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The central melanocortin system regulates lipid metabolism in peripheral tissues such as white adipose tis-
sue. Alterations in the activity of sympathetic nerves connecting hypothalamic cells expressing melanocortin
3/4 receptors (MC3/4R) with white adipocytes have been shown to partly mediate these effects. Interesting-
ly, hypothalamic neurons producing corticotropin-releasing hormone and thyrotropin-releasing hormone
co-express MC4R. Therefore we hypothesized that regulation of hypothalamo-pituitary adrenal (HPA) and
hypothalamo-pituitary thyroid (HPT) axes activity by the central melanocortin system could contribute to
its control of peripheral lipid metabolism. To test this hypothesis, we chronically infused rats intracerebro-
ventricularly (i.c.v.) either with an MC3/4R antagonist (SHU9119), an MC3/4R agonist (MTII) or saline.
Rats had been previously adrenalectomized (ADX) and supplemented daily with 1 mg/kg corticosterone
(s.c.), thyroidectomized (TDX) and supplemented daily with 10 μg/kg L-thyroxin (s.c.), or sham operated
(SO). Blockade of MC3/4R signaling with SHU9119 increased food intake and body mass, irrespective of
gland surgery. The increase in body mass was accompanied by higher epididymal white adipose tissue
(eWAT) weight and higher mRNA content of lipogenic enzymes in eWAT. SHU9119 infusion increased tri-
glyceride content in the liver of SO and TDX rats, but not in those of ADX rats. Concomitantly, mRNA expres-
sion of lipogenic enzymes in liver was increased in SO and TDX, but not in ADX rats. We conclude that the
HPA and HPT axes do not play an essential role in mediating central melanocortinergic effects on white ad-
ipose tissue and liver lipid metabolism. However, while basal hepatic lipid metabolism does not depend on a
functional HPA axis, the induction of hepatic lipogenesis due to central melanocortin system blockade does
require a functional HPA axis.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

Obesity is recognized as an epidemic which is associated with
multiple co-morbidities including diabetes, cardiovascular disease
and cancer. Throughout industrialized nations, it poses one of the
predominant health threats of our time [1,2]. Given that available
pharmacologic agents have low efficiency and currently existing sur-
gical approaches remain highly invasive and partially irreversible,
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safe and efficient pharmacologic approaches are urgently needed for
curtailing further spread of obesity. The basis for appropriate anti-
obesity drug development is the knowledge of how energy metabo-
lism and body fat are regulated. In spite of significant progress in re-
cent years, the specific pathways controlling body adiposity are not
yet elucidated.

The current model suggests that the regulation of adiposity is the
result of a coordinated interaction between peripheral and central
pathways that measure and adjust body fat stores in the periphery.
We and others have recently reported the existence of neuroendo-
crine circuits that directly control peripheral lipid metabolism in adi-
pose tissue [3–6]. One of these circuits is mainly determined by the
activity of the central nervous system (CNS) melanocortin system,
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which consists of the receptor antagonist (inverse-agonist) agouti-
related protein (AgRP), the neuropeptidergic agonist α-melanocyte
stimulating hormone (α-MSH) and the melanocortin receptors 3
and 4 (MC3/4R). The CNS melanocortin system is one of the most es-
sential circuitries for the CNS control of metabolic homeostasis. En-
dogenous signaling molecules such as insulin [7], leptin [8] and
ghrelin [9] that signal the availability of peripheral energy stores di-
rectly target the CNS melanocortin system. Activation of MC3/4R by
leptin induces proopiomelanocortin (POMC) secretion and proces-
sing to α-MSH, leading to negative energy balance and induction of
lipolytic processes in white adipose tissue (WAT) [4,10]. In contrast,
ghrelin stimulates AgRP levels and thereby blocks CNS melanocortin
receptor activity, leading to positive energy balance and induction
of lipogenic processes in the periphery [11].

We have recently shown that chronic blockade of the hypotha-
lamic MC3/4R by a 7-day i.c.v. infusion of the synthetic MC3/4R an-
tagonist SHU9119 considerably induces the expression of lipogenic
enzymes in WAT [3]. These effects are associated with increased tria-
cylglyceride (TG) content and increased TG synthesis in WAT. In addi-
tion, most of these effects are independent from SHU9119-induced
hyperphagia, which points to an intrinsic and direct melanocortiner-
gic effect on WAT.

