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It is well known that peripherally administered growth

hormone (GH) results in decreased body fat mass.

However, GH-deficient patients increase their food in-

take when substituted with GH, suggesting that GH also

has an appetite stimulating effect. Transgenic mice with

an overexpression of bovine GH in the central nervous

system (CNS) were created to investigate the role of

GH in CNS. This study shows that overexpression of GH

in the CNS differentiates the effect of GH on body fat

mass from that on appetite. The transgenic mice were

not GH-deficient but were obese and showed increased

food intake as well as increased hypothalamic expres-

sion of agouti-related protein and neuropeptide Y. GH

also had an acute effect on food intake following intra-

cerebroventricular injection of C57BL/6 mice. The trans-

genic mice were severely hyperinsulinemic and showed

a marked hyperplasia of the islets of Langerhans. In

addition, the transgenic mice displayed alterations in

serum lipid and lipoprotein levels and hepatic gene

expression. In conclusion, GH overexpression in the

CNS results in hyperphagia-induced obesity indicating a

dual effect of GH with a central stimulation of appetite

and a peripheral lipolytic effect. Diabetes 54:51–62,

2005

I
t is well known that growth hormone (GH) de-
creases body fat mass in both man and experimental
animals (1–6). Using zinc to control the metallothio-
neine promoter driving the ovine-GH gene, a GH

dose-dependent linear decrease in both epididymal and
subcutaneous fat pad weights was found (7). Also, in
patients with acromegaly, the body fat mass correlates
inversely with increasing GH concentrations (8). More-
over, GH-deficient adults are more obese than normal
subjects, and GH substitution decreases the fat mass in
these patients (1,9,10).

However, GH-deficient patients seem to increase their
food intake when substituted with GH, suggesting that GH
also has an appetite stimulating effect (11,12). GH has also
been shown to increase food intake in experimental
animals in some (5) but not all studies (13–16). In addition,
GH administration has been shown to change eating
behavior (16). Thus, it is not clear whether GH affects food
intake in rodents and, if so, if it is a peripheral or a central
nervous system (CNS) effect. Both GH production and GH
receptors are found in the brain. mRNA for GH can be
found in different parts of the brain (17), and the most
abundant GH immunoreactivity is found in the amygdala,
hippocampus, and hypothalamus (18). GH receptors are
also present in multiple locations in the rodent (19,20) and
human brain (21,22).

During recent years, many important findings have been
made to elucidate the complex regulation of food intake
and energy homeostasis (23–27). Intracerebroventricular
(ICV) injection of leptin decreases food intake and body
weight (28) and may be acting through the proopiomela-
nocortin (POMC) and leptin receptor expressing-neurones
in the hypothalamic arcuate nucleus (29). Indeed, melano-
cortin peptides derived from the POMC gene, especially
�-melanocyte–stimulating hormone, are involved in the
regulation of feeding behavior (30,31). Also, agouti-related
protein (AGRP), which is expressed in the arcuate nu-
cleus, is involved in the control of appetite by antagonizing
the melanocortin receptor-4 (MC4-R) and thereby also
leptin action (32,33). Interestingly, the expression of
AGRP is upregulated in the leptin-deficient ob/ob mice and
leptin receptor–deficient db/db mice (32,33). The sponta-
neous mutant yellow agouti mice are leptin resistant and
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develop obesity with hyperleptinemia due to antagonism
of the MC4-R by ectopic expression of the agouti protein
(34,35). Whether AGRP neurons express GH receptors is
still unknown. Also, neuropeptide Y (NPY) neurones in the
arcuate nucleus are involved in energy homeostasis (36).
Chronic administration of NPY to the hypothalamus of
normal animals mimics the phenotype of leptin deficiency,
including obesity, hyperphagia, and inhibition of GH pro-
duction (37), and furthermore, leptin administration re-
duces NPY expression (38). NPY neurons in the arcuate
nucleus have been shown to express GH receptors, while
no expression was found in NPY neurons outside the
arcuate nucleus (39). Whether the effects of GH on food
intake, as seen in GH-deficient patients, are mediated by
these central processes is not known.

We have generated a mouse model in which bovine GH
(bGH) is overexpressed in the CNS using the promoter of
glial acid fibrillary protein (GFAP). The GFAP-bGH mice
were shown to have a CNS-specific expression of bGH
(40). bGH could be detected in the serum of two lines of
GFAP-bGH mice (line 2: 207 � 21 ng/ml; line 3: 334 � 53
ng/ml, which have been used in this study), but serum
IGF-I levels were similar in GFAP-bGH mice and littermate
wild-type control mice. These findings show that the
GFAP-bGH mice are not GH-deficient in the peripheral
circulation, and that the circulating levels of bGH are
much lower than metallothionein-I transgenic mice with a
general overexpression of bGH (41). In addition, both
Mt-bGH and GFAP-bGH had threefold elevated corticoste-
rone levels (40). In contrast to the Mt-bGH mice, the
GFAP-bGH mice did not display enhanced spontaneous
locomotor activity, indicating that this behavior involves
peripheral effects (40).

The aim of this study was to investigate the effect of
overproduction of GH in the CNS on food intake, body fat
mass, insulin sensitivity, and subsequent alterations in
lipoprotein metabolism. These are known effects of GH
(3,42–44), but the importance of GH production in the
CNS for these effects in an animal model that is not GH
deficient is not known.

