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Growth hormone secretagogues (GHSs) stimulate
rowth hormone (GH) secretion, which is lipolytic.
ere we compared the effects of twice daily s.c. treat-
ent of GH and the GHS, ipamorelin, on body fat in
H-deficient (lit/lit) and in GH-intact (1/lit and 1/1)
ice. In 1/lit and lit/lit mice ipamorelin induced a

mall (15%) increase in body weight by 2 weeks, that
as not further augmented by 9 weeks. GH treatment
arkedly enhanced body weight in both groups.

pamorelin also increased fat pad weights relative to
ody weight in both lit/lit and 1/lit mice. Two weeks
HS treatment (ipamorelin or GHRP-6) also increased

elative body fat, quantified by in vivo dual energy
-ray absorpiometry (DEXA) in GH-intact mice. GH
ecreased relative fat mass in lit/lit mice and had no
ffect in GH-intact mice. Treatment with GHS, but not
H, increased serum leptin and food intake in GH-

ntact mice. Thus, GHSs increase body fat by GH-
ndependent mechanisms that may include increased
eeding. © 2001 Academic Press

Key Words: GH secretagogue; ipamorelin; GHRP-6;
hrelin; adiposity; obesity; food intake; body composi-
ion; lit/lit; dwarf mice.

Growth hormone secretagogues (GHSs) are orally
ctive synthetic compounds that were initially shown
o stimulate growth hormone (GH) secretion by a direct
ituitary (1, 2) and a hypothalamic (3, 4) action. These
ffects are brought about by activation of specific GHS
eceptors, such as the cloned receptor GHS-R1A, a
-protein coupled receptor (5) that is present at both
ituitary and hypothalamic sites (5–7).
Recently, an endogenous ligand for the GHS-R1A

eceptor was isolated, sequenced and named “ghrelin”
8). Initial pharmacological studies show that ghrelin,
ike synthetic GHSs, increases GH secretion following

Data presented in part at the International Meeting of the Growth
ormone Society Gothenburg, Sweden, September 2000 (abstract O-15).
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eurones (3–4, 10) and induce food intake (9, 11–13)
hen given systemically or centrally. Ghrelin is pro-
uced by the oxyntic glands of the stomach. Immuno-
eactive ghrelin has been identified in the circulation
nd it has been suggested that ghrelin may be an
ndocrine signal from gut to hypothalamus (8). Al-
hough ghrelin’s physiological role has not yet been
dentified, its localization may suggest a role in feeding
nd nutrition.
Long term treatment with GHSs induces similar

nabolic effects to GH and it is largely assumed that
hese effects are mediated by GH (1, 2). For instance,
e reported previously that chronic GHS infusion to

emale rats for 3 months increases body weight reflect-
ng, in part, growth effects on bone; these effects were
imilar to GH treatment (14). We also demonstrated
hat chronic GHS treatment increases lean body mass
n humans (15).

Although it has been reported that GHSs enhance
ean body mass and bone mass, it is less clear to what
xtent the short term stimulatory effects of GHSs on
ood intake and secretion of GH are accompanied by
ong term effects on body fat mass. Chronic stimulation
f food intake by GHSs could result in increased body
at. On the other hand, chronic stimulation of GH
ecretion by GHSs could decrease body fat, as GH is
nown to be lipolytic (16). It is not clear which of these
wo effects that would prevail, and GHS may also affect
ody fat via other, as yet unknown, mechanisms. Most
revious studies of GHS effects on body fat have been
erformed in obese rats (17–18) and humans (14), as
hese models are best suited for detection of possible
ipolytic effects. Here we investigated the effects of
hronic GHS treatment on body fat in normal nonobese
ice. In addition, we compared the effects of GHSs in
H-deficient lit/lit mice and GH-intact (heterozygous
/lit and wild-type 1/1) mice to discern the GH-
ependent from the GH-independent effects of these
ompounds.