Based on the available data, it appears most likely that sympathet-
ic nerve fibers projecting from the CNS to adipocytes, hepatocytes and
myocytes represent an important mechanism to mediate the periph-
eral effects of centrally administered melanocortin agonists and an-
tagonists [3,12–14]. As an example, in the triple β-adrenoceptor
knockout mouse, a model of impaired sympathetic nervous system
(SNS) activity, the lipogenic effects of centrally administered
SHU9119 in adipose tissue are blunted, indicating that a functional
SNS is essential for the lipogenesis induced by blockade of the CNS
melanocortin system [3].

Alternative mechanisms for transferring information from the
central nervous system to the periphery are the classical
hypothalamo-pituitary-adrenal (HPA) and hypothalamo-pituitary-
thyroid (HPT) axes, with circulating corticosterone and thyroid hor-
mone levels as effector endpoints. Interestingly, populations of
MC3/4R-expressing neurons in the periventricular hypothalamus
co-express corticotropin-releasing hormone (CRH) [15]. In addition,
neurons expressing thyrotropin-releasing hormone (TRH) co-
localize with neurons expressing MC4R,α-MSH and AgRP in the para-
ventricular nucleus (PVN) of the hypothalamus [16–18]. Further-
more, AgRP deficient knockout mice (shift toward increased
melanocortinergic activity) exhibit a lean phenotype that is associat-
ed with enhanced metabolic rate and increased plasma levels of thy-
roxin (T4) and triiodothyronine (T3) [19]. We therefore hypothesized
that, in addition to the SNS, the HPA and HPT axes might mediate the
effects of the CNS melanocortin system on peripheral lipid metabo-
lism. Here we demonstrate that the integrity of the HPA and HPT
axes is not essential for the regulation of food intake and body weight
by CNS melanocortin signaling. However, our data indicate that the
CNS MC3/4R-mediated control of the hepatic lipid metabolism is co-
modulated by the HPA axis.

2. Materials and methods

All procedures were approved by the Animal Care and Use Com-
mittee at the state Ministry of rural development, environment and
consumer protection of Brandenburg, Germany, in accordance with
the German Animal Welfare Act.

2.1. Study design

To investigate the relevance of the HPA or the HPT axis in the central
melanocortin effects on peripheral lipid metabolism, rats were either
sham-operated (SO), adrenalectomized (ADX) or thyroidectomized
(TDX) and chronically i.c.v. infused for 7 d with either saline, SHU9119
(melanocortin 3/4 receptor antagonist) or MTII (melanocortin 3/4 recep-
tor agonist). Therefore, each groupof pre-operated rats (either SO, ADXor
TDX) included three treatment groups: a control group infused with i.c.v.
saline; an i.c.v. SHU9119-infused group; and a MTII-infused group.

To prevent pre-operated rats from being metabolically affected by
the insufficient production of either adrenal or thyroid hormones, rats
received daily subcutaneous injections of either corticosterone
(CORT) (to ADX rats) or L-thyroxin (T4) (to TDX rats) for the duration
of the experiment (day 6 of i.c.v. treatment constitutes the day of last
injection). The hormone supplementation is intended to provide suf-
ficient CORT or T4 to maintain major basal metabolic functions influ-
enced by either the HPA or the HPT axis. Rats received hormone
supplementation daily between 9:00 and 10:30 am.

The morning of the seventh i.c.v. treatment day, rats were anes-
thetized with isoflurane and decapitated; trunk blood (collected in
EDTA coated tubes with 150 μl of 1 mg/ml aprotinin solution) as
well as several tissues were collected and frozen (−80 °C) for further
analysis of gene expression and tissue triglyceride content.

2.2. Animals

Male Wistar rats (Crl:WI(Han)) that were previously operated
with either sham or gland surgery were delivered by Charles River
(L'Arbresle, France) with a weight of about 250 g. Three groups of
previously operated rats were used: ADX rats, TDX rats (with reim-
plantation of the parathyroid) and SO rats (sham-operated for thy-
roidectomy, which represents the most deleterious surgery).
Animals were maintained in individual cages under conditions of
controlled temperature (22 °C) and illumination (12-hour light/12-
hour dark cycle, onset of the dark cycle at 6 pm). They were allowed
ad libitum access to standard laboratory chow (ssniff RM/H; ssniff
Spezialdiäten GmbH, Soest, Germany). Since ADX rats suffer from de-
creased sodium retention, they needed sodium substitution which
was provided by offering isotonic (0.9%) saline solution in addition
to normal drinking water ad libitum. To achieve the same experimen-
tal conditions for all pre-operated groups, all rats were offered a bot-
tle of isotonic saline in addition to drinking water. Food intake and
body weight were measured daily during the experimental period.