RESEARCH DESIGN AND METHODS

To generate GFAP-bGH transgenic animals, 110 injected C57 BL/6JxCBA
embryos were implanted into 5 C57 BL/6JxCBA foster mothers. Out of 22
newborn mice, 5 mice were identified as carrying the GFAP-bGH transgene
(founder animals) using Southern blot analysis (40). In this study, the founder
line with highest bGH expression in the brain (line 3) was used in most
experiments, but to confirm the GFAP-bGH phenotype, additional experi-
ments were preformed in a second founder line (line 2) (40). The environment
of the animal room was controlled with a 12-h light-dark cycle (7:30 A.M. to
7:30 P.M., with a 1-h dawn/sunset function), a relative humidity between
45–55%, and a temperature of 20°C. The mice had free access to tap water and
standard pellet diet (R-34, Lactamin, Sweden). The study was performed after
prior approval from the local ethics committees at the Göteborg and Lund
Universities, Sweden. For the growth curves, five to seven mice were housed
per cage (at the age of 18 days), and the body weight was recorded every
second day up to 16 weeks of age. From that point, the body weight was
recorded once a week. At 6–7 months of age, seven male and female
transgenic mice together with a corresponding number of littermate controls
were anesthetized with medetomidine (Domitor, Orion, Finland; 0.005 mg/10
g intraperitoneally) and ketamine (0.75 mg/10 g intraperitoneally). Serum was
obtained by heart puncture, and the organs were collected, blotted, weighed,
and immediately frozen in liquid nitrogen for further storage at �135°C.
Intracerebroventricular cannulation. Normal male C57BL/6 mice were
anesthetized with initial 4% isoflurane (Baxter, Kista, Sweden) followed by a
maintenance dose of 2% isoflurane and placed in a stereotaxic frame (Stoelt-
ing, Wood Dale, IL) to implant a permanent 31-gauge stainless steel guide

cannula (Eicom, Kyoto, Japan) above the third ventricle (0.94 mm posterior to
the bregma, 1.0 mm below the surface of the skull). Guide cannulas were held
in position by dental cement (Heraeus Kulzer, Hannau, Germany) attached to
two stainless steel screws driven into the skull. A stainless steel obtruder
(Eicom) was inserted into the guide to maintain cannula patency. The animals
were allowed 4 days postoperative recovery. ICV injections (1 �l) were carried
out during a short period of anesthesia with 2% isoflurane. bGH was injected
by a stainless steel injector, inserted in and projected 1.5 mm below the tip of
the guide cannula. A 5-�l Hamilton syringe (VWR International, Stockholm,
Sweden) was connected to a plastic tube and used for injection.
Food intake. Food was deprived from the mice 18 h before measurement of
food intake. Measurements started at 10:00 A.M. Cages (37 � 10�3 m2) were
prepared with normal diet and aspen chip at the bottom. They were then
incubated at 80°C for 1 h to correct for any differences in humidity. After the
cages had reached room temperature, they were accurately weighted. The
mice were weighed and immediately put in the preweighed cage with free
access to food and water. Measurement of feeding was done for 48 continuous
hours. The mice were then returned to their original cages. All excrements
were removed, and the cages were reincubated at 80°C for 1 h in order to dry
out water spill and urine, and finally reweighed at room temperature. In a
separate experiment, ad libitum–fed 3-month-old male C57BL/6 mice (ran-
domized by body weight) were ICV injected with vehicle (Ringer, n � 4), or
bGH (0.6 �g, n � 5), and food intake was measured for 3 h postinjection as
described above.
Indirect calorimetry. Oxygen consumption (vO2) and carbon dioxide pro-
duction (vCO2) were measured using an open circuit calorimetry system
(Oxymax; Columbus Instruments International, Columbus, OH). The animals
were placed in calorimeter chambers with ad libitum access to normal lab diet
and water for 48 h. An air sample was withdrawn for 75 s every 20 min. The
O2 and CO2 content were measured by a paramagnetic oxygen sensor and a
spectrophotometric CO2 sensor. These values were used to calculate vO2 and
vCO2. Data from the first 24 h were not used in the analysis. Data from
corresponding hours during the second 12-h light period were used in 2-h bins.
We calculated energy expenditure (kcal/h) from the following equation: (3.815
� 1.232RER) � vO2, where RER is the respiratory exchange ratio (volume of
CO2 produced per volume of O2 consumed [both ml � kg–1 � min–1]) and vO2 is
the volume of O2 consumed per hour per kilogram of mass of animal. The
value of metabolic rate was correlated to individual body weights. The resting
metabolism was analyzed by using the lowest value of RER during light period
and the value of metabolic rate at that exact time for calculations.
Peripheral quantitative computerized tomography. Computerized tomog-
raphy was performed with the STRATEC pQCT XCT (version 5.4B; Norland
Medical Systems) operating at a resolution of 70 �m as previously described
(45,46). Sections were made at the same level in all mice (i.e., 5 mm proximally
of the crista iliaca).
Magnetic resonance imaging. At 6–7 months of age, four male GFAP-bGH
transgenic mice and five male littermate controls were killed. We used a
magnetic resonance imaging system (Varian, Palo Alto, CA) incorporating a
4.7 T magnet (Oxford Instruments, Oxford, U.K.) and pulsed field gradients
capable of 200 mT m�1 with a rise time of 0.3 ms. A quadrature birdcage
radiofrequency transceiver with 103-mm internal diameter with sufficient
radiofrequency homogeneity to encompass the entire cadaver was used.
Image acquisition used a multislice two-dimensional spin-echo technique
(TR � 5 s; TE � 11 ms; 41 contiguous transverse slices; 2-mm slice thickness;
matrix 128 � 128; field of view 50 mm � 50 mm � 82 mm). Both fat (C1H2 and
C1H3)- and water (1H2O)-suppressed magnetic resonance images were ob-
tained. This image matrix included the entire animal. Two phantoms were also
included in the image field. These were two 4.2-mm inner diameter tubes
containing water and olive oil. The fat- and water-suppressed images were
obtained by applying a Gaussian saturation pulse applied on the fat and water
resonances.
Image analysis. Segmentation was performed manually using software
written in-house in interface definition language (Research Systems, Boulder,
CO). Segmentations of both subcutaneous adipose tissue and abdominal/
thoracic adipose tissue were obtained from the water-suppressed images. The
segmentations were performed from the cranial end of the thoracic cavity to
the caudal end of the abdomen. Thus, the body was included but limbs and
head excluded from the segmentation. The subcutaneous adipose tissue in
this region was defined as adipose tissue present outside the abdominal and
thoracic cavities. The volumes were computed using programs written
in-house in interface definition language. The segmented regions were subse-
quently surface rendered to produce three-dimensional representations of the
visceral and subcutaneous adipose tissues. Brown fat was identified from
signal intensity.
Magnetic resonance spectroscopy. Magnetic resonance spectra were also
obtained without the phantoms present using the same coil. Eight averages
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were acquired, and the repetition time was 17 s. Tissue water was used as an
internal reference at a chemical shift of 4.8 ppm. Spectra were integrated
using VNMR software (Varian, Palo Alto, CA). The integrals of the water signal
(I3.5–6.5: signal between 3.5 and 6.5 ppm) and the CH2 and CH3 signals from fat
(I0–3: signal between 0 and 3 ppm), in arbitrary units, were converted to
estimated mass, in grams, using the simplifying assumption that mice are
composed entirely of water (mw 18, 2/2 protons resonate between 3.5 and 6.5
ppm) and tripalmitin (mw 807, 93/98 protons resonate between 3.5 and 6.5
ppm), using the equation below.

