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Abstract
Aims/hypothesis Central pro-opiomelanocortin (Pomc)
gene therapy ameliorates genetic- or age-related obesity.
We hypothesised that this treatment would delay or prevent
dietary obesity in young, lean rats.
Materials and methods Recombinant adeno-associated vi-
rus encoding Pomc (rAAV-Pomc) was delivered bilaterally
into the basomedial hypothalamus of lean rats for 42 days.
Food intake, body weight, serum hormones, brown adipose
tissue (BAT) uncoupling protein 1 (UCP1) and mRNA
levels of hypothalamic neuropeptides and melanocortin
receptors were assessed. Beginning on day 43, half of the
rats remained on chow while the others received a high-fat
diet for 89 days. We examined energy balance and
responsiveness to the melanocortin agonist melanotan II
(MTII) or the antagonist SHU9119.
Results Pomc gene delivery produced elevated hypothalamic
Pomc mRNA (fourfold) and α-melanocyte-stimulating
hormone levels in the arcuate nucleus (twofold). Food intake
and body weight were not altered by rAAV-Pomc in rats fed
standard-chow. In rAAV-Pomc rats at day 42, perirenal fat
and serum leptin decreased but overall visceral adiposity did

not; expression of the hypothalamic agouti-related protein
(Agrp) mRNA was elevated, whereas expression of melano-
cortin 3 and 4 receptor mRNA was reduced; BAT UCP1
protein increased nearly fourfold. The rAAV-Pomc rats fed
the high-fat diet consumed more energy and gained more
body weight compared with chow- or high-fat-fed controls
that did not receive Pomc gene delivery. The anorexic
response to MTII was impaired, whereas the orexigenic effect
of SHU9119 was enhanced by rAAV-Pomc pretreatment.
Conclusions/interpretation Delivery of the Pomc gene alters
energy homeostasis in lean rats, predisposing them to diet-
induced obesity. Diminished hypothalamic melanocortin
receptors, increased Agrp expression, and potential rewiring
of brain circuits may underlie the exacerbated obesity.
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Abbreviations
ACSF artificial cerebrospinal fluid
AGRP agouti related protein
ARC arcuate nucleus
BAT brown adipose tissue
EWAT epididymal white adipose tissue
HF high-fat diet
MC3R melanocortin 3 receptor
MC4R melanocortin 4 receptor
α-MSH α-melanocyte-stimulating hormone
MTII melanotan II
NPY neuropeptide Y
POMC pro-opiomelanocortin
PVN paraventricular nucleus
PWAT perirenal white adipose tissue
rAAV recombinant adeno-associated virus
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rAAV-Pomc rAAV encoding Pomc
RTWAT retroperitoneal white adipose tissue
UCP1 uncoupling protein 1
WAT white adipose tissue

Introduction

The hypothalamic melanocortin system is a key leptin
target in the brain and plays a critical role in the regulation
of energy balance and glucose metabolism [1–6]. Melano-
cortins are peptides derived from a common prehormone,
pro-opiomelanocortin (POMC). Among them, α-melano-
cyte-stimulating hormone (α-MSH) is a major regulator of
feeding and body weight [7]. Binding of α-MSH to the
melanocortin 4 (MC4R) and/or melanocortin 3 (MC3R)
receptor in the hypothalamus results in a reduction in food
intake and an increase in energy expenditure. Rodents with
POMC deficiency and humans with POMC mutations are
hyperphagic and obese [8, 9]. Disruption of MC3R or
MC4R also leads to obese phenotypes in rodents [2, 5, 10].

