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Abstract 
 

Weight loss inhibits thyrotropic function and reduces metabolic rate, thereby contributing to 
weight regain. Under negative energy balance there is an increase in the hypothalamic 
expression of both neuropeptide Y (NPY) and agouti related peptide (AgRP), the endogenous 
antagonist of melanocortin 4 (MC4) receptors. Both NPY and MC4 receptor antagonism 
reduce thyrotropic function centrally, but it is not known whether these pathways operate by 
similar or distinct mechanisms. We compared the time-course of effects of acute or chronic 
intracerebroventricular (ICV) administration of NPY (1.2 nmol acute bolus, or 3.5 nmol/day for 
6 days) or the MC4 receptor antagonist HS014 (1.5 nmol bolus, or 4.8 nmol/day) on plasma 
concentrations of thyroid stimulating hormone (TSH) or free thyroxine (T4) in male rats pair-
fed with vehicle-infused controls. These doses equipotently induced hyperphagia in acute 
studies, reduced latency to feed, and increased white adipose tissue mass after 6 days of 
infusion. Acute central NPY but not HS014 administration significantly reduced plasma TSH 
concentrations within 30–60 min and plasma free T4 levels within 90–120 min. These 
inhibitory effects were sustained for up to 5–6 days of continuous NPY infusion. HS014 
induced a transient decrease in plasma free T4 levels that was observed only after 1–2 days 
of continuous ICV infusion. While both NPY and HS014 significantly increased 
corticosteronemia within an hour after ICV injection, the effect of NPY was significantly more 
pronounced and was sustained for up to 4 days of administration. Both NPY and HS014 
significantly decreased the brown adipose tissue protein levels of uncoupling protein-3. We 
conclude that central NPY and MC4 antagonism decrease thyrotropic function via partially 
distinct mechanisms with different time courses, possibly involving glucocorticoid effects of 
NPY. MC4 receptor antagonism increases adiposity via pathways independent of increased 
food intake or changes in circulating concentrations of TSH, free T4 or corticosterone. 

