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Menopause and premature gonadal steroid deficiency are associated
with increases in fat mass and body weight. Ovariectomized (OVX)
mice also show reduced locomotor activity. Glucose-dependent-insu-
linotropic-polypeptide (GIP) is known to play an important role both
in fat metabolism and locomotor activity. Therefore, we hypothesized
that the effects of estrogen on the regulation of body weight, fat mass,
and spontaneous physical activity could be mediated in part by GIP
signaling. To test this hypothesis, C57BL/6 mice and GIP-receptor
knockout mice (Gipr~/~) were exposed to OVX or sham operation
(n = 10 per group). The effects on body composition, markers of
insulin resistance, energy expenditure, locomotor activity, and expres-
sion of hypothalamic anorexigenic and orexigenic factors were inves-
tigated over 26 wk in all four groups of mice. OVX wild-type mice
developed obesity, increased fat mass, and elevated markers of insulin
resistance as expected. This was completely prevented in OVX
Gipr~/~ animals, even though their energy expenditure and sponta-
neous locomotor activity levels did not significantly differ from those
of OVX wild-type mice. Cumulative food intake in OVX Gipr—/~
animals was significantly reduced and associated with significantly
lower hypothalamic mRNA expression of the orexigenic neuropeptide
Y (NPY) but not of cocaine-amphetamine-related transcript (CART),
melanocortin receptors (MCR-3 and MCR-4), or thyrotropin-releasing
hormone (TRH). GIP receptors thus interact with estrogens in the
hypothalamic regulation of food intake in mice, and their blockade
may carry promising potential for the prevention of obesity in gonadal
steroid deficiency.

estrogen; energy expenditure; body fat

GONADAL STEROID DEFICIENCY in the menopausal state is associ-
ated with changes in body composition, which include a loss of
lean body mass and an increase in total and abdominal fat mass
(15, 24, 30). Estrogen receptors are expressed in various
metabolically relevant tissues and locations including areas of
the brain that are known to be involved in the regulation of
food intake, body weight, and energy expenditure (18, 27).
Loss of circulating estrogen also increases fat mass and body
weight in ovariectomized (OVX) rodents, and this is reversed
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by estrogen replacement (16). Changes in food intake have
been further reported for states of gonadal steroid deficiency
(10), as well as alterations in the expression of certain genes
(12) and circulating levels of gut hormones (23) related to
energy expenditure and lipid metabolism. The gut hormone
glucose-dependent insulinotropic polypeptide (GIP) is released
from the duodenum and upper jejunal endocrine K cells and
modulates insulin secretion after carbohydrate or fat consump-
tion in humans and rodents. Receptors for GIP (Gipr) are
expressed in pancreatic [3-cells but are also found in other
tissues such as the brain and in adipose tissue (33). Conse-
quently, recent research (17, 33) indicates that GIP might play
an important role in fat metabolism. GIP has been shown to
direct glucose uptake and stimulate the synthesis of triacyl-
glycerols in adipocytes. Principally consistent with that obser-
vation, Gipr™/~ mice fed a high-fat diet are protected from
obesity (19) and might have an enhanced fat oxidation under
conditions of reduced insulin action (34). Moreover, the novel
data of transgenic mice overexpressing GIP suggest a role for
GIP in the regulation of locomotor activity (6). It has been
suggested that individuals in a condition of increased GIP
levels are more prone to obesity and hyperinsulinemia (33). On
the other hand, increased GIP levels in postmenopausal women
might reflect differences in gonadal hormonal status (23),
which is supported by the finding that circulating concentra-
tions of GIP are modulated in postmenopausal women receiv-
ing estrogen replacement therapy (29).

These studies indicate that the effects of GIP and estrogen on
the regulation of body weight and fat mass could be connected.
To test this hypothesis, we investigated in Gipr~’~ mice and
wild-type controls which of the effects of ovariectomy (OVX)
on body composition, energy metabolism, and hypothalamic
neurocircuitry depended on the presence or absence of GIP.