Animals and humans usually become overweight and
obese after prolonged exposure to diets rich in fat and
energy. It is widely believed that increased consumption of
high-energy diets in conjunction with or without changes in
energy expenditure (e.g. a sedentary lifestyle) contributes to
the current global obesity epidemic. Diet-induced obesity is
characterised by hyperleptinaemia, hyperinsulinaemia and
blunted responsiveness to exogenous leptin, thus denoting
leptin resistance [11–13]. Considerable evidence indicates
that the melanocortin system is downstream of the hypotha-
lamic leptin-signalling pathway. Leptin activates POMC
neurons and suppresses agouti-related protein (AGRP) in the
arcuate nucleus (ARC), resulting in a rise in Pomc
expression and a reduction in Agrp mRNA [14–18].
Moreover, the upregulation of Pomc by leptin is impaired
in leptin resistance associated with diet-induced obesity and
adult-onset obesity [19, 20]. Such resistance renders the use
of leptin futile in treating obesity in animals and humans
with diet-induced obesity. On the contrary, melanotan II
(MTII) and other melanocortin analogues ameliorate obe-
sity effectively in leptin-resistant rodents [21–25]. Further-
more, chronic hypothalamic overexpression of Pomc by
delivery of the Pomc gene via recombinant adeno-associ-
ated virus (rAAV) partially reverses the obese and diabetic
phenotypes in genetically obese fa/fa (Lepr/Lepr) rats and
those with adult-onset obesity [26, 27]. However, the
question remains whether similar treatment in young rats
will produce resistance to dietary obesity.

In the present study, we aimed to activate the melano-
cortin system chronically by delivery of the Pomc gene into
the hypothalamus of lean rats. Subsequently, these rats were

challenged with a high-fat diet. We hypothesised that Pomc
overexpression in the hypothalamus would confer protec-
tion against the normal consequences of high-fat feeding,
and therefore delay or prevent the development of diet-
induced obesity. The results of the present study, however,
sharply contradicted our postulate.

Materials and methods

Description and administration of rAAV vectors

Recombinant AAV vectors encoding the full-length 935 bp
murine Pomc cDNA (rAAV-Pomc) [28] or an enhanced
form of green fluorescent protein (rAAV-Control) under the
control of the hybrid cytomegalovirus immediate early
enhancer/chicken β-actin promoter were prepared as
previously described [27]. Vectors (2.51×1010 particles
per injection in 1 μl) were injected into the basomedial
hypothalamus using coordinates targeting the ARC [27].

Experimental design and diet

This study consisted of three phases (Fig. 1a). Initially,
there were two groups of 3-month-old male F344×Brown
Norway rats obtained from Harlan Sprague-Dawley (Indi-
anapolis, IN, USA): those given rAAV-Control and those
given rAAV-Pomc. rAAV-Control and rAAV-Pomc rats
were allowed free access to food and water. In the first
phase, rats were administered rAAV-Control or rAAV-Pomc
and fed standard chow containing 15% of energy as fat;
13.9 kJ/g (3.3 kcal/g) (diet 2018; Harlan Teklad, Madison,
WI, USA) for 42 days. At this point, 12 animals from each
group were removed: six for tissue analysis such as fat
mass analysis, serum hormone measurement, and determi-
nation of hypothalamic neuropeptide and melanocortin
receptor mRNA, and the other six for micropunches of
specific hypothalamic nucleus-containing tissues to deter-
mine α-MSH and β-endorphin levels. In the second phase,
42 days after gene delivery, each group was divided; one-
half continued on standard chow while the other half
received a high-fat diet containing 60% of energy as fat;
21.9 kJ/g (5.2 kcal/g) (D12492; Research Diets, New
Brunswick, NJ, USA) for an additional 89-day period (n=
6–8 per group). In the third phase, the two high-fat-fed
groups (HF-Pomc and HF-Control) were examined for their
responsiveness to central MTII infusion followed by that to
SHU9119. A cannula (Brain Infusion Kit II; Durect,
Cupertino, CA, USA) was stereotaxically inserted into the
left lateral cerebral ventricle, and was connected to a mini-
osmotic pump (Alzet; Durect) implanted in a dorsal
subcutaneous pocket through a catheter with a length of
9.7 cm. The length of the catheter, and hence the volume
inside it (36 μl), provided a 3 day lag time before the
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treatment solutions could be delivered via an Alzet-2002
mini-osmotic pump (delivery rate 0.5 μl/h). Artificial
cerebrospinal fluid (ACSF) was infused for the first 7 days
after cannula implantation; the original mini-osmotic pump
was replaced later by a new pump containing MTII. A
small air bubble was introduced at the mini-pump end of
the catheter to prevent mixing of ACSF and MTII solutions.
The total infusion period was 8 days, consisting of 3 days
of ACSF (due to the 3 day lag period in the catheter) and
5 days with MTII (0.5 nmol/day). A second pump change
allowed the infusion of ACSF for 4 weeks. Then a third
pump change was made to provide SHU9119 (0.2 nmol/
day); the total of 11 days of infusion consisted of 3 days of
ACSF and 8 days of SHU9119 infusion. All mini-osmotic
pumps were primed overnight at 37°C.