2.3. Hormone substitution

Subcutaneous substitution of either CORT (1 mg/kg) or T4 (10 μg/
kg) started on the third day after delivery (corresponding to the 12th
day following ADX, TDX or SO). CORT (purity≥92%, Sigma Aldrich)
was dissolved in a small amount of ethanol (purity 99.8%) and then
diluted in sesame oil (Sigma Aldrich) to yield a final concentration
of 1 mg/ml (5% ethanol). T4 (Sigma Aldrich) was dissolved in sterile
isotonic saline (Sigma Aldrich) under basic pH; this solution was fur-
ther diluted with isotonic saline to yield a final concentration of
10 μg/ml. To control for the different vehicles for CORT and T4, all
rats received equal volumes of oily and saline solutions. Vehicle solu-
tions were made using the same procedure as the hormone solutions,
except for the addition of the hormone. Thus, SO rats received 400 μl
saline (T4 vehicle) and 400 μl sesame oil (CORT vehicle including 5%
ethanol) without any hormone content. ADX rats received 400 μl of
CORT solution and 400 μl of T4 vehicle. TDX rats received 400 μl of
T4 solution and 400 μl of CORT vehicle.

2.4. I.c.v. infusions

Rats were equipped with a cannula (ALZET Brain Infusion Kit 2,
DURECT Corporation, Cupertino, CA, USA) positioned in the right lat-
eral cerebral ventricle (i.c.v.) fixed on the skull with Loctite 454 (Hen-
kel AG & Co. KGaA, Düsseldorf, Germany). For chronic 7 d i.c.v.
treatment, the cannula was connected via vinyl tubing to an osmotic
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minipump (ALZET Model 2001, DURECT Corporation, Cupertino, CA,
USA) delivering one of the following compounds at a rate of 1 μl/h:
saline (Sigma-Aldrich), SHU9119 (24 nmol/d, Bachem) or MTII
(1 nmol/d, Bachem). For the surgery, rats were anesthetized with in-
traperitoneal injection of ketamin hydrochloride (Ketamin Graeub, A.
Albrecht GmbH, Aulendorf, Germany)/xylazine hydrochloride (Rom-
pun®, Bayer Vital GmbH, Leverkusen, Germany) used at 100 mg/kg
and 4 mg/kg, respectively. Following the surgery, rats received a sin-
gle subcutaneous dose of 0.5 mg/kg carprofen (Rimadyl®, Pfizer
GmbH, Karlsruhe, Germany).

2.5. Levels of plasma hormones and metabolites

Plasma T3 and T4 levels were determined using Milliplex™ MAP
Rat Thyroid Hormone T3/T4 Panel - 2 Plex (Millipore, Billerica, MA,
USA). Plasma CORT and ACTH levels were analyzed using Milliplex™
MAP Rat Stress Hormone Panel (Millipore, Billerica, MA, USA). Plasma
leptin was determined using murine Leptin Quantikinine ELISA (R&D
Systems). Plasma insulin levels were analyzed using rat insulin ELISA
(DRG Instruments GmbH, Marburg, Germany). Plasma lipids were de-
termined using commercially available kits: triglycerides (Sigma),
free fatty acids (Wako).

2.6. Tissue triglyceride (TG) content

Liver samples (20 mg) were homogenized in ice-cold Chloroform/
Methanol solution (2:1, vol/vol) for 2 min maximal speed using a tis-
sue lyser (Qiagen). Triglycerides were extracted during 2-h shaking at
room temperature. For phase separation, samples were centrifuged,
and the organic bottom layer was collected. The organic solvent was
dried using a SpeedVacPlus (SC210A, Savant Instruments, Farming-
dale, NY) and the pellet was redissolved in chloroform. Triglyceride
content of each sample was measured in triplicate using an enzymatic
method (Randox Laboratories Ltd; Crumlin, UK).

2.7. Quantitative RT-PCR procedure

Total RNA was extracted from frozen epididymal adipose tissue
and liver using TRIzol Reagent (Invitrogen) according to supplier's in-
structions. RNA integrity was assessed by performing 1% agarose gel
electrophoresis in 1×MOPS and its concentration was determined
by spectrophotometry (Nanodrop). cDNA templates for RT-PCR
were synthesized using 2 μg of total RNA, primer random p(dn)6
(Roche), dNTPs (Roche), 0,1 M DTT, 5x First-Strand-Buffer and Super-
script III (Invitrogen). Quantitative real-time PCR was performed
using PowerSYBR® Green PCR master mix (Applied Biosystems),
according to the standard protocol, using approximately 70 ng tem-
plate cDNA. All primers were used at a final concentration of 0.5 μM.
A standard curve was used to obtain the relative concentration of
each experimental gene. Values were normalized to the concentra-
tion of hypoxanthine phosphoribosyltransferase (HPRT) in each
sample. Primer sequences used are specified in Table 1. For the
Table 1
Primer sequences used for real-time PCR.