MATERIALS AND METHODS

Animals. The protocol for all animal experiments was approved by
the Governmental Animal Ethic Review Board (State of Brandenburg,
Germany). The generation of Gipr~/~ mice in the C57BL/6 back-
ground used in these experiments has been previously described (22).
Animals were housed individually at a temperature of 22°C with a
12:12-h light-dark cycle in cages with soft wood bedding. Animals
were kept on a standard diet (Altromin 1324 fortified; Altromin, Lage,
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Germany) with unlimited access to chow and liquids. Six-week-old
female Gipr /~ and C57BL/6 control mice were divided into four
groups (n = 10 per group) and received either OVX or sham
operation. Food intake rate was recorded for a total of 8 wk, beginning
from week 8 after surgery and ending at week 19. This period had to
be interrupted between weeks 14 to 17 because of interference with
other examinations. Body weight was measured at baseline and after
4,6, 10, 14, 18, 22, and 26 wk.

OVX procedures. OVX or sham operations were performed in
anesthetized animals by bilateral dorsal abdominal incisions so that
the ovary and the oviduct could be rapidly removed. In the sham
surgery group, the ovary and oviduct were visualized before incisions
were sutured. Because estrogen influences the uterine weight, atrophy
of the uterus was used as an indicator of reduced estrogen levels as
described previously (4). The success of OVX procedures was con-
firmed at the end of the study by measuring uterine weights.

Total energy expenditure. Total energy expenditure (TEE) was
measured by indirect calorimetry in individual mice, using an open
respirometric system (gas analyzers: Magnos 16 and Uras 14, Hart-
mann & Braun) at week 22 after surgery. Mice were unrestrained and
had free access to chow and water during analysis. Oxygen consump-
tion and CO, production were determined every 6 min over a 23-h
period. Recorded energy expenditure was normalized for metabolic
body weight (body weight in kg®7%).

Body composition. Body composition (fat mass, lean mass, and free
fluid) was measured once a month using nuclear magnetic resonance
spectroscopy (Mini Spect MQ 10 NMR Analyser; Bruker, Karlsruhe,
Germany). In addition, body weight was measured using an electronic
scale.

Spontaneous locomotor activity analysis. Mouse locomotor activity
within home cage environment was measured using an infrared light
system (TSE, Bad Homburg, Germany). The sensors registered the
activity of the animal by sensing the body-heat image and its spatial
displacement over time. Activity was recorded in week 21 over a
5-day period and expressed as counts per hour.

Plasma analyses. Animals were investigated in the overnight fasted
state. Mouse plasma insulin levels were determined by ELISA for rat
insulin using a mouse insulin standard (both from Crystal Chem,
Chicago, IL) as described previously (25). Blood was obtained from
the retro-orbital sinus during anesthesia using Isoflurane (Baxter,
Unterschleissheim, Germany). Plasma glucose was measured using a
commercial kit following manufacturer’s instructions (Glucose HK
CP; ABX Pentra, Montpellier, France). Leptin was measured in
plasma of fed mice using a commercial ELISA (R&D Systems,
Minneapolis, MN).