Tissue harvesting and preparation

Rats were killed by cervical dislocation under 100 mg/kg
pentobarbital anaesthesia. Cardiac blood, hypothalamus,
brown adipose tissue (BAT) and perirenal, retroperitoneal
and epididymal white adipose tissues (PWAT, RTWAT and
EWAT, respectively) were obtained as previously described
[26]. To obtain micropunches of specific hypothalamic
nucleus-containing tissues, two groups of rats (six rats in
each of the rAAV-Pomc and rAAV-Control groups) were
killed and the brains were rapidly excised, chilled on ice-
cold saline and sliced using a Stoelting tissue slicer
(Stoelting, Wood Dale, IL, USA). Brains were sectioned
at 0, 2 and 5.0 mm relative to the anterior commissure, as
previously described [27]. The paraventricular nucleus

(PVN) was removed from the 0 and 2 mm slices, and the
ARC and lateral hypothalamic area were removed from the
2 and 5 mm slices with a tissue punch. Micropunched
hypothalamic tissue samples were boiled and sonicated in
0.5 ml of 0.1 mol/l acetic acid. Homogenates were
centrifuged (13,000 g) for 15 min. To assay for protein,
60 μl of supernatant fraction was taken from each sample
and the remainder stored at −80°C until RIA analysis for α-
MSH and β-endorphin (Phoenix Pharmaceuticals, Belmont,
CA, USA).

Serum leptin and insulin

Serum leptin and plasma insulin levels were measured
using rat RIA and ELISA kits, respectively (Linco
Research, St Charles, MO, USA).

RT-PCR

Expression levels of mRNAs for Pomc, neuropeptide Y
(Npy), Agrp, Mc3r, Mc4r in the hypothalamus were
identified by relative quantitative RT-PCR using a Quan-
tumRNA 18S Internal Standards kit (Ambion, Austin, TX,
USA) as previously described [27].

Uncoupling protein 1

Immunoreactive uncoupling protein 1 (UCP1) in BAT
homogenates was determined using an antibody specific
for rat UCP1 (Linco Research) as previously described
[19].
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Statistical analysis

Results are presented as mean±SE. Statistical significance
was assessed by unpaired two-tailed Student’s t test, one-
way ANOVA with the Newman-Keuls post hoc test or
ANOVA with repeated measures. A value of p<0.05 was
considered significant.

Results

Pomc gene delivery in lean rats on standard chow

Hypothalamic Pomc expression and α-MSH production

Overexpression of Pomc in the hypothalamus following
central bilateral viral delivery was determined by RT-PCR.
Pomc mRNA levels were elevated at day 42 by 3.8-fold in
chow-fed rats given rAAV-Pomc compared with those
given rAAV-Control (Fig. 1b, left bars; p<0.001). Pomc
overexpression resulted in a twofold increase in α-MSH in
the ARC and PVN, but not the lateral hypothalamic area
(Fig. 1c). The β-endorphin levels were also elevated in the
ARC of rAAV-Pomc rats (3.17±0.35 ng/mg protein; p<
0.05) compared with controls (1.87±0.20 ng/mg protein).