Gene Accession no. Forward sequence

ACCα J03808 5′-TCCGGCTTGCACCATGATAA-3′
FAS M76767 5′-AGGATGTCAACAAGCCCAAG-3′
SCD-1 AF509569 5′-TGAAAGCTGAGAAGCTGGTG-3′
LPL L03294 5′-TCTCCTGATGATGCGGATTT-3′
CPT-1 L07736 5′-GGATGGCATGTGGGTAAAAG-3′
HPRT NM_012583 5′-CAGTCCCAGCGTCGTGATTA-3′

Annealing T, annealing temperature
quantification of PVN CRH and TRH gene expression, frozen rat brains
were sliced in coronal direction, slices between −1.3 mm and
−2.1 mm from bregma containing the PVN were used. The bilateral
areas containing the PVN were punched out by 20 gauge punch nee-
dle and kept in−80 °C. Total RNA from punched tissue was extracted
using the RNeasy Micro Kit (Qiagen, CA), treated with DNAse I and
eluted with RNAse free water according to the instructions provided
in the kit. cDNA was synthesized by reverse transcription reaction
from the RNA using Superscript III enzyme mix from Invitrogen. The
qPCR gene expression assays were carried out using fluorescence la-
beled Taqman probes (Applied Bio Systems, CA). The cycle threshold
(Ct) values obtained for TRH (22±0.3) and CRH (28±0.4) were nor-
malized to the housekeeping gene L32 (27.5±0.2) and the fold
change was calculated using the ΔΔCt method.

2.8. Statistical analysis

Data are shown as means±S.E.M. Data were analyzed for normal
distribution (Shapiro–Wilk test) and for homogeneity of variances
(Levene's Test for equality of Variances). Significant differences be-
tween the i.c.v. treatment groups on the different gland surgery back-
ground were tested using two-way analysis of variance (ANOVA)
including the kind of gland surgery (SO, ADX or TDX), the i.c.v. treat-
ment (saline, SHU9119 or MTII) and an interaction term between
gland surgery and i.c.v. treatment. Bonferroni was used as a post-hoc
test for multiple comparisons. Significance was assumed at Pb0.05.
Analysis was performed using GraphPad Prism 4 (GraphPad Software,
Inc, La Jolla, CA 92037 USA).

3. Results

3.1. Validation of CORT or T4 clamping in ADX and TDX rats

Daily CORT replacement in saline infused ADX rats led to CORT
plasma levels similar to saline infused SO and TDX rats indicating
that CORT replacement was appropriate (p=0.36, Fig. 1A). Chronic
i.c.v. infusion of SHU or MT-II affected neither the baseline of CORT
(Fig. 1A) nor ACTH plasma levels (Fig. 1B) in sham or TDX rats.
Furthermore, CORT levels in all ADX rats were clamped at the
same level, irrespective if saline, SHU9119, or MTII was i.c.v. infused
(ptreatment=0.503). ACTH levels were significantly increased in ADX
rats in comparison with sham-operated rats, despite the appropriate
CORT replacement (Fig. 1B). Regardless, CRH gene expression in the
PVN was neither significantly affected by changes in MCR activation,
nor by the CORT or T4 replacement (Fig. 1C).

T4 baseline levels were not significantly changed by the chronic i.c.v
infusion of SHU or MT-II in sham or in ADX rats (Fig. 1D). Replacement
with T4 in TDX rats led to increased T4 levels in saline- and SHU-treated
TDX rats compared to SO and ADX rats (Fig. 1D), while MTII-treated
TDX rats displayed normal T4 levels (2-way ANOVA: significant
interaction term ptreatment x surgery=0.049, pb0.01 saline vs. MTII,
Fig. 1D). Plasma levels of the active thyroid hormone, T3, were normal
Reverse sequence PCR product Annealing
T (°C)