RNA extraction and real-time RT-PCR. Total RNA was extracted
from hypothalamus of animals in nonfasted state by Trizol reagent
(Invitrogen, Carlsbad, CA). Mouse hypothalamic expression of the
mRNA encoding neuropeptide Y (NPY), agouti-related peptide
(AgRP), cocaine-amphetamine-related transcript (CART), thyro-
tropin-releasing hormone (TRH), leptin receptor (db), estrogen recep-
tor-a (ER-a), and melanocortin receptor-3 and -4 (MCR-3 and
MCR-4) were measured by Biosystems 7300 real-time RT-PCR
system as described previously (20). Cycle threshold values from each
experimental sample were used to calculate the amount of each gene
and hypoxanthine-guanine phosphoribosyltransferase (HPRT) mRNA
compared with the standard. For all samples, the results in terms of
gene expression levels were normalized to those of the internal control
HPRT. The same procedure was used to measure gene expression of
fatty acid synthase (FAS), stearoyl-CoA-desaturase-1 (SCD-1), and
L-carnitine-palmitoyl-transferase-1 (CPT-1) in abdominal white adi-
pose tissue. The oligonucleotide-specific primers were as follows:
HPRT: up5'-CAGTCCCAGCGTCGTGATTA-3’, 105'-AGCAAGT-
CTTTCAGTCCTGTC-3"; ER: up5'-TGTCCAGCTACAAACCAA-
TGCA-3', 105'-TCCGTATGCCGCCTTTCAT-3'; db: up5'-GATT-
TCTTGGGACAGCCAAA-3', 105'-CTCTTGCTCCTCACCTGGAC-3';
NPY: up5'-AGGCTTGAAGACCCTTCCAT-3', 105'-ACAGGCAGA-
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CTGGTTTCAGG-3'; AgRP: upS’-TGTGTAAGGCTGCACGAGTC-3',
105'-GGCAGTAGCAAAAGGCATTG-3'; TRH: upS’-GTGCCAACCA-
AGACAAGGAT-3', 105'-TTCTTCCCAGCTTCTTTGGA-3'; CART:
up5’-CATGATGCAAGAGGAGCTGA-3',105'-CTTCCCCTGTGATGC-
TTTGT-3"; MCR-3: up5-AGCAGCCCTGAGTGTCATCT-3’, 105'-CTT-
GCCGGAAGTCTAAGCAC-3'; MCR-4: up5'-TCATCTGTAGCCTG-
GCTG-3', 105'-GGTACTGGAGCGCGTAAAAG-3'; FAS: up5'-AGGA-
GGTGGTGATAGCCGGTAT-3', 105'-GGTAATCCATAGAGCCCAG-
CCT-3'; SCD-1: up5’-GCCCACATGCTCCAAGAGATCT-3', 105'-AG-
GACGGATGTCTTCTTCCAGG-3'; and CPT-1: up5'-CCTGCATTCCT-
TCCCATTTG-3', 105'-CCCATGTCCTTGTAATGTGCG-3'.

Statistical analysis. Quantitative data are presented as means * SE.
Data were analyzed using one-way ANOVA with Bonferroni post hoc
test or two-tailed Student’s #-test for unpaired samples (SPSS 11.5,
Chicago, IL). Not normally distributed data were calculated using
nonparametric Mann-Whitney’s U-test. P < 0.05 was considered
significant.

RESULTS

OVX induces obesity in wild type but not in Gipr~'~ mice.
Figure 1A shows the changes in body weight during the
experiment. The area under the curve (AUC) of incremental
weight over the whole period was significantly increased in
wild-type OVX mice (198.8 = 11.6), compared with the sham
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Fig. 1. Wild-type mice (Wt) and Gipr/~ mice were ovariectomized (OVX) or
sham operated (Sham; n = 10 in each group). A: body weight alterations over
26 wk. AUC of body weight during the observation period was significantly
increased in wild-type mice. B: NMR analysis of change in body fat; repre-
sentative results from monthly measurements in weeks 14 and 26 after surgery.
Body fat was increased only in wild-type mice after ovariectomy (¥*P < 0.05;
##pP < 0.01).
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group (131.9 = 9.9; P < 0.01). No difference was detectable
in both sham-operated and OVX knockout animals. OVX wild
types gained more weight than mice in all other groups and
significantly more than OVX Gipr~/~ mice (147.2 * 16.3;
P < 0.05). This weight gain was consistent with increased
body fat in NMR analysis. Fourteen weeks after surgery a
significantly increased body fat was detected in OVX wild-type
mice compared with both sham-treated controls (P < 0.01) and
OVX knockouts (P < 0.01). Body fat gain remained signifi-
cantly different until the end of the study in week 26 (P < 0.05;
Fig. 1B).

Twenty-four weeks after surgery OVX animals appeared to
develop increased insulin resistance as indicated by the product
of fasting plasma glucose and insulin concentration (Table 1).