Food intake and body weight

Food intake did not differ between rAAV-Pomc and rAAV-
Control rats fed the standard chow diet throughout the
131 day experimental period (Fig. 2a). Before and on the day
of vector delivery, the body weights of the two groups were
comparable (265±9 vs 264±9 g at day 0), and remained
nearly identical following Pomc gene delivery (Fig. 2b).

Visceral adiposity and serum leptin and insulin levels

At day 42, six rats from each group were removed from the
study for tissue analysis. Despite the lack of overt effects
of Pomc in these lean rats on body weight (rAAV-Control,
332±8; rAAV-Pomc, 335±9 g at day 42; p=0.9), adiposity
and non-fasting leptin levels were assessed for evidence of
lipopenia. The Pomc gene delivery generated a significant
reduction in PWAT (37%; p=0.014) but non-significant
reductions in other fat depots, such as RTWAT (11%, p=
0.53) and EWAT (9%, p=0.42), compared with control rats
(Table 1). When the sum of the three adipose tissues was
considered, there was a non-significant decline of 10%
compared with the controls. Serum leptin, another indicator
of body fat mass [11], was reduced by 29% in the rAAV-
Pomc rats relative to rAAV-Control, without reaching
statistical significance (p=0.08) (Table 1). Pomc gene

delivery had no effect on serum insulin or corticosterone
concentrations (Table 1).

BAT

Induction of UCP1 in BAT is an important marker of
enhanced thermogenesis and thus energy expenditure in
rodents [29]. The UCP1 protein levels were examined
42 days after Pomc gene delivery. There was small but
significant decline in total BAT weight (p<0.05) but not
protein content. However, total UCP1 protein levels per
BAT depot and BAT UCP1 density were elevated by 245%
(p<0.05) and 386% (p<0.01) respectively with the rAAV-
Pomc treatment (Table 1).

Hypothalamic Npy, Agrp, Mc3r and Mc4r mRNA levels

We assessed the expression of mRNAs for the hypotha-
lamic neuropeptides Npy and Agrp 42 days after Pomc
vector delivery using RT-PCR (Table 1). The mRNA levels
of Agrp, the endogenous antagonist of melanocortin
receptors, increased by 32% (p<0.05), whereas the mRNA
levels of the orexigenic neuropeptide Npy remained
unchanged relative to control rats.
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Gene delivery of rAAV-Pomc for 42 days reduced the
expression levels of hypothalamic Mc3r and Mc4r by 23%
(p<0.05) and 33% (p<0.05) respectively compared with
rAAV-Control (Table 1).

High-fat feeding

Food intake and body weight

A high-fat challenge was employed to investigate whether
Pomc gene delivery can prevent or delay diet-induced
obesity. Forty-two days after treatment with rAAV-Pomc or
rAAV-Control, some rats were provided a 60% (by energy)
high-fat diet and compared with rats treated with control or
Pomc vector but maintained on chow. Both the control and
rAAV-Pomc rats responded to the high-fat diet with a
similar degree of modest hyperphagia, which attenuated
gradually during the first week. Both groups of high-fat-fed
rats, however, maintained a slightly elevated level of energy
consumption relative to chow-fed controls (Fig. 3a) over
the entire 89-day period. Both the chow rAAV-Control and
the chow rAAV-Pomc rats consumed the same amount of
energy and had similar body weights during this period
(Fig. 2, day 42 onward). Cumulative energy consumption
during this 89-day period was 11% greater in the high-fat
fed control rats compared with either the chow rAAV-
Control or chow rAAV-Pomc rats (Fig. 3b). Unexpectedly,

Table 1 Tissue parameters and serum hormones 42 days after rAAV-
Pomc or rAAV-Control delivery