estimated mass of fat
(astripalmitin) /g �

I0 –3 � 807/93

(I3.5– 6.5 � 18/2) � (I0 –3 � 807/98)
� mouse mass/g

Total cholesterol, triglycerides, lipoprotein size distribution, and he-

patic lipid content. Total serum cholesterol and triglycerides were measured
with enzymatic colorimetric assays (Chl/CHOD-PAP and TG/GPO-PAP; Roche
Diagnostics, Mannheim, Germany). Serum apolipoprotein (apo)B was mea-
sured by an electroimmunoassay as previously described (3,47). The choles-
terol distribution profiles were measured using a size exclusion high
performance liquid chromatography system, SMART, with column Superose 6
PC 3.2/30, (Amersham Pharmacia Biotech, Uppsala, Sweden) as described
before (48). The lipoproteins in a 10-�l sample were separated within 60 min,
and the areas under the curve represents the cholesterol content.

Frozen livers were homogenized in isopropanol (1 ml/50 mg tissue) and
incubated at 4°C for 1 h. The samples were centrifuged in 4°C for 5 min at
2,500 rpm, and the triglyceride concentration in the supernatant was mea-
sured as described above.
Western blot. Western blotting to detect LDL receptor expression was
performed as described before (48) using enhanced chemiluminescence
protocol (Amersham Pharmacia Biotech, Buckinghamshire, U.K.) and quanti-
fied using Fluor-S Multi Imager and Quantity One software (Bio-Rad, Hercules,
CA). In brief, 30 �g of protein were separated and transferred under
nonreducing conditions. Primary rabbit anti-bovine LDL receptor antibody (a
generous gift from Professor Joacim Herz, Department of Molecular Genetics,
University of Texas, Dallas, TX) and secondary horseradish peroxidase–linked
donkey anti-rabbit Ig were both diluted 1:2,000 in blocking buffer.
Intravenous glucose tolerance test. Intravenous glucose tolerance test
was performed in 6- to 7-month-old nonfasted mice and repeated in 9-month-
old fasted mice. The animals were anesthetized with an intraperitoneal
injection of midazolam (Dormicum; Hoffman-La-Roche, Basel, Switzerland;
0.14 mg/mouse) and a combination of fluanison (0.9 mg/mouse) and fentanyl
(0.02 mg/mouse; Hypnorm, Janssen, Belgium). Thereafter, a blood sample was
taken from the retrobulbar capillary plexus after which the animals were
given an intravenous injection of D-glucose (1 g/kg; British Drug Houses,
Poole, U.K.). The volume load was 10 �l/g body wt. Blood was sampled after
1, 5, 10, 20, 30, and 50 min (75 �l per sample). The samples for glucose and
insulin were taken in heparinized tubes, and after immediate centrifugation,
plasma was separated and stored at 80°C until analysis.
Immunohistochemistery. Pancreata of adult and embryonic (E19) mice
were immersed overnight in Stefanini’s fixative (2% formaldehyde and 2%
picric acid in phosphate buffer, pH 7.2) and further rinsed repeatedly in
sucrose-enriched (10%) buffer, frozen on dry ice, and stored at �70°C.
Sections were cut at 10 �m thickness in a cryostat and mounted on
chrome-alum–coated slides. Indirect immunofluorescence on cryostat sec-
tions was used for immunohistochemical demonstration of proinsulin and
glucagon. Details of the antibodies and methods are previously described (49).
For each hormone, five sections taken at different levels of each pancreas
(n � 6) were examined.
Analysis of hormones and glucose in serum/plasma. Serum leptin levels
were measured by an ELISA assay (Chrystal Chemicals, Downers Grove, IL).
Plasma insulin was determined radioimmunochemically with the use of a
guinea pig anti-rat insulin antibody, 125I-labeled human insulin as tracer, and
rat insulin as standard (Linco Research, St. Charles, MO). Plasma corticoste-
rone levels were determined with a radioimmunoassay (RPA 548) from
Amersham Life Science (U.K.). Plasma glucose was determined with the
glucose oxidase method (50).
Genome-wide expression analysis. Livers from six transgenic male animals
and six wild-type male controls (6–7 months old) were dissected. Approxi-
mately 100-mg sections were homogenized, and RNA was prepared using
TRIzol reagent (Invitrogen LifeTechnologies, Carlsbad, CA) according to
provided protocol. Two duplicate cDNA syntheses were done followed by
cRNA labeling and finally hybridization against the MG-U74Av2 mouse ge-
nome chip from Affymetrix (Santa Clara, CA) using protocols supplied by the
manufacturer. Washing and staining were done with a Fluidics Station 400
using the EukGE-WS2 protocol (Affymetrix). The chips were then directly
scanned twice using a GeneArray scanner.