5′-CCCCCAAAACGAGTAACAA-3′ 104 54
5′-ACAGAGGAGAAGGCCACAAA-3′ 100 55
5′-CAGTGTGGGCAGGATGAAG-3′ 83 57
5′-CAACATGCCCATCTGGTTTC-3′ 97 54
5′-TACTGACACAGGCAGCCAAA-3′ 203 55
5′-AGCAAGTCTTTCAGTCCTGTC-3′ 139 60
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ncbi-n:M76767
ncbi-n:AF509569
ncbi-n:L03294
ncbi-n:L07736
ncbi-n:NM_012583
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Fig. 1. Plasma levels of CORT (A) and ACTH (B), relative CRH mRNA expression in the PVN (C), plasma levels of thyroxin (T4) (D) and triiodothyronine (T3) (E) and relative TRH
mRNA expression in the PVN (F) in vehicle-treated sham-operated (SO+veh), CORT-replaced adrenalectomized (ADX+cort) and T4-replaced thyroidectomized (TDX+T4) rats
after a 7-day i.c.v. saline, SHU9119 (24 nmol/d) and MTII (1 nmol/d) infusion. Data are presented as mean±SEM of 6–10 animals per group. *Pb0.05; **Pb0.01 vs. saline; Two-way
ANOVA, Bonferroni post hoc-test.
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in saline- and SHU-treated TDX rats, while MTII-infused TDX rats
had decreased T3 levels (2-way ANOVA: significant interaction term
ptreatment x surgery=0.046, pb0.05 saline vs. MTII, Fig. 1E). TRH gene ex-
pression in the PVN was neither significantly affected by changes in
MCR activation, nor by CORT or T4 replacement (Fig. 1F).

3.2. Effect of chronic i.c.v. SHU9119 or MTII infusion in SO, ADX and TDX
rats on body weight gain and food intake

We have shown previously that a 7-day i.c.v. SHU9119 infusion in-
creased body weight in male rats, and a 7-day i.c.v. MTII infusion de-
creased body weight [3]. These effects were confirmed here in SO rats
and were also observed in ADX and TDX rats (Fig. 2A). Changes in
body mass due to SHU9119-induced blockade or MTII-induced acti-
vation of the CNS melanocortin system in ADX and TDX male rats
did not differ compared to SO rats. Increased body weight in
SHU9119-infused rats was concordant with significantly increased
food intake in SO, ADX and TDX rats (Pb0.001) (Fig. 2B). Chronic
i.c.v. MTII treatment significantly decreased food intake in SO and
TDX rats (Pb0.001), but not in ADX rats (Fig. 2B).

3.3. Effect of chronic i.c.v. SHU9119 or MTII infusion in SO, ADX and TDX
rats on plasma levels of TG, FFA, leptin and insulin

We have reported earlier that the SHU9119-induced increase in
body weight of normal rats was accompanied by increased TG syn-
thesis and content in epididymal white adipose tissue (eWAT) [3]. In-
creased lipogenic activity in WAT may require increased transport of
lipids from the liver to WAT and increased TG uptake for lipid accu-
mulation. We therefore analyzed the levels of plasma lipid parame-
ters (Fig. 3A–B). In keeping with our earlier observation in normal
rats [3], chronic i.c.v. treatment of SO and ADX rats with either
SHU9119 or MTII did not change plasma FFA levels, although MTII
treatment increased FFA in TDX rats (Fig. 3A). Triglyceride levels
were significantly decreased in SO (pb0.01) and ADX rats (pb0.05),
but not in TDX rats treated with SHU (Fig. 3B). MTII did not
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significantly affect TG levels in any of the groups. Correlating with
changes in body mass, leptin levels increased with chronic central
MC3/4R blockade by i.c.v. SHU9119 treatment in all gland/sham-
surgery groups (Fig. 3C). On the contrary, chronic central MC3/4R
activation by i.c.v. MTII treatment decreased plasma leptin levels in all
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T4-replaced thyroidectomized (TDX+T4) rats on plasma levels of free fatty acids (FFA) (A),
6–10 animals per group. *Pb0.05; **Pb0.01; ***Pb0.001 vs. saline. Two-way ANOVA, Bonfe
gland/sham-surgery groups, while the decrease was only significant
for the SO and TDX rats. Consistentwith earlier reports [3], plasma insu-
lin levels were significantly increased by chronic CNS-MC3/4R blockade
and not affected by CNS-MC3/4R activation in any of the gland/sham-
surgery groups (Fig. 3D). Therefore, as compared to SO rats, the pattern
of leptin and insulin levelswas unaffected by thyroidectomyor adrenal-
ectomy in the presence of basal hormone replacement.
3.4. Effect of chronic i.c.v. SHU9119 or MTII infusion in SO, ADX and TDX
rats on epididymal fat pad mass and expression levels of lipogenic
enzymes in WAT