Treatment

rAAV-
Control

rAAV-
Pomc

Perirenal WAT (g) 1.06±0.11 0.67±0.07a

Retroperitoneal WAT (g) 3.18±0.44 2.84±0.31
Epididymal WAT (g) 4.29±0.34 3.91±0.31
Serum leptin (ng/ml) 4.21±0.06 2.91±0.32
Serum insulin (pmol/l) 758±227 659±134
Serum corticosterone (ng/ml) 239±64 313±65
BAT weight (mg) 395±21 315±26a

BAT protein (mg/total BAT) 39.5±3.5 31.7±4.7
UCP1 protein (arbitrary
units/mg BAT protein)

100±16.9 386±86.9a

UCP1 protein (arbitrary
units/total BAT)

100±15.6 244.8±25.3b

Npy mRNA (arbitrary units) 100±6.5 87.6±6.3
Agrp mRNA (arbitrary units) 100±9.6 132±10.6a

Mc3r mRNA (arbitrary units) 100±3.9 76.7±8.5a

Mc4r mRNA (arbitrary units) 100±8.8 67.1±8.4a

Data are mean±SE of six rats per group
Control tissue protein and mRNA levels were set to 100
a p<0.05; b p<0.01 vs control (unpaired t test)
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mass in rats that received either rAAV-Pomc (HF-rAAV-Pomc) or
rAAV-Control (HF-rAAV-Control) for 42 days and were then fed a
high-fat diet for 89 days, compared with chow-fed rAAV-Control rats.
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(six to eight rats per group); p<0.001 for difference in body weight
between all pairs (treatment×repeated measures ANOVA)

1494 Diabetologia (2007) 50:1490–1499



the rAAV-Pomc rats fed the high-fat diet consumed 9%
more energy relative to the high-fat-fed rAAV-Control rats
(Fig. 3b). Whereas the high-fat-fed controls gained 55%
more body weight than either the chow rAAV-Control
(Fig. 3c) or chow rAAV-Pomc rats (Fig. 2b, day 42
onwards), the rAAV-Pomc high-fat-fed rats grew even
heavier (135.4±8.5 vs 109.6±9.1 g, p<0.05) relative to
the high-fat-fed rAAV-Control rats.

MTII and SHU9119 infusion

Effects of MTII on food intake and body weight

To examine the possibility of melanocortin receptor
desensitisation as a result of Pomc overexpression, the
responsiveness to central melanocortin activation was
determined by the infusion of the melanocortin agonist
MTII (0.5 nmol/day) into the lateral cerebral ventricle for
5 days. This phase of the experiment only involved rats
given a high-fat diet and treated with either rAAV-Pomc or
rAAV-Control vectors (see Fig. 1a for experimental design).
The high-fat feeding continued during this phase of the
experiment. MTII induced a marked reduction (66%) in
energy intake in control rats on day 1 relative to their own
baseline energy intake on day 0 (Fig. 4a). In rAAV-Pomc
treated rats, the anorexic response to MTII was blunted,
amounting to only a 28% decrease in food consumption on
day 1 relative to food intake before MTII treatment
(Fig. 4a). The anorexic effect of MTII attenuated rapidly
in both groups. However, a significant rebound increase in
feeding was observed in rAAV-Pomc rats on day 3
compared with controls (Fig. 4a).

The blunted responses to MTII were more apparent
when changes in body weight were examined. Prior to the
MTII infusion, the body weights were 454±13 g for rAAV-
Pomc rats and 428±19 g for controls. The rAAV-Pomc
animals weighed 5.0, 5.7 and 6.2% less at days 3, 4 and 5
of MTII infusion, respectively, compared with their
preinfusion weight, whereas in control rats the average
body weight was reduced by 7.3, 8.1 and 8.2% at the
respective time points (Fig. 4b). At the end of MTII
infusion, rAAV-Pomc rats lost significantly less weight
compared with control rats (rAAV-Pomc, 28.0±3.7; rAAV-
Control, 40.1±2.5 g; p=0.04). Meanwhile, the serum leptin
level was 47% higher in the high-fat-fed rAAV-Pomc rats
compared with the high-fat-fed control rats (Fig. 4c).