1. Introduction 
	
  
A major challenge for the treatment of obesity is that loss of just 5–10% of body weight leads 
to metabolic changes that inhibit further weight loss. Overweight or obese people who lost 
weight by moderate or severe energy restriction (with or without physical activity) showed 
significant decreases in circulating concentrations of the most active thyroid hormone free 
triiodothyronine (T3) and/or a significant increase in that of the inactive hormone, reverse T3, 
as well as significant reductions in circulating concentrations of thyroid stimulating hormone 
(TSH) and free thyroxine (T4), the precursor to T3 (Hukshorn et al., 2003a, Hukshorn et al., 
2003b, Rosenbaum et al., 2000, Weinsier et al., 2000, Wadden et al., 1990, Naslund et al., 
2000 and Douyon and Schteingart, 2002). As thyroid hormones are major regulators of 
energy expenditure, acting on peripheral tissues to directly influence cellular metabolism 
(Silva, 2003) as well as on hypothalamic sites to regulate AMP-activated protein kinase, fatty 
acid metabolism and subsequent sympathetic nervous output (Lopez et al., 2010), reduced 
thyroid function likely contributes to the concomitant reduction in metabolic rate or energy 
expenditure (Weinsier et al., 2000, Rosenbaum et al., 1997, Leibel et al., 1995, Westerterp-
Plantenga et al., 2001, Westerterp-Plantenga et al., 2004, Hukshorn et al., 2003a, Hukshorn 
et al., 2003b, Menozzi et al., 2000, Martin et al., 2007 and Sainsbury and Zhang, 2010). The 
weight loss-induced drop in energy expenditure is a significant predictor of weight regain 
(Pasman et al., 1999 and Goran, 2000), so insights into mechanisms for decreased thyroid 
function and energy expenditure could lead to improved weight loss interventions. 
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 The decreases in thyroid function and metabolic rate that occur during negative 
energy balance are likely to be mediated, at least in part, by the action of neuropeptide Y 
(NPY) and melanocortin receptors in the hypothalamus (Lechan and Fekete, 2006). NPY is 
an orexigenic peptide (Stanley et al., 1985 and Clark et al., 1984) synthesized by neurons 
within the arcuate nucleus of the hypothalamus (Bai et al., 1985). These NPY-ergic neurons 
also synthesize another orexigenic agent, agouti related peptide (AgRP) (Ollmann et al., 
1997), which antagonizes melanocortin 3 (MC3) and melanocortin 4 (MC4) receptors 
expressed in the brain (Ollmann et al., 1997). The NPY–AgRP synthesizing neurons in the 
arcuate nucleus are distinct from the cells that express proopiomelanocortin (Elias et al., 
1998), the pre-cursor for the anorexic alpha-melanocyte stimulating hormone (α-MSH), which 
acts as an agonist on brain MC3 and MC4 receptors (Mountjoy et al., 1992 and Adan et al., 
1994). NPY–AgRP and POMC-expressing neurons in the arcuate nucleus project to the 
paraventricular nucleus (PVN) (Baker and Herkenham, 1995 and O’Donohue et al., 1979), 
where they exert stimulatory (NPY and AgRP) (Stanley et al., 1985 and Clark et al., 1984) or 
inhibitory (α-MSH) (Thiele et al., 1998 and Brown et al., 1998) effects on food intake. During 
energy restriction in rodents, the protein or mRNA levels of NPY and AgRP are increased in 
the hypothalamus whereas the mRNA expression of proopiomelanocortin is reduced 
(Sainsbury and Zhang, 2010). This change likely has important effects on the hypothalamo-
pituitary thyroid axis, as NPY, AgRP, and α-MSH-containing neuronal endings have been 
detected in close association with neurons in the PVN that synthesize thyrotropin-releasing 
hormone (TRH) in rodents (Legradi and Lechan, 1999) and in humans (Mihaly et al., 2000). 
Moreover, TRH-expressing neurons in the PVN of the mouse are known to express Y1 
receptor-like immunoreactivity (Broberger et al., 1999). Unlike the MC3 receptor, MC4 
receptor mRNA (Mountjoy et al., 1994) as well as Y1 and Y5 receptor immunoreactivity 
(Wolak et al., 2003) are found in both parvicellular and magnocellular neurons of the PVN as 
recently reviewed (Lechan and Fekete, 2006), suggesting direct effects of NPY and 
melanocortins on the thyrotropic axis at the level of the hypothalamus. Indeed, central 
administration of NPY, Y1 or Y5 receptor agonists, AgRP or MC4 receptor antagonists to 
normal rodents significantly reduces function of the thyrotropic axis, indicated by reductions in 
expression of TRH in the PVN, and a decrease in circulating concentrations of TSH and T3 or 
T4 (Fekete et al., 2001, Fekete et al., 2002a, Fekete et al., 2002b, Small et al., 2001 and Kim 
et al., 2000). MC4 receptors are critical for the inhibitory effects of AgRP on thyroid function, 
as the effects were not seen in MC4 receptor knockout mice (Fekete et al., 2004). 
Conversely, central injection of MC3 or MC4 receptor agonists such as α-MSH or a stable 
analog of α-MSH increased circulating TSH (Kim et al., 2000) or free T4 concentrations 
(Fekete et al., 2000) in fasting rodents, probably via direct actions which stimulate TRH 
expression and release in the PVN (Kim et al., 2000 and Fekete et al., 2000). Further 
evidence for a physiological role of MC4 in the regulation of thyroid function is the recent in 
vivo discovery that thyroid hormones inhibit MC4 receptor expression in brain nuclei known to 
regulate thyroid function or energy homeostasis, namely the PVN, arcuate nucleus of the 
hypothalamus and brain stem, via their receptor interactions with thyroid hormone-response 
elements on the MC4 receptor gene ( Decherf et al., 2010). This negative feedback loop, 
whereby MC4 receptor activation stimulates thyroid hormone release which in turn down-
regulates MC4 receptor expression, would serve to limit the catabolic effects of MC4 receptor 
agonism (Decherf et al., 2010). Taken together, these collective findings suggest that 
alterations in endogenous NPY and melanocortin tonus could contribute to the decreased 
thyroid function (and subsequently reduced energy expenditure) that have been consistently 
observed during conditions of negative energy balance, such as during weight loss in obese 
individuals. 
 NPY, AgRP and their receptors share not only overlapping distribution patterns, but 
also overlapping functions. While such functional redundancy could contribute to species 
survival during prolonged period of food restriction, it poses a particular challenge for 
voluntary weight loss strategies. Indeed, recent clinical trials in humans of MK-0493, an MC4 
receptor agonist, revealed a slight but significant decrease in food intake and a modest 
decrease in body weight from baseline, with no significant effect on body weight after 12–
18 weeks (Krishna et al., 2009). In light of the redundancies in systems that regulate energy 
homeostasis or thyroid function, we aimed to investigate the mechanisms by which NPY and 
AgRP may inhibit activity of the hypothalamo-pituitary–thyrotropic axis, and to determine 
whether this inhibition is occurring through distinct or overlapping mechanisms. To this end 
we investigated the time course of effects of acute versus chronic intracerebroventricular 
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(ICV) infusion of NPY or the MC4 receptor antagonist, HS014, on thyrotropic function in rats. 
 