To evaluate whether the lipogenic/lipolytic effects of MC3/4R inhi-
bition/stimulation depend on physiologically variable CORT and T4
levels, we measured lipid accumulation in WAT. The mass of the epi-
didymal fat pad significantly increased with the chronic blockade of
central MC3/4R by i.c.v. SHU9119 treatment in SO, ADX and TDX
rats (Fig. 4A). Therefore, neither adrenalectomy nor thyroidectomy
with basal substitutive supplementation influenced the melanocorti-
nergic effect on epididymal fat pad mass. To determine if changes in
lipid accumulation in WAT correlated with changes in lipogenic en-
zyme expression, we quantified the mRNA expression of several en-
zymes involved in lipid metabolism. Two-Way ANOVA analysis
indicates that chronic blockade of central MC3/4R by 7-day i.c.v. infu-
sion of SHU9119 significantly increased the mRNA expression of
acetyl-CoA carboxylase α (ACCα) in SO and TDX rats, but not in
ADX animals (Fig. 4B), while it increased the mRNA expression of
fatty acid synthase (FAS) in the SO and ADX rats, but not in the
TDX rats (Fig. 4C). SHU9119 treatment increased stearoyl-CoA
desaturase-1 (SCD-1) mRNA expression in all gland/sham-surgery
groups (Fig. 4D). In addition, regardless of gland/sham-surgery type,
lipoprotein lipase (LPL) mRNA expression was also increased by
chronic SHU9119 treatment (Fig. 4E). I.c.v. melanocortin activation
by MTII did not significantly affect the expression of the investigated
enzymes involved in lipogenesis or lipid uptake (Fig. 4B–E).
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3.5. Effect of chronic i.c.v. SHU9119 or MTII infusion in SO, ADX and TDX
rats on hepatic TG content and expression levels of lipid metabolizing
enzymes in the liver

The liver is a major lipid-metabolizing organ in the body. We
therefore speculated that liver lipid accumulation might be addition-
ally affected by changes in central melanocortinergic activity similar
to observed changes in WAT. Chronic blockade of central MC3/4R by
i.c.v. SHU9119 increased hepatic TG content in SO and TDX rats, but
not in ADX rats (Fig. 5A), MTII treatment, however, decreased liver
TG content only in SO rats, and was ineffective in ADX and TDX rats.
We next determined the hepatic mRNA expression of lipogenic en-
zymes and found that although chronic i.c.v. SHU9119 or MTII treat-
ment did not modify the expression of ACCα mRNA (Fig. 5B),
SHU9119 significantly increased the mRNA expression of FAS and
SCD-1 in SO and TDX rats, but not in ADX rats (Fig. 5C–D). Taken to-
gether with the lack of increased hepatic steatosis in SHU9119 treated
ADX rats (Fig. 5A), these gene expression data suggest that hepatic
de-novo lipogenesis induced by blockade of the central melanocortin
receptors requires a fully functional HPA axis. Carnitine-palmitoyl
transferase-1 (CPT-1) mRNA expression was significantly altered by
the i.c.v. infusion of MCR ligands (Pb0.001). However, the post-hoc
analysis only detected a statistically significant decrease of SHU9119
on CPT-1 gene expression in TDX rats (Fig. 5E).

4. Discussion

The autonomic nervous system plays a critical role in the trans-
mission of the efferent information from the central melanocortin
system to peripheral tissues [3]. However, the CNS melanocortin sys-
tem also interacts with the HPA and HPT axes [15–18,20], two major
endocrine systems with profound effects on the control of metabolic
homeostasis. Here we tested whether the neuroendocrine
hypothalamo-pituitary adrenal and thyroid axes mediate some of
the effects of the melanocortin system on feeding and peripheral
lipid metabolism. Our data indicate that the effect on feeding and ad-
iposity induced by the pharmacological manipulation of the central
melanocortin system in adult rats does not require neuroendocrine
regulation of the HPA or HPT axes activity. However, the triglyceride
accumulation and induction of lipogenic enzymes' gene expression
in the liver observed upon blockade of the central melanocortin re-
ceptors requires a fully functional HPA axis. Importantly, these data
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illustrate how the CNS can control a specific metabolic process, such
as de novo lipogenesis, simultaneously, but tissue-specifically in sev-
eral peripheral tissues.