Effect of SHU9119 on food intake and body weight

Subsequent to the MTII infusion, all rats were infused for
4 weeks with ACSF and continued on the high-fat diet.
During this period the food intakes of both groups returned
to their respective baseline levels. Serum leptin levels also

converged between the two groups (determined in tail
blood collected during pump changes) (Fig. 5c, left bars).
At this time, SHU9119 (0.2 nmol/day) was infused for an
8 day period while high-fat feeding was continued.
Although both groups of rats consumed a significantly
greater amount of energy after the SHU9119 infusion, the
orexigenic effect of this melanocortin antagonist was higher
in rAAV-Pomc rats relative to controls, especially in the
early phase of the infusion (p<0.05 at days 2, 3, 4 and 5 vs
controls; Fig. 5a). During the later phase of SHU9119
infusion, although the hyperphagia persisted in both groups,
but there were no longer statistical differences in daily food
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intake. The cumulative energy intake during the 8 day
period, however, was significantly increased in rAAV-Pomc
relative to control rats (rAAV-Pomc, 5,576±235; rAAV-
Control, 3,715±676 kJ; p=0.03).

In addition to the marked hyperphagia, 8 days of
SHU9119 infusion also increased body weight significantly
in the high-fat-fed rAAV-Pomc and rAAV-Control rats
(Fig. 5b). Compared with their respective pre-SHU9119
baseline levels, the Pomc rats had an overall 24% weight
gain compared with 12.6% in control animals (rAAV-Pomc,
113.8±8.2; rAAV-Control, 56.1±22.4 g; p=0.04).

At the end of SHU9119 infusion, serum leptin levels
were significantly elevated by 89% in the Pomc rats
compared with controls (Fig. 5c), consistent with the 34%
increase in visceral adiposity, represented by the sum of
perirenal and retroperitoneal white adipose tissues (Fig. 5d).

Pomc expression in the hypothalamus at day 185

Hypothalamic Pomc gene expression was evaluated again in
the rats fed the high-fat diet at the end of SHU9119 infusion.
One-hundred and eighty-five days after vector administration,
hypothalamic Pomc mRNA levels remained elevated by
fourfold in high-fat-fed rats given rAAV-Pomc compared
with those given rAAV-Control (Fig. 1b, right bars).

BAT UCP1 at day 185

In contrast to the substantial increase in BAT UCP1 levels
observed at day 42 prior to the infusion of MTII or
SHU9119 (Table 1), at the termination of the experiment
after both MTII and SHU9119 infusions, the UCP1 levels
were similar in the high-fat-fed rAAV-Pomc rats and control
animals (data not shown).

Discussion

Activation of the central melanocortin system by MTII and
other melanocortin analogues is efficacious in reducing
body weight, food consumption and adiposity in animals
with diet-induced obesity [21, 22, 24, 25]. Similarly, we
demonstrated that central Pomc gene delivery alleviates
obesity and insulin intolerance in rats with genetic or adult-
onset obesity [26, 27]. These earlier experiments suggested
a parallel role for melanocortin tone in the pathogenesis of
age-induced obesity and diet-induced obesity and hence led
to our postulate that chronic central rAAV-Pomc gene
therapy in lean rats will curb the development of diet-
induced obesity induced by the high-fat diet. The results
from the present study are unexpected but intriguing.