The signal intensity analysis of the arrays was done using the Microarray

suite 5.0 from Affymetrix. The intensities were scaled using a target signal
factor of 150. The intensity file from each array was then imported into
GeneSpring 4.2.1 for further analysis (Silicon Genetics, Redwood City, CA).
Initially, genes that were scored as absent on at least 22 of 24 arrays were
sorted out. We then filtered out genes with statistically significant differences
when grouped by genotype (GFAP-bGH or wild type) using a parametric test
without the assumption of equality of variance (Welch ANOVA) with a P value
cutoff set to 0.05. This analysis was followed by multiple testing correction
analysis. We used the Benjamini and Hochberg test, which controls the false
discovery rate defined as the proportion of genes expected to be identified by
chance relative to the total number of genes called significant. Genes with
significant changes of expressions between the transgenic group and the
wild-type group were further filtered using a ratio of �1.25 (25%) or �2 (100%)
as threshold. These genes were then sorted according to function, protein
family, or metabolic pathway.
Real-time PCR. Hypothalami from six transgenic males, five transgenic
females, and seven control mice (6–7 months old) from each sex were
dissected. Total RNA was extracted by Tri Reagent (Sigma Aldrich St. Louis,
MO, USA). First-strand cDNA was synthesized from total RNA using Super-
script preamplification system (Invitrogen LifeTechnologies, Carlsbad, CA).
Real-time PCR analysis was performed with an ABI Prism 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA) using FAM-, VIC-, and
TAMRA-labeled fluorogenic probes. The expression data were normalized
against mouse acidic ribosomal phosphoprotein P0 (M36B4). The relative
expression levels were calculated according to the formula 2��CT, where �CT is
the difference in cycle threshold values between the target and the M36B4 internal
control. Sequences for the primers and probes are presented in Table 1.
Statistics. Comparisons between two groups were made by unpaired Stu-
dent’s t test. Two-way ANOVA was used to analyze glucose tolerance test and
weight change in the transgenic mice and their controls. Welsh ANOVA
followed by Benjamini and Hochberg false discovery rate test was used to
analyze the DNA array data. Values are presented as mean � SE. P 	 0.05 was
considered significant.

RESULTS

Body weight. The generation of GFAP-bGH animals was
previously described (40). To investigate the relationship
between GH overexpression in the CNS and postnatal
growth, the body weights of the GFAP-bGH line with
highest GH expression (line 3) and control littermates
were followed in more detail. A difference in weight was
seen in female mice at 
20–25 days of age, when the
transgenic females gained more weight than controls. A
weight difference between transgenic male mice and male
controls was detected at 55–60 days of age (male P 	 0.01
and female P 	 0.001, n � 7–12) (Fig. 1A). At 130 days (18
weeks) of age, transgenic females were 31% (P 	 0.05)
heavier and transgenic males 19% (P 	 0.05) heavier than
their littermate controls. Similar results were seen in a
second GFAP-bGH transgenic line (line 2) derived from a
different founder. At 130 days (18 weeks) of age, the
transgenic females from this founder line were 42% (P 	
0.001) heavier than their littermate controls (GFAP-bGH
38.6 � 1.8 g vs. wild type 27.1 � 1.4 g), confirming an
increased body weight as a result of overexpression of
bGH in the CNS.
Body fat mass. To investigate whether the increased body
weight in GFAP-bGH mice was accompanied with an
altered body composition, abdominal computer tomogra-
phy scans were performed in vivo. Interestingly, both the
visceral and subcutaneous fat deposits were increased in
the GFAP-bGH mice compared with the control mice
when they were 6 months old (Fig. 1B). The body compo-
sition was also analyzed in vivo using MR spectroscopy
(Fig. 1C). The integrals of the water signal and the CH2 �
CH3 signal from fat measured from the nuclear magnetic
resonance spectra showed a 100% increase in fat integral/
arbitrary units (GFAP-bGH 31.3 � 0.8 units vs. wild type
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15.7 � 1.7 units; P 	 0.01 Student’s t test), a 152% increase
in estimated mass of fat in gram (GFAP-bGH 16.2 � 0.3 g
vs. wild type 6.4 � 0.9 g; P 	 0.01, Student’s t test), and a
101% increase in estimated mass proportion of fat per
mouse (GFAP-bGH 30.5 � 0.9% vs. wild type 15.2 � 1,7%;
P 	 0.01, Student’s t test) in GFAP-bGH mice compared
with control mice. Segmentation volumes of the abdomi-
nal/thoracic compartment, measured using magnetic res-
onance imaging, showed a 159% increase in total adipose
volume/ml (GFAP-bGH 10.3 � 0.5 volume/ml vs. wild type
4.0 � 0.4 volume/ml; P 	 0.01, Student’s t test), a 169%
increase in subcutaneous adipose volume/ml, a 146% in-
crease in visceral adipose volume/ml, and a 123% increase
in interscapular brown fat pad/ml (n � 4–5; Fig. 1C).
Dissection of fat depots confirmed that the GFAP-bGH
mice were obese. The absolute as well as the relative
weights (in percentage of body weight) of dissected retro-
peritoneal, reproductive, and brown adipose tissue depots
were markedly increased in both male and female GFAP-
bGH mice compared with wild-type littermate controls
(Table 2). Similar results on adipose tissue weights were
found in a second GFAP-bGH transgenic line (line 2)
derived from a different founder. The absolute as well as
the relative weights of dissected retroperitoneal (GFAP-
bGH 0.41 � 0.02 g vs. wild type 0.21 � 0.03 g, P 	 0.01 and
GFAP-bGH 1.0 � 0.04% bw vs. wild type 0.8 � 0.07% bw,
P 	 0.05, Student’s t test) and reproductive (GFAP-bGH
3.4 � 0.15 g vs. wild type 1.4 � 0.3 g, P 	 0.01 and
GFAP-bGH 9.0 � 0.7% bw vs. wild type 5.0 � 0.9% bw, P 	
0.05, Student’s t test) adipose tissue depots were markedly
increased in females of this second line of GFAP-bGH
mice compared with their wild-type littermate controls,
confirming the obese phenotype of GFAP-bGH mice.