MATERIALS AND METHODS
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performed with the Norland pDEXA Sabre (Fort Atkinson, WI) (24).
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Animals. Female lit/lit mice and their non-GH-deficient 1/lit
eterozygous littermates (12 weeks old, mean body weight at onset:
it/lit 5 12 g; 1/lit 5 20 g; Jackson Labs, ME) and normal female
57 black mice (12 weeks old, mean body weight at onset 5 30 g;
57/black, BK Universal, Copenhagen, Denmark) were housed in
roups under standardized environmental conditions (21.5–22.5°C;
0–60% relative humidity, artificial lighting at 0500–1900). The
ice were given free access to water and to standard rodent chow

BK Universal, Stockholm, Sweden). All experimental procedures
ere carried out according to ethical guidelines for animal experi-
entation at the University of Gothenburg, Sweden.

Nine weeks of ipamorelin treatment to GH-deficient lit/lit mice.
he lit/lit mouse is an appropriate model to investigate the GH-

ndependent effects of GHSs as these mice are profoundly GH defi-
ient and are insensitive to the GH-stimulating effects of GHSs (19)
s well as GHRH (20), although the hypothalamus is still responsive
o the GHSs (21). Over a 9-week period female lit/lit mice and their
on-GH-deficient 1/lit heterozygous littermates (back crossed to the
57/black strain) were injected s.c. twice daily with ipamorelin (500
g/kg/day; n 5 8); human GH (GH; 3.5 mg/kg/day Norditropin, Novo
ordisk A/S, Copenhagen, Denmark; n 5 8); or vehicle (0.9% saline,
5 8). Body weight was measured at baseline and thereafter every
days for the duration of the study. At the end of the experiment,
ice were anaesthetized i.p. with a combination of ketamine hydro-

hloride (1.8 mg/ml; Ketalar, Park Davies, Morris Plains, NJ; 67
g/kg) and xylazine (13 mg/ml; Rompun, Bayer AG, Leverkusen,
ermany). Blood was collected under anaesthesia by cardiac punc-

ure and serum reserved and stored at 220°C until assay. Brain,
eart, liver and kidneys were dissected and weighed. Inguinal,
etroperitoneal and parametrial fat pads were dissected bilaterally
nd weighed.

Two weeks of GHRP-6 and ipamorelin treatment to normal female
ice. To further investigate the effects of ipamorelin on adiposity,

n a second study, we extended our observations to include not only
at pad dissection but also dual energy X-ray absorpiometry (DEXA)
hat provides a quantitative analysis of relative total body fat. Also
s GHSs other than ipamorelin have reported effects on glucocorti-
oids (1) that, in turn, increase body fat (22), we also compared
ffects of ipamorelin (that does not increase glucocorticoids at lower
oses; 23) with the most well described peptide GHS, growth
ormone-releasing peptide-6 (GHRP-6). As an increase in body
eight occurred very early into the 9-week study (within 1–2 weeks)
e investigated changes in body fat during 2 weeks of chronic GHS

reatment. The protocol described for the 9 week study was repeated
ver 2 weeks in normal (1/1) C57/black female mice with an addi-
ional GHS-treated group, given GHRP-6 (500 mg/kg/day; n 5 8). In
ivo DEXA measurements were performed for all mice at baseline
nd before sacrifice. Prior to DEXA measurements, mice were an-
esthetized with a combination of ketamine hydrochloride (7.5 mg/
g) and medetomidine hydrochloride (1 mg/kg Domitor; Orion
harma AB, Finland) in isotonic saline. Recovery from anaesthesia
as induced by an i.p. injection of the antidote Atipamezol hydro-

hloride (0.5 mg/kg Antisedan; Orion Pharma AB, Orion Corpora-
ion, Finland). Mice were housed individually and body weight was
oted every 3 days. Food intake was measured during a 3 day period
days 2–5, corresponding to the time point at which fat accumulation
ccurred). At sacrifice mice were anaesthetized as described for
lacement in the DEXA machine. At dissection, trunk blood samples
nd organs were removed and weighed. Organs removed included
rain, heart, liver, kidneys and all visceral fat pads (bilateral ingui-
al, parametrial and retroperitoneal fat pads as well as the intesti-
al mesenteric fat pads).