The CNS melanocortin system interacts with the HPA axis in the
hypothalamic PVN and can modulate its activity. MC4R have been
found in CRH neurons of the PVN [15]. Decreased activity of the CNS
melanocortin system in leptin deficiency leads to massively increased
systemic CORT levels, whereas i.c.v. infusion of specific melanocortin
receptor agonists decreases CORT secretion in ob/ob mice [21]. In ad-
dition, in POMC−/− mice that exhibit increased food efficiency, de-
creased metabolic rate and increased body weight and fat pad
weights, the pharmacological or the transgenic replacement of CORT
exacerbates the obese phenotype. This implies that CORT can poten-
tiate the obese phenotype originally induced by genetic (POMC−/−

mice) [22] or pharmacologic (SHU treatment) inactivation of MC3/4R.
The melanocortin system also interacts with the HPT axis at the

hypothalamic level. α-MSH and AgRP-containing nerve terminals in-
nervate TRH neurons in the PVN [16,23] that co-express MC4R
[20,24]. There is experimental evidence suggesting that the increase
in melanocortin system activity leads to increased HPT axis activa-
tion. For instance, i.c.v. infusion of α-MSH increases plasma TSH in
fasted rats, infusion of AgRP directly into the PVN decreases the
circulating levels of TSH and T4 [25] and reduces TRH gene expression
in the PVN [26]. Furthermore, T3 was reported to exert a negative
feedback on both MC4R and TRH gene expression by binding on spe-
cific thyroid hormone responsive elements in the promoter region of
these two genes [27].

Based on the experimental evidence listed above, we predicted
that the pharmacological manipulation of the central melanocortin
receptors would result in changes in the circulating levels of CORT
and T4 when compared with the saline control group. SHU9119 or
MT-II elicited the expected effect on feeding and body weight
(Fig. 2A, B), although the i.c.v. treatments did not change significantly
the circulating levels of CORT or T4 in the sham-operated rats (Fig. 1A,
D) or the hypothalamic CRH or TRH gene expression (Fig. 1 C, F). In
contrast with the somewhat stable T3 levels [28], corticosterone in
rats circulates in a circadian pattern with highest levels at the end
of the light phase [29,30]. Given that we only assessed the baseline
hormonal levels at one time point at the end of the study, we cannot
rule out the possibility that the manipulation of the central MC sys-
tem could affect the daily circulating patterns of corticosterone and
T3 by regulating the activity of the HPA and HPT axes, respectively.

An important limitation intrinsic to our experimental design re-
lates to the combined removal of the endocrine gland plus exogenous
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hormonal replacement. While this approach provides the desired lack
of regulation of the HPA and HPT axes in the surgical groups, there is
also a lack of the normal endogenous pattern of secretion of CORT or
thyroid hormones [28], patterns that are likely preserved in the
Sham-operated rats. Thus, the absence of a normal rhythm of gluco-
corticoid or thyroid hormone action in the ADX and TDX rats, in
contrast to the control Sham groups, must be considered in the inter-
pretation of these results.

The replacement of CORT in ADX rats resulted in similar levels of
circulating CORT in comparison with SO and TDX rats. The increased
ACTH levels found in ADX rats (Fig. 1B) suggest that the CORT re-
placement of only a single daily dose was insufficient to maintain
baseline corticotropic activity in the pituitary and presumably also
to maintain a physiological circadian profile. However, CRH mRNA
levels in the ADX groups did not differ significantly from SO and
TDX rats (Fig. 1C). Furthermore, we observed similar feeding between
ADX and SO or TDX rats, as well as similar hyperphagia in response to
the blockade of the central melanocortin receptors with SHU9119
(Fig. 2B). It was reported elsewhere that adrenalectomy in rats im-
paired both feeding and hyperphagic response to i.c.v. administration
of the MCR antagonist AgRP which was prevented by CORT replace-
ment [31]. Therefore our data suggest that the CORT replacement
achieved in our experiments was sufficient to maintain the physio-
logical regulation of food intake.

At the administered dose, T4 replacement of saline-infused TDX
rats resulted in elevated T4 with normal T3 levels relative to the
saline-infused SO group. T4-replaced TDX rats with i.c.v. SHU9119 in-
fusion showed similar T4 and T3 levels compared to saline infused
TDX rats, whereas MTII treatment decreased plasma T4 and T3 levels
by 56 and 23%, respectively in T4-replaced TDX rats. This implies that
the increased metabolic rate observed in centrally MTII-treated ro-
dents [32] might be associated with increased T4 to T3 conversion
and increased T3 action or degradation. The specific mechanism
whereby the CNS–MC system might modify plasma thyroid hormone
levels is currently unknown. A potential candidate would be the reg-
ulation of deiodinase (D1 to D3) activity in specific tissues such as the
liver, kidney or brown adipose tissue. Characterization of the tissue-
specific activity of these enzymes or changes in plasma levels of T3
and T4 in mice with specific deletion of deiodinase expression
would provide evidence of the role of the CNS–MCR in the control cir-
culating levels of thyroid hormones. Nevertheless, under the present
experimental conditions, the fact that in T4-replaced TDX rats, SHU
and MTII-related changes in body weight, food intake and gene ex-
pression in WAT or liver were comparable to the effects observed in
SHU and MTII-treated SO and ADX rats implies that the SNS media-
tion of changes in melanocortinergic activity is sufficient to influence
peripheral lipid metabolism in states of impaired HPT function.