In addition, the weights of several other organs, includ-
ing brain, spleen, heart, kidney, lung, testis, and liver, were
changed in absolute or relative terms in the transgenic
mice (Table 2). Leptin levels have been shown to correlate
to the amount of fat (51,52), and as expected, serum levels
of leptin were increased in both female (�58%) and male
(�44%) GFAP-bGH mice compared with littermate con-
trols (Fig. 1D).
Food intake and indirect calorimetry. To test the
possibility that the difference in weight gain between
GFAP-bGH transgenic mice and wild-type mice could be
due to a difference in food intake, we measured the food
intake over 48 h after an 18-h fasting period in male
GFAP-bGH mice and littermate male controls. During the
fasting period, there was no difference in weight loss
between the GFAP-bGH transgenic and wild-type mice
(P � 0.8; data not shown). GFAP-bGH mice had increased
accumulated food intake (�60%; P 	 0.0001) and relative
food intake (�32%; P 	 0.05) compared with wild-type
littermate controls (Fig. 2A and B). Using indirect calorim-
etry, no significant changes in RER or energy expenditure
were observed between GFAP-bGH mice and wild-type
littermate controls (Fig. 2, C and D).

A single ICV injection of dexamethasone has been
shown to increase food intake in adrenalectomized obese
leptin-deficient ob/ob mice (53). Thus, the increased food
intake in GFAP-bGH mice could be due to the increased
serum corticosterone levels found in these mice (40). To
investigate whether GH has a direct effect in the CNS onT
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food intake, a separate experiment was conducted where
food intake was measured following ICV injection of bGH
in ad libitum–fed C57BL/6 mice (Fig. 2E). ICV injection of
bGH increased food intake (�46%; P 	 0.05). In addition,
no change in serum corticosterone level was observed in
the bGH-treated mice compared with vehicle-treated ani-
mals (bGH [n � 5] 219.3 � 25.8 ng/ml vs. vehicle [n � 4]
232.8 � 13.7 ng/ml; P � 0.68, Student’s t test).
Hypothalamic gene expression. Several hypothalamic
genes, known to regulate food intake, were measured to
determine the mechanism behind the increased food in-
take in GFAP-bGH mice. The hypothalamic AGRP mRNA
levels were increased by more than twofold in both female
and male transgenic mice compared with wild-type mice
(Fig. 2F). Furthermore, NPY mRNA levels were signifi-
cantly increased in female GFAP-bGH transgenic mice
(Fig. 2G). In contrast, the hypothalamic mRNA levels of
POMC, melanin-concentrating hormone (MCH), melanin-
concentrating hormone receptor (MCH-R), and MC4-R
were not significantly different between control mice and
GFAP-bGH transgenic mice (data not shown).
Glucose tolerance. GFAP-bGH transgenic mice at 6–7
months of age had severely increased basal insulin levels
compared with littermate controls (Fig. 3A). Furthermore,
this was also observed during a glucose tolerance test
where the insulin levels of the GFAP-bGH transgenic mice
were markedly higher at each time point (P 	 0.001, n �
6) (Fig. 3B). However, there was no difference in the basal
glucose levels or glucose tolerance between the transgenic

mice and littermate controls (P � 0.12). Similar results
were observed when these mice were 9 months old (data
not shown).
Islet morphology. Because the GFAP-bGH mice were
hyperinsulinemic, we investigated whether this was re-
flected in the morphology of the pancreatic islets. Pancre-
atic sections from GFAP-bGH transgenic mice and
littermate controls were examined by immunohistochem-
istry with proinsulin and glucagon antibodies. A marked
islet hyperplasia was observed in the pancreas from
GFAP-bGH mice, and the islet architecture was disturbed
with an �-cell disorganization (Fig. 3C). Thus, in GFAP-
bGH transgenic mice, glucagon cells were regularly ob-
served in the central portion of the islets, whereas in the
littermates, the normal mantle zone of �-cells was ob-
served. In the embryonic pancreas (stage E19 examined),
cords and clusters of proinsulin and glucagon immunore-
active cells were seen, with no distinct formation of
mantle-type islets in either transgenic or littermate con-
trols. Furthermore, there was no overt difference in the
amount of endocrine tissue between the two genotypes at
this developmental stage (not shown).
Serum lipoproteins. To investigate whether the alter-
ations in body composition and insulin sensitivity were
accompanied by changes in serum lipoprotein levels, total
serum levels of cholesterol and triglycerides as well as
serum lipoprotein profiles at 6 months of age were mea-
sured. The effects were similar in male and female mice;
therefore, only data from male mice are given in Fig. 4A–E.

FIG. 1. GFAP-bGH mice are obese. Body
weight gain (A) in GFAP-bGH trans-
genic mice (Tg) and littermate wild-
type mice (Wt). Representative
abdominal CT scan of a female GFAP-
bGH mouse and corresponding wild-
type mouse is shown. CT sections were
made at the same level in both mice
(i.e., 5 mm cranially of the crista iliaca).
The black arrows indicate the perito-
neum (B). An example of surface-ren-
dered MR images of subcutaneous and
visceral fat in male mice and segmenta-
tion volumes of the abdominal/thoracic
compartment of subcutaneous adipose,
visceral adipose, and interscapular
brown adipose using magnetic reso-
nance imaging is shown (n � 4–5) (C).
Serum leptin levels (D). Littermates at
the age of 6–7 months were used (B–D).
Values are means � SE (n � 7–12). *P <
0.05 and **P < 0.01 vs. wild type (Stu-
dent’s t test). Growth curves data were
analyzed using two-way ANOVA using
genotype and time as factors.
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Serum cholesterol levels were higher in both male and
female transgenic mice by 49 and 89%, respectively, while
the serum levels of triglycerides were 52 and 43% lower in
transgenic males and females, respectively, compared
with wild-type gender littermate controls (Fig. 4, A and B

and data not shown). The hepatic triglyceride content was
not different between the GFAP-bGH mice and gender
littermate controls (data not shown).