Dual energy X-ray absorpiometry: Quantification of total body fat.
o assess changes in total body fat area as a percentage of the body
rea, whole body scans of normal (1/1) female C57/black mice were
133
hree mice were included in each scan. In order to avoid inter-scan
ariations, a mouse was sacrificed at the beginning of the study and
ncluded as an internal standard in all scans. The software Sabre
esearch (version 3.6) was used (scan speed 5 15 mm/s). Areas of
50% fat appeared white on the scanned image. The accuracy of this

at setting was evaluated before each scanning procedure by recali-
rating with a standard consisting of 0–100% fat (interscan varia-
ion ,2%). The printed scan was imported to densitometry software
Scion Image, Scion Corporation, Frederick, MD) for analysis of fat
rea by subtracting areas of fat free mass (A2) from the total area of
ouse body (A1). The % fat area relative to body area was then

alculated as the ratio [(A1-A2)/A1]*100.

Blood assays. Leptin concentration in mouse serum was deter-
ined using a mouse leptin ELISA kit (Crystal Chem Inc., Chicago,

L) with a minimum detection level of 200 pg/ml and a measurable
oncentration range from 200–800 pg/ml. Corticosterone concen-
rations in mouse serum were analyzed using a high specificity
mmunoChem Double Antibody 125I radioimmunoassay kit for mice
ICN Biochemicals Inc., Costa Mesa, CA) with a minimum detection
evel of 25 ng/ml and a measurable concentration range from 25–
000 ng/ml.

Statistics. Results are presented as the mean 6 standard error of
he mean (SEM). For repeated in vivo body weight data, a 2-way
nalysis of variance (ANOVA) was performed with time and treat-
ent as the independent variables, followed by Student’s t test with
onferroni9s adjustment on all values obtained after initiation of

reatment. In all other measurements, data were analyzed by a
-way ANOVA, followed by Dunnet’s test against a control group. A
-tailed P , 0.05 was considered significant.

ESULTS

Nine weeks of ipamorelin and GH to GH-deficient
it/lit mice. The GH-dependent and independent ef-
ects on body weight following chronic GHS treatment
ere studied in GH-deficient lit/lit mice that do not

elease GH in response to GHSs or GHRH (19–20), as
ell as in GH-intact 1/lit mice. After 9 weeks the lit/lit
ice showed an overall increase in body weight com-

ared to baseline for all 3 treatment groups:
pamorelin-treated increased by 15.3 6 2.9%, GH-
reated by 95.5 6 6.8% and saline-treated by 1.6 6
.3% (Fig. 1A). In the 1/lit littermates, body weight
as also increased for all treatment groups:

pamorelin-treated increased by 16.9 6 5.3%, GH-
reated by 27.5 6 2.8% and saline-treated by 3.6 6
.3% (Fig. 1B). Compared to saline-treated controls,
he increase in body weight by GH was significant (P ,
.01) in both lit/lit and 1/lit mice. Ipamorelin in-
reased body weight above that of saline-treated con-
rols in the 1/lit (P , 0.01) and lit/lit group (P , 0.05).
fter 9 weeks, ipamorelin-treated lit/lit and 1/lit mice
emonstrated a very similar overall percentage in-
rease in body weight from baseline values. Most of the
ncrease in body weight by ipamorelin was induced
uring the first 1–2 weeks of treatment. This was sim-
lar to the timing of the first increase in body weight
ith GH treatment (day 5), but the GH-treated ani-
als continued to grow throughout the 9-week treat-
ent period. To account for the increase in body weight

bserved in the GHS-injected mice, several organs
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ere removed and weighed at sacrifice. There was no
ncrease in the relative weights of dissected organs
liver, heart, brain or kidneys) of GHS treated lit/lit or
/lit mice, whilst GH deficient lit/lit mice, subject to 9
eeks of GH injections had increased liver weight.
Inguinal, parametrial and retroperitoneal fat pads

rom lit/lit and 1/lit mice were weighed and expressed
s a percentage of body weight. Ipamorelin treatment
aused an increase in the relative weights of parame-
rial fat pads in both lit/lit and 1/lit mice and in the
elative weight of inguinal and retroperitoneal fat pads
n 1/lit mice (Figs. 2A–2C). The sum of relative fat pad
eights were increased in both lit/lit (142%) and 1/lit
ice (163%) injected with ipamorelin, compared to

aline-treated controls (Fig. 2D). GH treatment de-
reased relative inguinal fat pad weight in lit/lit and
/lit mice (Fig. 2A) and also decreased the sum of

elative fat pad weight in lit/lit mice (Fig. 2D), in line
ith its characteristic lipolytic effects (16).

