10 0.26

Lipolytic

 Perilipin 1.00 ± 0.13 0.69 ± 0.11 <0.05

 HSL 1.00 ± 0.09 0.83 ± 0.11 <0.05

Lipid Recycling

 PEPCK 1.00 ± 0.08 0.56 ± 0.07 <0.001

Cholesterol Exporter

 ABCG1 1.00 ± 0.12 0.82 ± 0.13 0.07

Values shown are mean ± SEM (n = 9 -16). The age of the mice range from 20-months to 24-months.
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Table 2
The mRNA Expression of Thermogenic and Lipid Metabolic genes in Brown Adipose
Tissue (BAT)

Transcripts WT Ghsr−/− P Value

Lipid metabolic genes

Adipogenic

 PPARγ2 1.00 ± 0.12 1.27 ± 0.14 0.07

 C/EBPα 1.00 ± 0.14 1.38 ± 0.16 <0.01

Glucose/Lipid Uptake

 GLUT4 1.00 ± 0.09 1.39 ± 0.11 <0.001

 Lipoprotein lipase 1.00 ± 0.08 1.80 ± 0.15 <0.001

 CD36 1.00 ± 0.07 1.15 ± 0.10 <0.05

Lipogenic

 aP2 1.00 ± 0.08 1.52 ± 0.12 <0.001

 Fatty acid synthase 1.00 ± 0.14 1.07 ± 0.16 0.65

 Lipin1 1.00 ± 0.14 1.34 ± 0.17 <0.05

Lipid Utilization

 UCP2 1.00 ± 0.12 1.06 ± 0.12 0.48

Lipolytic

 Perilipin 1.00 ± 0.13 1.90 ± 0.28 <0.05

 HSL 1.00 ± 0.18 1.13 ± 0.15 0.40

Lipid Recycling

 PEPCK 1.00 ± 0.12 1.32 ± 0.16 0.06

Thermogenic genes

 UCP1 1.00 ± 0.11 1.70 ± 0.22 <0.01

 PGC-1α 1.00 ± 0.19 1.81 ± 0.30 0.08

Values shown are mean ± SEM (n = 9 -12). The age of the mice range from 20-months to 24-months.
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