Serum apoB levels were lower in the transgenic male
mice compared with wild-type mice (Fig. 4C). The serum
lipoprotein profiles showed a change in the size-distribu-
tion profile in the transgenic mice that was similar in male
(Fig. 4E) and female mice (data not shown). The size-
distribution profiles indicated that the transgenic mice had
increased serum levels of small LDL or large HDL parti-
cles. The lower serum apoB levels in the transgenic mice
indicate that the changed size-distribution profiles of li-
poproteins are explained by higher serum levels of large
HDL particles. To investigate whether the decreased se-
rum levels of apoB could be due to an increased expres-
sion of the LDL receptor, the hepatic LDL receptor protein
expression was determined with Western blot (Fig. 4D).
Both the 130-kDa and the 220- to 240-kDa band (corre-
sponding to a dimer of the LDL receptor) (54) were
quantified and added to a total expression value. The LDL
receptor protein levels did not differ between the trans-
genic mice and the wild-type controls (P � 0.1) (Fig. 4D),
indicating that the lower apoB levels in the transgenic
mice are not a result of an increased LDL receptor
expression.

Genome-wide expression analysis of the liver. To
bring further understanding to the metabolic changes in
the liver introduced by the overexpression of bGH in the
CNS, we performed gene expression analysis of livers
from six transgenic and six wild-type male mice using the
Affymetrix MG-u74Av2 chip. Applying the statistical re-
strictions mentioned in RESEARCH DESIGN AND METHODS, we
filtered out 781 genes and expressed sequence tags with an
up or downregulation �25% (1.25� fold change). Using an
expression ratio change of 100% (twofold) or more re-
sulted in 176 genes being differentially expressed between
GFAP-bGH mice and littermate controls. Further selection
was done using the Incyte hierarchies of protein function
and enzymes as well as the enzyme commission number.
In Table 3, the difference in gene expression between
GFAP-bGH transgenic mice and littermate controls is
given with respect to genes involved in metabolism as well
as genes dependent on the sexually dimorphic secretory
pattern of growth hormone (55–58). No effect on IGF-
1mRNA but increased GH receptor mRNA expression was
observed (Table 3). In short, most of the other changes in
gene expression in male GFAP-bGH mice could be solely
attributed to a more continuous secretion of bGH as a
result of leakage of GH from the CNS (40). These genes are
exemplified by the prolactin receptor, major urinary pro-
teins, and carbonic anhydrase III (Table 3). In addition, a
few other genes involved in different metabolic pathways
were also differentially expressed and further discussed
below.

TABLE 2
The effect of brain-specific bGH overexpression on body and organ weight

Females
Absolut weight

(mg)

Relative
weight

(% body wt) Males
Absolut weight

(mg)

Relative
weight

(% body wt)

Body (g) Tg 47 � 2* — Tg 51 � 2† —
Wt 37 � 2 — Wt 42 � 2 —

Brain (hypothalamus) Tg 504 � 5† 1.07 � 0.04* Tg 508 � 6* 1.01 � 0.04*
Wt 479 � 3 1.31 � 0.07 Wt 479 � 8 1.16 � 0.04

Heart Tg 173 � 5† 0.37 � 0.01 Tg 214 � 10* 0.42 � 0.02
Wt 137 � 6 0.37 � 0.02 Wt 181 � 9 0.44 � 0.02

Liver Tg 948 � 111* 4.1 � 0.14 Tg 2716 � 234* 5.34 � 0.34
Wt 1487 � 179 3.92 � 0.22 Wt 1897 � 197 4.52 � 0.3

Kidney Tg 328 � 14 0.7 � 0.03 Tg 471 � 29 0.93 � 0.03†
Wt 297 � 8 0.81 � 0.05 Wt 471 � 8 1.14 � 0.04

Spleen Tg 125 � 7 0.26 � 0.01 Tg 163 � 12† 0.32 � 0.02†
Wt 107 � 9 0.3 � 0.04 Wt 96 � 3 0.23 � 0.01

Lung Tg 164 � 4 0.35 � 0.01* Tg 204 � 4* 0.41 � 0.01
Wt 160 � 3 0.44 � 0.03 Wt 184 � 5 0.45 � 0.02

Testis Tg — — Tg 215 � 11 0.43 � 0.02*
Wt — — Wt 218 � 9 0.53 � 0.02

Retroperitoneal
adipose tissue Tg 963 � 75† 2.02 � 0.08† Tg 929 � 69† 1.85 � 0.15†

Wt 519 � 58 1.37 � 0.08 Wt 503 � 47 1.21 � 0.1
Reproductive adipose

tissue Tg 6430 � 507† 13.49 � 0.74† Tg 2772 � 230† 5.5 � 0.44*
Wt 3701 � 562 9.62 � 0.78 Wt 1738 � 158 4.16 � 0.31

Brown adipose tissue Tg 462 � 34† 0.98 � 0.07† Tg 408 � 17† 0.81 � 0.03†
Wt 192 � 29 0.5 � 0.04 Wt 231 � 18 0.56 � 0.04

Data are means � SE. Adipose tissue, “reproductive” refers to the epididymal or parametrial adipose tissue of male and female mice,
respectively. Wild-type (Wt) males (n � 7) and GFAP-bGH transgenic (Tg) males (n � 7) were compared and wild-type female mice (n �
7), and GFAP-bGH transgenic females (n � 7) were compared separately. Littermates at the age of 6–7 months were used. *P 	 0.05 and
†P 	 0.01 vs. corresponding littermate controls (unpaired Student’s t test).
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DISCUSSION

In this study, we demonstrate that overexpression of GH in
the CNS results in hyperphagia-induced obesity. The in-
creased food intake was associated with a marked in-
crease in AGRP and a slight increase in NPY levels in the
hypothalamus. GFAP-bGH mice also had elevated serum
insulin and cholesterol levels. In spite of the insulin
resistance, they had normal glucose tolerance because
they exhibited an adequate and exaggerated insulin re-
sponse. Thus, GH overexpression in the CNS results in
changed glucose and lipid metabolism.