2. Materials and methods 
 
2.1. Experimental animals 
All procedures were approved by the Animal Experimentation Ethics Committee of the 
Garvan Institute/St. Vincent’s Hospital and are in keeping with the National Health and 
Medical Research Council of Australia’s guidelines on animal experimentation. Male Wistar 
rats were purchased from Animal Resources Centre (Perth, Australia) at weights of 250–
280 g. They were housed in groups in plastic cages on pellet paper bedding and under 
conditions of controlled temperature (23 °C) and illumination (6:00–18:00 h). They were 
allowed ad libitum access to standard laboratory chow (Norco Stockfeeds, South Lismore, 
Australia) and water, unless otherwise stated. 
 
2.2. Placement of chronic intracerebroventricular (ICV) and jugular cannulae 
Animals were anesthetized with an intraperitoneal injection of ketamine/xylazine at 60 and 
10 mg/kg, respectively (Mavlab, Brisbane, Australia, and Troy Laboratories, Sydney, 
Australia) for the placement of a cannula in the right lateral cerebral ventricle (Sainsbury et 
al., 1997), which was used for all ICV administrations. Another cannula was placed in the 
right jugular vein for blood sampling. Rats received an intramuscular injection of penicillin at 
0.3 mg/kg (Troy Laboratories, Sydney, Australia) as well as subcutaneous analgesic, 
buprenorphine (Temgesic, 0.025 mg/kg, Reckitt and Coleman, Hull, UK) and were left to 
recover to pre-surgery weights (7–10 days) in individual cages, with daily handling to 
minimize stress. 
 
2.3. Acute ICV injection of NPY and HS014 
A subset of rats were used in acute (2–4 h) studies following bolus ICV injection of porcine 
NPY (1.2 nmol, Auspep, Melbourne, Australia), or the synthetic MC4 receptor antagonist 
HS014 (1.5 nmol, Auspep, Melbourne, Australia) or vehicle (5 mL 0.9% NaCl) for control rats. 
Injections were made over 60 s, and animals were then returned to their cages. Blood 
samples (0.3 mL) were collected from the jugular cannula at 0, 7.5, 15, 30, 60, 90, and 
120 min after ICV injections using sodium citrate (6.1 mg/mL in 0.9% NaCl) as an 
anticoagulant. Food was not available during the sampling period. Plasma was frozen at 
−20 °C until subsequent analysis as described below. 
 