Plasma leptin significantly increased in both ovariectomized
wild-type (33.1 £ 4.89 vs. 8.1 = 1.92 ng/ml; P < 0.001) and
Gipr '~ (16.9 + 3.35 vs. 6.5 = 2.62 ng/ml; P < 0.05) mice.
Estrogen-lacking Gipr ™/~ animals showed significantly lower
Ieptin levels compared with wild-type mice (P < 0.01; Fig. 2).

Uterine weight was used as an indicator for successful OVX
surgery. Both in OVX wild-type mice (38.2 £ 3.99 mg) and in
OVX Gipr~/~ (35.8 * 2.55 mg) there was a significant atrophy
of the uterus compared with the sham-operated controls
(206.6 = 11.22 mg and 201.1 * 17.8 mg; P < 0.001).

Reduced TEE after OVX. TEE was measured 22 wk after
surgery. Because TEE is a function of body weight, data were
normalized to metabolic body weight. Both wild-type mice
(798.5 * 19.9 vs. 735.9 *+ 14.8 kJ-d~!-kg~%75) and knockout
animals (809.0 + 21.5 vs. 735.3 + 22.7 kJ-d~!-kg ") showed
a reduced TEE during the dark phase after OVX (P < 0.05;
Figure 3A). There was no difference in TEE during resting at the
light phase, indicating a potential dependence of this energy
expenditure phenomenon on activity induced thermogenesis.

Reduced spontaneous locomotor activity after OVX. We
therefore measured spontaneous physical activity in the home
cage environment. OVX reduced locomotor activity during the
dark phase in both wild-type mice (145,082 *= 16,078 vs.
351,306 + 53,196 counts; P < 0.01) and knockout animals
(132,167 = 15,883 vs. 287,056 £ 25,966 counts; P < 0.001).
Figure 3B presents the results of a 24-h section during the
5-day measurement. This difference remained significant over
24 h (P < 0.05), although there was no significant difference
during the light phase.

Reduced food intake in OVX Gipr~'~ mice. Cumulative food
intake was recorded for a total period of 8 wk (Fig. 4) between
weeks 8 and 19 after surgery. The amount of chow was
assessed weekly. Cumulative food intake in OVX Gipr/~
mice was significantly lower compared with sham-treated an-

Table 1. Plasma glucose and insulin after over night fasting
(24 wk after surgery)

Plasma Glucose, Plasma Insulin, Glucose X Insulin,

n mmol/l pg/ml mmol/l X pg/ml
WT, Sham 10 7.34+0.27 182.47+41.28 1375.4%340.8
WT, OVX 10 8.76%0.70 327.25+46.83%  2,840.9+406.9*
Gipr~/~, Sham 9 6.96+0.23 175.16£51.36 1,216.2+353.2
Gipr/~, OVX 10 7.16+0.30 251.56+33.29 1,825.1+194.0F

WT, wild type; Gipr~/~, GIP receptor knockout; Sham, sham-treated group;
OVX, ovariectomized group. *P < 0.05, WT OVX vs. WT Sham; {P < 0.05,
Gipr/~ OVX vs. WT OVX.
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Fig. 2. Plasma leptin levels 24 wk after surgery in fed mice (*P < 0.05; **P <
0.01; *#xp < 0.001).

imals (P < 0.05), beginning from week 12 after surgery, and
remained significantly different throughout the recorded pe-
riod. No difference in food intake was found between OVX
and sham-operated wild types (P = 1.00).

Differential expression pattern of orexigenic and anorexi-
genic neuropeptides. Quantitative PCR was performed to in-
vestigate whether differences in food intake were associated
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Fig. 3. A: total energy expenditure (TEE) 22 wk after surgery was decreased
in both wild-type and Gipr~/~ mice in the dark phase (shaded section). TEE
was normalized for metabolic weight (MBW). B: representative analyses of
spontaneous locomotor activity of 24-h section during 5-day measurement.
During dark phase (shaded part), activity was decreased in ovariectomized
wild-type and Gipr '~ compared with sham-treated animals.