The increased leptin levels in the GFAP-bGH mice,
together with the increased food intake, indicate an im-
paired hypothalamic response to leptin, which is further
supported by a clear upregulation of hypothalamic AGRP
mRNA levels. AGRP is known to functionally antagonize
leptin action in the hypothalamus (32,33). NPY mRNA
levels were slightly elevated in female GFAP-bGH mice,
which also indicates decreased leptin action. These results
support that increased levels of GH in the CNS induce
alteration in the hypothalamic systems controlling satiety

and orexic behavior. In line with our findings, hypophysec-
tomy of rats significantly decreased NPY mRNA levels in the
arcuate nucleus, and GH treatment restored these levels to
those of intact rats (39). We could not detect any significant
changes in the expression of MC4-R, MCH, MCH-R, and
POMC, indicating that the alterations in gene expression of
peptides involved in appetite control are specific and limited
to only certain peptides. Therefore, CNS-acting GH may
stimulate appetite by increasing AGRP expression. Similarly,
rats injected intracerebroventricularly with the endogenous
GH secretagogue, ghrelin also develop hyperphagia-induced
obesity, which is suggested to be mediated via an induction
of AGRP and NPY (59,60). Thus, one may speculate that the
effects of ghrelin on feeding behavior could involve down-
stream local GH signaling in the CNS. However, ICV injec-
tions of ghrelin increased food intake in GH-deficient rats
(60), arguing that ghrelin can have GH-independent effects on
food intake.

Berryman et al. have shown that mice with a general
overexpression of GH have unchanged relative food intake
(13). This finding is in accordance with our own Mt-bGH

FIG. 2. GFAP-bGH mice have increased
food consumption. The average food intake
over 48 h was calculated by measuring in-
dividual food intake of GFAP-bGH (Tg) and
wild-type (Wt) mice (n � 7–8) (A). Food
intake was also related to individual body
weights (B). Calculations of RER were
based on the lowest value during resting
light phase for each individual mouse (n �
8) (C). The energy expenditure, measured
during light resting phase, was correlated
to individual body weights (n � 8) (D). The
acute effect of GH in the CNS on average
food intake over 3 h was measured in indi-
vidual mice following ICV injection of bGH
(n � 5) or vehicle (Ringer; n � 4) in normal
3-month-old male C57Bl/6 mice (E). Gene
expression levels of the hypothalamic
genes AGRP (F) and NPY (G) in GFAP-bGH
and wild-type males and females. The
mRNA levels were measured with real-time
PCR and related to the internal control,
M36B4 (n � 5–7). Littermates at the age of
6–7 months were used (A–D, F and G).
Values are means � SE. *P < 0.05, **P <
0.01, and ***P <0.001 vs. wild type (Stu-
dent’s t test).
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mice (60a). The reason for the different effect of general
GH overexpression versus CNS-specific overexpression of
GH on food intake is unclear. We show in this study that
GH has an acute effect on food intake following an ICV
injection. Thus, the local GH concentration in the CNS
may be different between GFAP-bGH and Mt-bGH mice, or
peripheral effect(s) may counteract the CNS effect of GH
on food intake.

In two other studies overexpressing human GH in the
cerebral cortex and hypothalamus, respectively, the mice
were shown to exhibit a dwarf phenotype (61,62). These
mice showed reduced GH and IGF-I mRNA levels in the
pituitary and liver, respectively, and circulating levels of
IGF-I (61,62), suggesting that the growth retardation in
these mice is due to disruption of mouse GH synthesis and
release from the pituitary. Other groups have reported
obesity after expressing GH and GH-releasing hormone in
the CNS, which also has been attributed to lowering of
endogenous GH levels (63,64), because GH deficiency
leads to increased fat depots in man and experimental
animals (6,9,10,65). In our model, however, the serum
levels of GH were not reduced. In fact, both lines of
GFAP-bGH mice used in this study had a leakage of bGH
produced in the CNS to the circulation (40). Interestingly,
we found that the hepatic gene expression of the GH
receptor was increased in the transgenic mice, but no
change in IGF-1 mRNA was observed, indicating that the
total GH secretion is not markedly changed in these
animals. The liver expression profile in GFAP-bGH mice is
somewhat similar to that observed in Mt-bGH transgenic
male mice (66) with respect to the effect on the GH
receptor mRNA and the genes that are regulated by the
sexually dimorphic secretory pattern of GH as exemplified
by carbonic anhydrase III. However, most of the changes
observed in Mt-bGH mice with respect to regulation of

genes involved in lipid and carbohydrate metabolism are
not observed in the GFAP-bGH mice (66). Together, these
results indicate a change from pulsatile to continuous
secretion of GH in male mice as indicated by the change in
gene expression of the prolactin receptor, testosterone
16-� hydroxylase, 3-ketosteroid reductase, major urinary
proteins, and carbonic anhydrase III (55–58,67). Thus, the
changed plasma pattern of GH seems to feminize the
hepatic gene expression of male mice. However, in terms
of obesity, insulin resistance, and serum lipoproteins, we
did not observe different effects in males and females.
Therefore, the possibility of feminization of the male liver
gene expression did not have any impact on our major
findings regarding the phenotype of these mice. Moreover,
we can conclude from the results of measurements of
circulating bGH in the two lines of GFAP-bGH mice (40)
and the gene expression data that there may be a small
increase in peripheral GH but no GH deficiency.