2.4. Chronic ICV infusion of NPY and HS014 
Rats were anesthetized with halothane (Veterinary Companies of Australia, Artarmon, 
Sydney, Australia) for implantation of subcutaneous osmotic minipumps (model 2001, Alza 
Corporation, Palo Alto, CA, US) (Sainsbury et al., 1997) which were connected via 
polyethylene tubing to the ICV cannula for central infusion of porcine NPY (3.5 nmol/day), 
HS014 (4.8 nmol/day), or vehicle (24 µL/day of 0.9% NaCl) for control rats. Food intake of the 
NPY- and HS014-infused rats was restricted to that of vehicle-infused animals (30–32 g/day) 
to ensure that any differences observed were not due to increased food intake. Rats were 
fasted for 2–3 h (from ∼9.30–12.30 h) prior to collection of blood samples (0.3 mL) from the 
jugular cannula between 11:30 and 12:30 h each day using sodium citrate (6.1 mg/mL in 
0.9% NaCl) as an anticoagulant. All plasma samples were frozen and stored at −20 °C until 
analysis. 
 
2.5. Plasma analyses 
Plasma concentrations of glucose were measured using a commercial kit (glucose oxidase 
method, Trace Scientific, Melbourne, Australia). Commercial radioimmunoassay kits were 
used for the determination of plasma insulin, leptin (Linco Research, St. Louis, MO, US), 
corticosterone, free T4, and TSH levels (ICN Biomedicals, Costa Mesa, CA, US), except for 
chronic infusion studies, where plasma TSH concentrations were estimated by 
chemiluminescent immunometric assay (CLIMA) on Immulite® 2000 (DPC Biermann GmbH, 
Friedberg, Germany) and free T4 was estimated by Microparticles Enzyme Immunoassay on 
AxSYM® (Abbott Park Illinois, USA). For measurement of TSH and Free T4 levels, plasma 
was combined from two time points from each rat (i.e. t = 30 and t = 60 min sample; t = 90 
and t = 120 min sample; t = 1 and t = 2 day sample; t = 5 and t = 6 day sample), in order to 
have sufficient plasma volume for the assay. 
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2.6. Tissue analyses 
After 6 days of ICV infusion, rats were anaesthetized with pentobarbitone sodium (Nembutal; 
Abbott laboratories, Sydney, Australia), the interscapular brown adipose tissue (BAT) was 
removed, weighed, rapidly frozen on liquid nitrogen and stored at −80 °C until subsequent 
analysis of UCP3 protein levels as previously described (Molero et al., 2004). The thyroid 
gland was also removed and weighed. The right inguinal and right epididymal white adipose 
tissue depots were removed and weighed, as was the mesenteric white adipose tissue depot. 
 
2.7. Statistics 
Statistics were performed using Statview version 4.5 (Abacus Concepts, CA, US). Repeated 
measures or factorial ANOVA tests were used for the statistical analysis of results, with 
Fisher’s post hoc tests where appropriate. Data are expressed as mean ± SEM (or 
mean ± SD where the graph shows groups with less than six animals), and the results were 
considered statistically significant if P < 0.05. 
 