First, Pomc gene delivery targeted to the ARC did not
reduce food intake or body weight in the lean animals
consuming a standard chow diet. The absence of an
anorectic effect was not due to silencing of Pomc gene
expression because hypothalamic Pomc expression was
elevated when assessed either at day 42 or at the termination
of the experiment, day 185. Immunohistological examina-
tion of the green fluorescent protein (GFP) staining pattern in
brain slices from control animals revealed that the highest
density of GFP-positive cells was in the ARC, with modest
GFP staining in the ventromedial and dorsomedial hypotha-
lamic nucleus, and that the vast majority of GFP-expressing
cells had a neuronal origin (data not shown). The
corresponding increases in the levels of α-MSH in both the
ARC and PVN regions of the hypothalamus were demon-
strated by RIA analysis. These augmented α-MSH levels
should promote anorexic tone and probably triggered
compensatory responses. Emerging evidence suggests that,
in lean animals, energy intake is controlled by a nearly fully
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Fig. 5 a Daily energy intake and b body weight after 8 days of central
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activated anorexic system and a mostly quiescent orexigenic
system [30]. Considering this notion, the orexigenic
pathway(s) are programmed to prevent anorexia in lean
animals and should readily overcome a mild anorectic
stimulus such as that exerted by rAAV-Pomc treatment. Our
findings are consistent with two previous reports in which
transgenic overproduction of POMC-derived peptides in
mice did not alter food intake in lean mice [31, 32]. Despite
the lack of anorexia in the present study, there is evidence
that POMC affects the overall central melanocortin system.
Specifically, hypothalamic Mc3r and Mc4r expressions
were reduced, whereas the expression of the orexigenic
neuropeptide, AGRP, was increased, as measured 42 days
after rAAV-Pomc administration. These changes suggest
agonist-mediated receptor desensitisation [33] accompanied
by a compensatory rise in the natural melanocortin
antagonist, AGRP. These two factors probably contributed
to the lack of an anorexic response but provide only a
simplistic explanation for it. For example, in addition to an
elevation in α-MSH levels, β-endorphin levels were also
elevated in the hypothalamus. The function of this peptide in
energy homeostasis is controversial, the evidence suggesting
either an anorexic or an orexigenic role [34, 35]. This peptide
may have an unknown role in the desensitisation observed in
the present study.

The melanocortins are known to increase sympathetic
outflow to BAT [24, 26, 36–38], and we observed a
substantial increase in UCP1 in BAT after rAAV-Pomc
treatment at day 42. Additionally, the Pomc rats had a
significant reduction in PWAT as well as a trend towards a
decrease in visceral adiposity (PWAT+RTWAT+EWAT)
that correlated with reduced serum leptin. Collectively,
these data seem to indicate an increase in energy expendi-
ture following chronic Pomc overexpression in lean rats.
However, the lack of a reduction in body weight despite a
presumed increase in energy expenditure remains puzzling.
Without a compensatory rise in energy consumption to
balance this increase, body weight would be expected to
decline. The absence of a decrease in body weight indicates
that the presumed elevation in energy expenditure was so
modest that it was insufficient to affect body weight
significantly for the duration of the present study.

Second, the functional consequences of hypothalamic
Pomc overexpression become evident following a high-fat
diet challenge. When the rAAV-Pomc-pretreated rats were
switched from chow to a high-fat diet, instead of resisting
or delaying the onset of diet-induced obesity as we
predicted, they developed greater obesity than the high-
fat-fed rAAV-Control rats. Since the Pomc-treated animals
had moderately lower serum leptin levels and adiposity
before the high-fat challenge, the brain may have perceived
these lower values as a signal for negative energy balance
and consequently shifted towards energy-storing mecha-

nisms. The nature of this presumed shift remains unknown.
We have observed similar results when leptin is centrally
overexpressed in lean rats. When such rats are provided a
high-fat diet, they display exacerbated weight and adiposity
gain compared with high-fat-fed control rats [39]. More-
over, we have demonstrated that blockade of the leptin
receptor aggravates the dietary weight gain [40]. Therefore,
disruption of the normal energy homeostatic regulation in
young rodents increases susceptibility to diet-induced
obesity.

We also examined the responses of the high-fat-fed
control and Pomc rats to the melanocortin agonist MTII and
antagonist SHU9119. Central infusion of MTII evoked a
transient suppression in food intake and a sustained weight
reduction in rAAV-Control rats, whereas these moderate
effects were attenuated in rAAV-Pomc rats. It is likely that
increased α-MSH downregulated Mc3r and Mc4r expres-
sions as well as inducing Agrp expression in the ARC.
However, because rAAV-mediated Pomc gene delivery
resulted in the transfection of neural cells outside the
arcuate nucleus and elevated α-MSH as well as β-
endorphin levels in both the ARC and PVN, the ectopic
action of these POMC-derived bioactive peptides might
account for some of the responses observed.