It is well known that insulin resistance is linked to
obesity in man and experimental animals (68,69). In spite
of the marked hyperinsulinemia that reached levels similar
to those seen in the severely insulin-resistant ob/ob mouse,
GFAP-bGH mice did not develop type 2 diabetes during
the observation period. Indeed, fasting glucose levels were
normal and so was glucose elimination during a glucose
tolerance test. This suggests that the islet response to
glucose challenge is adequate for the ambient insulin
resistance, fully compensating for the reduced insulin
action.

The islet morphology revealed a marked hyperplasia of
the pancreatic islets, which is expected following a long-
standing insulin resistance. An interesting observation was
the disturbance in islet cytoarchitecture, in which the
�-cells were disorganized and partially dispersed among
the centrally located -cells. A similarly disturbed cytoar-

FIG. 3. GFAP-bGH mice are insulin resistant. Basal insulin levels in GFAP-bGH mice (Tg) and wild-type mice (Wt) are shown (A). Serum insulin
and glucose levels were measured before and 1, 5, 10, 20, 30, and 50 min after intravenous injection of glucose (1g/kg) in male mice (B). Pancreatic
islet morphology and proinsulin and glucagon immunoreactivity in male GFAP-bGH and wild-type mice as studied by immunohistochemistry are
shown (C). Littermates at the age of 6–7 months were used. Values are means � SE (n � 7). *P < 0.05 and **P < 0.01 vs. wild type (Student’s
t test). The glucose tolerance test was analyzed by two-way ANOVA using genotype and time as factors.
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chitecture has been observed in several genetic mouse
models of insulin resistance and hyperinsulinemia and is
thought to be one manifestation of a type 2 diabetes
phenotype (70,71). At the embryonic stage examined
(E19), the amount of endocrine cells in the pancreas did
not differ between the transgenic mice and littermate
controls. Therefore, the islet hyperplasia seems to com-
mence postnatally, as do the islet cytoarchitecture
changes, possibly in response to the hyperphagia-induced
obesity.

The transgenic mice showed a decreased level of gene
expression of hepatic lipase and scavenger receptor class
type I, which may indicate decreased turnover of HDL
(72). ApoC-II is an important lipoprotein lipase activator.
An upregulation of apoC-II may result in increased turn-
over of triglyceride-rich lipoproteins, leading to decreased
triglyceride and apoB levels. Moreover, the mRNA level for
the enzyme responsible for apoB mRNA editing, apobec-1,
was increased. This finding indicates increased editing of
apoB mRNA and therefore a decreased production of
apoB 100 (73). Because apoB 48–containing lipoproteins
have a higher turnover than apoB 100, this finding may
help to explain the lower apoB levels in the GFAP-bGH
mice. The observed increase in lecithin cholesterol acyl-
transferase gene expression together with the possibility
of increased turnover of triglyceride-rich lipoproteins may
contribute to increased production of HDL cholesterol in
the transgenic animals. Thus, both increased production

and decreased turnover of HDL may help to explain the
changed lipoprotein profile in these mice.

We have previously shown that the GFAP-bGH mice
used in this study have threefold elevated corticosterone
levels compared with wild-type animals (40). Glucocorti-
coid treatment has been shown to increase food intake in
humans (74) and mice (53) and promote fat accumulation
and insulin resistance in mice (75,76). These effects could
possibly be due to an increased hypothalamic AGRP and
NPY expression (77). It is therefore possible that the
increased food intake observed in GFAP-bGH mice is at
least partly due to increased serum levels of corticoste-
rone (40). However, Mt-bGH mice with similarly increased
corticosterone levels as GFAP-bGH mice are lean and have
unchanged food intake compared with wild-type mice (3,
13) (60a). It can therefore be argued that peripheral GH
overexpression counteracts the effect of central GH over-
expression on food intake and obesity. Moreover, it is
possible that peripheral GH overexpression counteracts
the effect of high corticosterone levels on food intake and
obesity. To investigate whether GH has a direct effect in
the CNS on food intake without changing corticosterone
levels, we injected C57BL/6 mice with bGH ICV. Using this
model, we could show that GH increased food intake
without any effect on plasma corticosterone levels. This
finding argues against a major role of changed corticoste-
rone levels for the observed effect of central GH overex-
pression on food intake. However, we cannot rule out the

FIG. 4. GFAP-bGH mice are hypercholester-
olemic. Total cholesterol (A) and triglyceride
levels (B) in GFAP-bGH (Tg) and wild-type
(Wt) mice. Serum apoB levels were determined
with an electroimmunoassay (C), and hepatic
LDL receptor protein levels were identified
with Western blot (D). Serum lipoprotein size
distribution was determined in individual mice
using size exclusion high performance liquid
chromatography system, SMART (E). Litter-
mate male GFAP-bGH and wild-type mice at the
age of 6–7 months were used. Values are
means � SE (n � 7). *P < 0.05 and **P < 0.01
vs. wild type (Student’s t test).
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possibility that the changed corticosterone levels have a
modulatory role on the peripheral effects observed in the
GFAP-bGH mice. Because glucocorticoids and GH have
similar effects on lipolysis (24) and insulin sensitivity
(43,44), it is likely that the high corticosterone levels in
both Mt-bGH and GFAP-bGH mice contribute to the insu-
lin resistance observed in both animal models.

In conclusion, GH overexpression in the CNS results in
obesity associated with hyperphagia. The increased food
intake might be explained by a marked increase in AGRP
and a slight increase in NPY mRNA levels in the hypothal-
amus. These data indicate that the effect of GH in the CNS

can increase food intake and produce leptin resistance
without peripheral GH deficiency. Thus, if increased GH
production in the CNS is not balanced by an increased
peripheral metabolic effect of GH, obesity will develop.
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