AUGUST 2008 « www.ajpendo.org

800¢ ‘9z 1snbny uo Bio ABojoisAyd-opuadle woiy papeojumoq



http://ajpendo.physiology.org

GIP RECEPTOR AND OBESITY

250

1 Wt, Sham *
V71 Wt,OVX —
I Gipr-/-, Sham
200 {  EEEA Gipr-/-, OVX *

—_ [}

2 *

V] [l

E %

s 150 4

',; ™

S

£

o

2 i

§ 100

=

g

3

Q

50 4
0l a0 VBN g |
8 10 12 18 20

time (weeks post surgery)

Fig. 4. Cumulative food intake rate was recorded for a total of 8 wk in the
period between weeks 8 and 19 after surgery. Food consumption was reduced
in ovarectomized Gipr~/~ mice from week 12 after surgery (P < 0.05).

with altered expression of hypothalamic orexigenic and an-
orexigenic factors. The relative expression of orexigenic NPY
was reduced by 77% in OVX Gipr~’~ mice vs. OVX controls
(P < 0.05; Fig. 5A).

The mRNA level of CART was decreased by 62% in OVX
wild types (P < 0.05) but was not significantly changed in
knockout animals (Fig. 5B). Expression of TRH, which acts as
another anorexigenic factor (14), was downregulated although
not statistically significant in OVX wild types (1.00 = 0.31 vs.
0.51 = 0.19; P = 0.07) and was unchanged in OVX Gipr '~
animals (0.73 £ 0.19 vs. 0.49 * 0.17; P = 0.19; Fig. 5C). No
significant alteration in the hypothalamic expression levels of
ER-a (Fig. 5D), MCR-3 (Fig. 5E), and MCR-4 (Fig. 5F) were
detected, as well as in expression levels of AgRP and leptin
receptor (data not shown).

We also found no significant differences in gene expression
pattern of FAS, SCD-1, and CPT-1 in white adipose tissue
(data not shown).

DISCUSSION

The health consequences of obesity include increased risk of
heart disease, hypertension, diabetes, sleep apnea, cancer, 0s-
teoarthritis, and mental health problems. Postmenopausal
women tend to gain body fat, placing them at a higher risk for
the disorders described above. The increase in adiposity in that
situation seems to be a consequence of the decline in endog-
enous estrogens and the reduced energy expenditure. A better
understanding of the mechanisms involved in increased fat
mass in the postmenopausal state might be very helpful to face
this problem.