3. Results 
 
3.1. Acute central NPY but not HS014 injection decreases circulating thyroid hormone 
concentrations and increases insulinemia 
In order to investigate immediate effects of central NPY or MC4R antagonist administration 
on thyroid function, we measured changes in circulating thyroid hormone concentrations in 
response to acute ICV injection of NPY or HS014 in rats that did not have access to food. 
There was no significant difference among the three groups of rats with respect to body 
weight at the time of injection (data not shown). We have shown previously that the acute 
doses of NPY (1.2 nmol) and HS014 (1.5 nmol) chosen for this study were equipotent in that 
both agents produced an equivalent, 10-fold increase in total food intake in the 4 h after ICV 
injection compared to vehicle-injected controls (Baran et al., 2002). Despite comparable 
actions on food intake in rats that were allowed to eat, only NPY injection had effects on 
thyroid function. Acute ICV administration of NPY resulted in a significant reduction in plasma 
concentrations of TSH relative to vehicle-injected controls at 30–60 min post-injection, and 
this effect was sustained at 90–120 min post-injection (Fig. 1A). Acute ICV NPY injection also 
led to a significant reduction in plasma free T4 concentrations compared to vehicle-injected 
control rats at 90–120 min after injection (Fig. 1B). In contrast to these inhibitory effects of 
NPY, there were no effects of acute ICV HS014 injection on the plasma concentrations of 
TSH or Free T4 (Fig. 1). 
 Acute ICV NPY administration is known to modulate circulating concentrations of 
corticosterone and insulin (Sainsbury et al., 1996 and Wisialowski et al., 2000), both of which 
– in addition to thyroid hormones – influence energy homoestasis. Moreover, corticosterone 
and insulin status can have significant effects on thyroid hormone concentrations (Kakucska 
et al., 1995, Alkemade et al., 2005, Nicoloff et al., 1970, Gonzalez et al., 1980 and Mitsuma 
and Nogimori, 1982). Therefore, in order to determine whether changes in insulin or 
corticosterone levels may have contributed to these changes in thyroid hormone 
concentrations, we investigated circulating insulin and corticosterone concentrations in NPY- 
and HS014-injected rats. Both peptides induced a significant increase in plasma 
corticosterone levels relative to vehicle-injected control rats within the first 120 min of 
injection, and this effect was significantly more pronounced in NPY- than in HS014-injected 
rats (Fig. 2A). While acute ICV injection of neither NPY nor HS014 had any significant effect 
on glycemia (Fig. 2B), acute central NPY but not HS014 administration significantly increased 
insulinemia within the 2 h after injection (Fig. 2C). 
 
3.2. Chronic ICV NPY or HS014 administration both stimulate appetite and induce obesity 
As acute ICV HS014 administration did not influence circulating thyroid hormone 
concentrations, we sought to determine whether longer-term central administration (up to 
6 days) would have effects on the thyrotropic axis. In these chronic studies, all animals were 
pair fed the same amount as vehicle-infused controls in order to eliminate effects of NPY- or 
HS014-induced hyperphagia on endocrine parameters. Therefore, latency to feed was 
measured as an index of biological potency of the selected doses of NPY and HS014. In all of 
the NPY- and HS014-infused rats, latency to feed was less than 30 s on each of days 2–6 of 
infusion compared with greater than 60 s in vehicle-infused control rats, indicating that both 
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peptides stimulated appetite in all experimental rats. 
 There was no significant difference between vehicle-, NPY-, or HS014-infused rats 
with respect to body weight before or after the 6 days of ICV infusion (Table 1). This is 
consistent with data showing that whereas chronic ICV NPY or MC4 receptor antagonist 
infusion significantly increased body weight in ad libitum-fed rats, no such increase is 
observed when hyperphagia is prevented by pair-feeding with vehicle-infused controls ( 
Baran et al., 2002). 

	
  
	
  
	
  
	
  

	
  

2.4. Chronic ICV infusion of NPY and HS014

Rats were anesthetized with halothane (Veterinary Companies
of Australia, Artarmon, Sydney, Australia) for implantation of sub-
cutaneous osmotic minipumps (model 2001, Alza Corporation,
Palo Alto, CA, US) (Sainsbury et al., 1997) which were connected
via polyethylene tubing to the ICV cannula for central infusion of
porcine NPY (3.5 nmol/day), HS014 (4.8 nmol/day), or vehicle
(24 lL/day of 0.9% NaCl) for control rats. Food intake of the NPY-
and HS014-infused rats was restricted to that of vehicle-infused
animals (30–32 g/day) to ensure that any differences observed
were not due to increased food intake. Rats were fasted for 2–3 h
(from !9.30–12.30 h) prior to collection of blood samples
(0.3 mL) from the jugular cannula between 11:30 and 12:30 h each
day using sodium citrate (6.1 mg/mL in 0.9% NaCl) as an anticoag-
ulant. All plasma samples were frozen and stored at "20 !C until
analysis.