Two weeks of GHRP-6, ipamorelin and GH treatment
o normal female mice. To investigate whether the
bserved adipogenic effect is specific for ipamorelin or
n effect in common with other GHRP-type of GHSs,

FIG. 1. Body weight (mean 6 SEM) during chronic treatment of
A) lit/lit and (B) 1/lit mice injected s.c. twice-daily with saline,
pamorelin or GH (n 5 8 for all groups). All P values denote signif-
cance compared to the saline-treated controls mice during treat-

ent (two-way ANOVA followed by Student’s t test with Bonferroni’s
djustment).
134
nd the prototype GHS, GHRP-6, on adiposity. More-
ver, we investigated whether the adipogenic effect
ould be seen after 2 weeks GHS treatment, as the
ajor effect on body weight was seen within the first 2
eeks of the 9-week study (Fig. 1). After 2 weeks, mice

njected with GHRP-6, ipamorelin or GH, all showed
n overall increase in body weight (mean 6 SEM)
ompared to baseline values: GHRP-6-treated mice in-
reased by 6.3 6 1.9%, ipamorelin-treated increased by
.9 6 1.5% and GH-treated increased by 18.6 6 1.2%
all P , 0.01). In contrast, normal mice injected with
aline vehicle over 2 weeks did not show a significant
hange in body weight (21.6 6 2.2%). The GHSs effects
n body weight were similar to those observed with
pamorelin treatment to GH-intact 1/lit mice during
he first 2 weeks of the 9-week study (Fig. 1).

Both ipamorelin and GHRP-6 significantly increased
he relative weights of all dissected fat pads (parame-
rial, mesenteric, retroperitoneal, and inguinal) as
ompared to saline-treated controls (Table 1). The sum
f relative fat pad weights was increased by GHRP-6
nd ipamorelin (Table 1). These results indicate that
pamorelin and also the prototype GHS, GHRP-6 in-

FIG. 2. (A–C) Relative weights (mean 6 SEM) of dissected fat
ads (i.e., fat pad weight expressed as a percentage of body weight)
n GH-deficient lit/lit mice and GH-intact 1/lit mice injected s.c. for

weeks with saline, ipamorelin or GH. For each mouse inguinal,
etroperitoneal and parametrial fat pads were removed bilaterally
nd weighed separately. (D) Sum of relative weight (mean 6 SEM) of
ooled inguinal, parametrial and retroperitoneal fat pads in lit/lit
nd 1/lit mice. All P values denote significance after 9 weeks treat-
ent compared to saline-treated control mice: one-way ANOVA fol-

owed by Dunnet’s test against a control group (*P , 0.05, **P ,
.01). n 5 7–8 mice for all groups.
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rease body fat. In this 2-week study, the sum of fat
ad weight was increased by 65% in ipamorelin-
reated GH-intact mice, compared to saline-treated
ontrols. Interestingly, this effect is of similar magni-
ude as that seen by treatment with ipamorelin for 9
eeks to GH-intact mice (Fig. 2D), indicating that
HSs do not increase adiposity further after 2 weeks

reatment. Treatment with GH for 2 weeks did not
ffect fat pad weights in GH-intact mice (Table 1).

In vivo dual energy X-ray absorpiometry (DEXA)
nalysis of total body fat. To study the effects of GHSs
ompared to GH on total body fat, mice were subject to
n vivo DEXA analysis at baseline and at the end of the
-week treatment period (Fig. 3). There were no differ-
nces in percentage total body fat at baseline between
ny of the treatment groups as measured by DEXA
saline 6.2 6 1.0%; ipamorelin 5.8 6 0.5%; GHRP-6
.4 6 0.4%; GH 5.2 6 0.3%). However, after 2 weeks
he ipamorelin and GHRP-6 treated mice had accumu-
ated more fat than saline-treated mice, while there
as no effect of GH treatment (representative mice

hown in Fig. 3A). Analysis of DEXA scans for each
reatment group confirmed that GHRP-6 and ipamore-
in, but not GH, enhanced significantly total body fat
ompared to controls (Fig. 3B). Calculation of changes
n total body fat compared to baseline showed that
HRP-6 and ipamorelin, but not GH, enhanced signif-

cantly the percentage total body fat (Fig. 3C). These
esults show that both ipamorelin and GHRP-6 had
ery marked adipogenic effects in GH-intact mice.