The 7-day i.c.v. infusion of SHU9119 induced hyperphagia in ADX
and TDX rats similar to SO rats. Accordingly, neither ADX nor TDX af-
fected changes in body weight induced by manipulation of central
melanocortin receptor activity when compared to SO rats.

The absence of fully functional HPA or HPT axis did not modify the
effects exerted by the CNS melanocortin system on the regulation of
insulin or leptin secretion. Spinedi and Gaillard have reported that
circulating leptin levels decrease in ADX rats and are restored with
CORT replacement [33]. In our experiments, leptin levels did not dif-
fer significantly between saline-infused SO and ADX rats, indicating
that CORT substitution was sufficient to maintain normal leptin
levels. The blockade of the melanocortin receptors with SHU9119 in-
duced a similar increase in leptin levels in sham-operated, ADX and
TDX rats, suggesting that the increase in leptin concentration is inde-
pendent of the action of the melanocortin system on the HPA or HPT
axis, but likely dependent on the changes in fat mass.

We have previously demonstrated that the blockade of the CNS
melanocortin receptors with SHU9119 leads to adiposity by increas-
ing the de novo lipogenesis in WAT, an increase that is independent
of the changes in caloric intake [3]. Here we found that i.c.v. SHU in-
creased epididymal fat pad weight to the same extent in SO, CORT-
replaced ADX and T4-replaced TDX rats (Fig. 4A). Overall, this in-
crease in fat pad weight correlated with the increase in the gene
expression of lipogenic enzymes in eWAT in the three surgical
groups. Altogether, these results suggest that increased adiposity in-
duced by CNS melanocortin blockade does not essentially depend
on functional HPA or HPT axes.

The similar hepatic triglyceride content and gene expression be-
tween the SO and ADX saline control groups suggests that the CORT
replacement was sufficient to maintain hepatic lipid metabolism at
baseline levels. These data are in agreement with previous reports,
showing that CORT replacement is sufficient to maintain hepatic tri-
glyceride levels [34]. Furthermore, ADX rats with CORT replacement
develop hepatic steatosis when feeding a high sucrose/high fat diet
[34]. Interestingly, the absence of a fully functional HPA axis pre-
vented excessive triacylglyceride storage in the liver induced by
i.c.v. SHU9119, despite the increased nutrient supply associated
with the hyperphagia (Fig. 5A).

A deficient triacylglyceride storage in the liver of i.c.v. SHU9119-
treated ADX rats is supported by the lack of significant up-
regulation of the gene expression of lipogenic enzymes such as SCD-
1 in comparison with the effect observed in SO and TDX rats
(Fig. 5C, D). We have previously shown that similarly to what is ob-
served in WAT, i.c.v. SHU increases hepatic SCD-1 gene expression in-
dependently of food intake [3]. Therefore, the lack of lipid
accumulation and lack of induction of lipogenesis in the liver of i.c.v.
SHU ADX rats, despite hyperphagia and activation of lipogenesis in
WAT, suggests that the CNSmelanocortin system control of hepatic li-
pogenesis requires a fully functional HPA axis.

The specific mechanisms by which the blockade of the CNS mela-
nocortin system can regulate WAT but not hepatic lipogenesis in
CORT-replaced ADX rats are currently unknown. It is possible that
control of hepatic triglyceride metabolism requires the physiological
daily fluctuations in CORT plasma levels [35], absent in our ADX
rats. Alternatively, other adrenal hormonal signals may be required
for the CNS–MC system control of hepatic lipogenesis, although
such a possibility remains to be proven.

In summary, we have demonstrated that a lack of physiological
regulation of circulating corticosterone and thyroid hormones is not
sufficient to disrupt CNS melanocortin effects on food intake or
body weight, while a fully functional HPA axis seems to play a distinct
role for the regulation of peripheral lipid metabolism. Thus, lipid ac-
cumulation in the liver, but not in WAT, in the presence of increased
nutrient supply due to MC3/4R blockade-induced hyperphagia, re-
quires a functional HPA axis.
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