The exaggerated orexigenic response to the melanocortin
antagonist SHU9119 in rAAV-Pomc-treated rats lends
further evidence for disrupted homeostatic regulation of
energy balance by the central melanocortin system. Chronic
Pomc overexpression reduces Mc3r and Mc4r expressions
in the hypothalamus. These changes would predict dimin-
ished SHU9119 responses with the POMC treatment. On
the other hand, the increased α-MSH production following
Pomc overexpression generates elevated melanocortin tone.
Heightened melanocortin tone would potentially provide
more melanocortin receptor activity subject to blockade by
SHU9119. In such a case, an enhanced SHU9119 response
in the Pomc-treated animals compared with the control
animals is expected. The increased melanocortin tone also
invites opposing orexigenic responses involving perhaps
both melanocortin-dependent and melanocortin-independent
pathways. We favour the interpretation that SHU9119 blocks
the elevated melanocortin tone, allowing heightened orexi-
genic pathways free reign and resulting in an exaggerated
SHU9119 response. Another possible explanation involves
the theory of neural rewiring of the central melanocortin
system. Evidence indicates substantial plasticity between
hypothalamic neuronal circuits, and such synaptic plasticity
is believed to be of considerable importance in the long-term
regulation of energy homeostasis [41]. NPY/AGRP neurons
in the ARC not only inhibit anorexic melanocortin cells at
their target site within the PVN, but also directly antagonise
arcuate POMC neurons [42, 43]. Any increase in the
inhibitory synaptic innervations of POMC cells by NPY/

Diabetologia (2007) 50:1490–1499 1497



AGRP terminals would enhance the response of a melano-
cortin antagonist. Further studies are warranted to address
the dynamic interaction between the NPY/AGRP and
POMC neurons following Pomc gene therapy.

Although there is no direct evidence for this, the prolonged
high-fat feeding is unlikely to have been the cause of the
altered MTII and SHU9119 responses in the Pomc-treated
animals because diet-induced obese rats usually exhibit nor-
mal or even enhancedMTII responses [21, 24] and SHU9119
responses are normal, at least in aged obese rats [23].
Chronic central Pomc overexpression, however, resulting in
elevated levels of both α-MSH and β-endorphin, distorts the
normal melanocortin tone and probably serves as the primary
cause of changes in MTII and SHU9119 responses.

In conclusion, targeted Pomc gene delivery to the hypo-
thalamus of lean rats induced a nearly fourfold increase in
hypothalamic Pomc mRNA and a twofold elevation in α-
MSH level in the ARC. This treatment produced a mild
reduction in visceral adiposity, an increase in hypothalamic
Agrp expression, reductions in hypothalamicMc3r and Mc4r
expressions, and a marked augmentation of BAT UCP1
protein without significant change in either food intake or
body weight. Despite sustained elevation of hypothalamic
Pomc expression, the Pomc-treated rats on a high-fat diet
were more susceptible to diet-induced obesity, characterised
by increased energy consumption and weight gain, and
attenuated physiological responses to MTII and exaggerated
responses to SHU9119, relative to high-fat-fed control
animals. In contrast to its effectiveness in ameliorating
obesity syndromes associated with genetic defects or adult-
onset obesity, Pomc overexpression predisposes lean rats
with normal genetic background to diet-induced obesity. The
diminished hypothalamic Mc3r and Mc4r, increased Agrp
expressions and potential rewiring of brain circuits may be
the underlying mechanisms. These new findings underscore
our limited knowledge of the role of POMC in normal
weight regulation and suggest that disturbances in melano-
cortin tone disrupt normal energy homeostatic mechanisms.
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