Blood assays. After 2 weeks treatment serum lep-
in concentration at sacrifice was increased in normal
emale mice injected with ipamorelin or GHRP-6 (P ,
.01) compared to saline-treated controls while no ef-
ect of GH was observed (Fig. 4A). No changes in
lasma or liver triglycerides were observed in GHS-
reated groups compared to saline-treated controls
data not shown). There was no increase in serum
orticosterone concentration in normal mice treated
ith either ipamorelin or GHRP-6 for 2 weeks: saline

Effects of GH Secretagogues (GHRP-6 a

Fat pads Saline (n 5 8) GHRP-6

Inguinal 0.59 6 0.03% 0.81 6
Parametrial 0.63 6 0.04% 1.09 6
Retroperitoneal 0.11 6 0.01% 0.19 6
Mesenteric 1.03 6 0.05% 1.48 6
Sum of fat pads 3.78 6 0.16% 4.86 6

Note. Relative weights (mean 6 SEM) of dissected fat pads (i.e.,
H-intact 1/1 mice injected s.c. for 2 weeks with saline, GHRP-6, ipa
nd mesenteric fat pads were removed bilaterally and weighed separ
n parentheses denote the number of individuals in each treatmen
ontrol mice at the end of the study: one-way ANOVA followed by D
135
05 6 24 ng/ml, ipamorelin 90 6 15 ng/ml, GHRP-6
7 6 17 ng/ml, GH 23 6 9 ng/ml. Similarly, in the
-week study, there was no significant effect of ipamo-
elin treatment on corticosterone levels in the lit/lit or
/lit mice.

Food intake. In the 2-week treatment study, daily
ood intake (expressed as percentage body weight)
howed that twice-daily s.c. injections of GHRP-6 and
pamorelin led to an increase in cumulative food intake
uring days 2–5 compared to saline-treated controls
Fig. 4B).

ISCUSSION

The present findings provide a clear demonstration
hat the stimulatory effects of chronic GHS treatment
n body weight partly reflect, GH-independent, adipo-
enic effects. As expected there was an increase in body
eight in normal GH-intact (1/lit or wild-type) mice
fter 2 weeks of GHS injections. Interestingly, there
as a similar increase in body weight in GH-deficient

lit/lit) mice that have been shown previously not to
elease GH in response to GHS (19). The GH-
ndependent effect of GHSs on body weight partly re-
ect increased fat mass as demonstrated by fat pad
issection and in vivo whole body fat analysis (by
EXA) in GH-deficient (lit/lit) and wild-type mice.
The adipogenic effects of GHSs are in line with our

nding that these compounds enhance levels of serum
eptin, a fat-derived hormone that reflects fat mass
25–26). Consistent with this, studies in obese and
ritically ill humans have shown that GHSs can in-
rease serum leptin (27–28), although GH itself sup-
resses serum leptin levels in line with its well-known
ipolytic effect (16). The fact that GH is lipolytic sup-
orts the assumption that the increased adiposity is
ue to GH-independent effects of the GHSs also in
H-intact mice.
To date, interest on the potential benefits of GHS

reatment to decrease fat mass has focused on in-

Ipamorelin) or GH on Fat Pad Weights

5 8) Ipamorelin (n 5 8) GH (n 5 7)

%** 0.97 6 0.05%** 0.54 6 0.05%
%** 1.27 6 1.24%** 0.77 6 0.05%
%* 0.21 6 0.01%** 0.14 6 0.01%
%** 1.59 6 0.07%** 1.34 6 0.09%
%** 6.25 6 0.28%** 3.77 6 0.20%

pad weight expressed as a percentage of body weight) in normal
relin, or GH. For each mouse inguinal, parametrial, retroperitoneal,
ly. The sum of these relative fat pad weights is also given. Numbers
roup. All P values denote significances compared to saline-treated
net’s test against a control group (*P , 0.05, **P , 0.01).
nd