In the present study, we report novel data showing that GIP
receptor knockout prevents OVX-induced obesity in mice.
Reduced energy expenditure and spontaneous locomotor ac-
tivity in OVX animals were in agreement with previous studies
(5), and this was independent of the GIP genotype. However,
compared with OVX wild-type animals, cumulative food in-
take in OVX Gipr~/~ mice was significantly lower. Conse-
quently, body weight and fat mass markedly increased in OVX
wild types but not in OVX Gipr™/~ animals, compared with
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sham-operated controls, and were associated with significantly
increased markers of insulin resistance in OVX wild-type
mice. The increased plasma leptin levels in OVX animals most
likely reflected increased fat mass, which is in agreement with
previous studies (9). The decreased food intake in OVX
Gipr~/~ mice is an unexpected and important novel result
because previous studies (19) have shown that there was no
significant difference in food intake between WT and Gipr '~
mice. Furthermore, it has been also reported that the intrace-
rebroventricular administration of GIP does not affect food
intake in non-OVX animals (11, 32), indicating that there is
little effect of GIP on feeding behavior in estrogenized ani-
mals. The decreased food intake uncovered here in OVX
Gipr~/~ mice suggests that Gipr may be a relevant signal
mediating feeding under specific physiological conditions. In-
terestingly, and in contrast to previous studies (13), Nyberg et
al. (21) showed the presence of both Gipr and GIP protein in
the rodent brain. GIP seems to play an important role in the
brain, as it was found that GIPR ~/~ mice have decreased brain
volumes. Among the several brain areas expressing GIP, the
hypothalamus was one of them (21). The hypothalamus is the
major brain center that regulates food intake and body weight.
Many neuropeptides, some of the arguably most important of
which are NPY, AgRP, CART, melanocortin receptors, and
TRH have been shown to control energy homeostasis by
modulating energy intake or energy expenditure (26). Gene
expression analysis of hypothalamic orexigenic and anorexi-
genic factors in the present study exhibited changes that could
contribute to explaining the observed differences. Hypotha-
lamic NPY mRNA was markedly reduced in OVX Gipr~/~
mice but that phenomenon was neither observed in sham-
operated Gipr—/~ animals nor in OVX wild-type controls. NPY
is one of the most abundant neurotransmitters in the brain (2),
which, when secreted or activated, potently increases food
intake and reduces energy expenditure (28). Vice versa, in the
absence of NPY, ob/ob mice are less obese due to reduced food
intake and increased energy expenditure (7). Even though a
causal relationship cannot be stated, reduced expression of
hypothalamic NPY mRNA in the present study might have
contributed to reduced food intake in OVX Gipr~/~ mice. No
difference was observed in the hypothalamic expression of the
leptin receptor, which is in agreement with previous studies (1).
To our knowledge, this is the first study quantifying hypo-
thalamic CART mRNA levels in this model, and we observed
a significant reduction of CART mRNA in OVX vs. sham-
operated wild types. This could be expected to increase food
intake. However, the mRNA expression of the anorexigenic
hypothalamic neuropeptide CART was not significantly altered
in both OVX and sham-operated knockout animals, and higher
circulating insulin in OVX wild types might have prevented a
further increase in food intake via central action (26). In
addition to CART, we also measured TRH, another hypotha-
lamic neuropeptide that has, apart from its role as a central
nervous system releasing hormone controlling thyroid metab-
olism, known effects on food intake and locomotor activity
(31). TRH and CART are closely neuronally connected be-
tween the brainstem and the hypothalamus (8). For instance,
CART-immunoreactive axons densely innervate the majority
of hypophysiotropic TRH-containing neurons in the hypotha-
lamic paraventricular nucleus and establish asymmetric synap-
tic connections with the TRH neurons (8). The expression of
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other neuropeptides with a crucial role in food intake such as
MCR-3, MCR-4, or ER-a was not significantly altered. There-
fore, we hypothesize that the observed similar expression
pattern of TRH and CART mRNA in the present study with a
tendency to decreased mRNA levels in wild-type OVX animals
but not in OVX Gipr~/~ mice together with reduced NPY
expression in OVX Gipr~/~ mice might explain the different
food intake between wild-type and Gipr~/~ OVX groups.
Apart from food intake and energy expenditure, nutrient
partitioning is another well-known key factor in the regulation
of body weight and could have contributed to differences in
body weight and fat mass between sham and OVX mice, with
potential differences in fat being preferentially directed to
either oxidative processes or to triglyceride storage in white
adipose tissue. To test this hypothesis, we measured the ex-
pression of several key enzymes involved in lipid metabolism
in white adipose tissue and found that the expression levels of
FAS, SCD-1, and CPT-1 were not significantly different be-
tween groups. Thus our results indicate that the changes

MCR-3

MCR-4

observed here in body weight and fat mass were a consequence
of changes in food intake behavior, rather than of alterations in
nutrient partitioning.

Taken together, we demonstrate that Gipr knockout prevents
OVX-induced obesity in mice. The exact mechanisms of how
estrogens, GIP, and the different neuropeptides functions might
be linked at a molecular level need to be investigated in future
studies. Challenging OVX Gipr /™ mice with other, i.e., high-
fat, diets might be of further interest. Although our data do not
necessarily apply to humans because of known differences in
female cycle and different diurnal rhythms (3), the data pre-
sented here indicate that endogenous GIP signaling might exert
unfavorable effects on body weight, fat mass, and insulin
resistance in gonadal steroid deficiency.
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