(n

0.10
0.12
0.02
0.10
0.87

fat
mo
ate
t g
un
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reased GH release. Thus, not surprisingly, many
hronic GHS studies have been performed in obese
umans and animals. However, despite the marked
H releasing capacity of the GHSs, several of these

tudies have failed to show a decrease in fat mass after
HS treatment to obese humans (15) and rats (17–18).
he reason for this may be the direct lipogenic effect of
HSs shown in this study.
The mechanisms mediating the adipogenic effects of
HSs are unknown, but it is likely that the orexigenic
ffect shown in this and previous studies (11–13) plays
role. We found that 2 different GHSs increased cu-
ulative daily food intake over 72 h during the first
eek of GHS treatment, that is, at a time when most of

he increased in body weight occurred (data not
hown). Moreover, GH did not stimulate food intake
ndicating that the orexigenic effect of GHS, like the

FIG. 3. (A) Adiposity visualised by in vivo dual energy X-ray a
ormal mouse injected s.c.twice daily for 2 weeks with either saline,
50% fat. (B) Total body fat measured by DEXA after 2 weeks injectio
ere analysed using densitometry software and regions correspondin

f the percentage fat-mass relative to total body area. (C) Percentag
EXA and analyzed using densitometry software. Numbers in paren
enote significance after 2 weeks treatment compared to saline-trea
ontrol group (*P , 0.05, **P , 0.01). n 5 7–8 mice for all groups.
136
dipogenic effect, is GH-independent. However, it can-
ot be excluded that the adipogenic effects of GHSs are
ue to changes in energy expenditure as well as food
ntake. On the other hand, it has been reported that
ong term GHS treatment in obese men increases
ather than decreases energy expenditure (15), an ef-
ect that is unlikely to contribute to increased body fat.

The GHS stimulation of food intake may be mediated
y neuropeptide Y (NPY) which has very potent orexi-
enic effects (29). Moreover, it has been shown that the
ajority of neurones activated by GHSs are also NPY-

ontaining (30) and there is a marked colocalization of
HS-R mRNA and NPY mRNA in the hypothalamic
rcuate nucleus (7). It is also possible that other GH-
ndependent actions of the GHSs contribute to the ob-
erved adipogenic effects, such as stimulation of the
ypothalamo-pituitary-adrenal (HPA) axis (32–33).

rpiometry (DEXA) analysis. Each panel displays a representative
RP-6, ipamorelin or GH. White regions correspond to areas that are
.c. with saline, GHRP-6, ipamorelin, GH. DEXA scans of each mouse
.50% fat area on the DEXA scans were included in the calculation

hange from baseline in total body fat (mean 6 SEM) measured by
ses denote the number of mice in each treatment group. All p values
control mice: one-way ANOVA followed by Dunnet’s test against a
bso
GH
n s
g to
e c

the
ted
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yperactivity of the HPA axis is associated with excess
isceral fat accumulation (22). On the other hand, the
act that we saw an adipogenic effect by ipamorelin, a
HS that does not appear to stimulate glucocorticoid

elease (23), might argue against HPA involvement.
onsistent with this, we saw no significant effect of
HSs on corticosterone. From these measurements
lone, however, we cannot exclude the possibility that
lucocorticoids play a role in GHS-induced adiposity.
During the preparation of this manuscript a report
as published by Tschöp and colleagues showing lipo-
enic and orexigenic effects by 2 weeks treatment with
hrelin, an endogenous GHS ligand, in normal and
H-deficient rats (33). The present report extends this

tudy showing that the lipogenic and orexigenic effects
ainly occur during the first 1–2 weeks of treatment,

nd that an equilibrium is then reached with no fur-
her increase in body fat. We also demonstrate that the
ncrease in fat mass is accompanied by an increase in
irculating leptin, providing a possible mechanism for
he cessation of the adipogenic and orexigenic effects of
HS that occur during chronic exposure. Finally, we

how that similar adipogenic effects of GHSs occur in
ice as have been reported for ghrelin in rats.
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