2.5. Plasma analyses

Plasma concentrations of glucose were measured using a com-
mercial kit (glucose oxidase method, Trace Scientific, Melbourne,
Australia). Commercial radioimmunoassay kits were used for the
determination of plasma insulin, leptin (Linco Research, St. Louis,
MO, US), corticosterone, free T4, and TSH levels (ICN Biomedicals,
Costa Mesa, CA, US), except for chronic infusion studies, where
plasma TSH concentrations were estimated by chemiluminescent
immunometric assay (CLIMA) on Immulite" 2000 (DPC Biermann
GmbH, Friedberg, Germany) and free T4 was estimated by Micro-
particles Enzyme Immunoassay on AxSYM" (Abbott Park Illinois,
USA). For measurement of TSH and Free T4 levels, plasma was
combined from two time points from each rat (i.e. t = 30 and
t = 60 min sample; t = 90 and t = 120 min sample; t = 1 and
t = 2 day sample; t = 5 and t = 6 day sample), in order to have suffi-
cient plasma volume for the assay.

2.6. Tissue analyses

After 6 days of ICV infusion, rats were anaesthetized with pen-
tobarbitone sodium (Nembutal; Abbott laboratories, Sydney, Aus-
tralia), the interscapular brown adipose tissue (BAT) was
removed, weighed, rapidly frozen on liquid nitrogen and stored
at "80 !C until subsequent analysis of UCP3 protein levels as pre-
viously described (Molero et al., 2004). The thyroid gland was also
removed and weighed. The right inguinal and right epididymal
white adipose tissue depots were removed and weighed, as was
the mesenteric white adipose tissue depot.

2.7. Statistics

Statistics were performed using Statview version 4.5 (Abacus
Concepts, CA, US). Repeated measures or factorial ANOVA tests
were used for the statistical analysis of results, with Fisher’s post
hoc tests where appropriate. Data are expressed as mean ± SEM
(or mean ± SD where the graph shows groups with less than six
animals), and the results were considered statistically significant
if P < 0.05.

3. Results

3.1. Acute central NPY but not HS014 injection decreases circulating
thyroid hormone concentrations and increases insulinemia

In order to investigate immediate effects of central NPY or
MC4R antagonist administration on thyroid function, we measured

changes in circulating thyroid hormone concentrations in response
to acute ICV injection of NPY or HS014 in rats that did not have ac-
cess to food. There was no significant difference among the three
groups of rats with respect to body weight at the time of injection
(data not shown). We have shown previously that the acute doses
of NPY (1.2 nmol) and HS014 (1.5 nmol) chosen for this study were
equipotent in that both agents produced an equivalent, 10-fold in-
crease in total food intake in the 4 h after ICV injection compared
to vehicle-injected controls (Baran et al., 2002). Despite compara-
ble actions on food intake in rats that were allowed to eat, only
NPY injection had effects on thyroid function. Acute ICV adminis-
tration of NPY resulted in a significant reduction in plasma concen-
trations of TSH relative to vehicle-injected controls at 30–60 min
post-injection, and this effect was sustained at 90–120 min post-
injection (Fig. 1A). Acute ICV NPY injection also led to a significant
reduction in plasma free T4 concentrations compared to vehicle-
injected control rats at 90–120 min after injection (Fig. 1B). In con-
trast to these inhibitory effects of NPY, there were no effects of
acute ICV HS014 injection on the plasma concentrations of TSH
or Free T4 (Fig. 1).

Acute ICV NPY administration is known to modulate circulating
concentrations of corticosterone and insulin (Sainsbury et al.,
1996; Wisialowski et al., 2000), both of which – in addition to thy-
roid hormones – influence energy homoestasis. Moreover, cortico-
sterone and insulin status can have significant effects on thyroid
hormone concentrations (Kakucska et al., 1995; Alkemade et al.,
2005; Nicoloff et al., 1970; Gonzalez et al., 1980; Mitsuma and
Nogimori, 1982). Therefore, in order to determine whether changes
in insulin or corticosterone levels may have contributed to these
changes in thyroid hormone concentrations, we investigated circu-
lating insulin and corticosterone concentrations in NPY- and

Fig. 1. Acute central administration of NPY but not the melanocortin 4 receptor
antagonist HS014 reduces circulating thyroid hormone concentrations. Plasma
concentrations of (A) thyroid stimulating hormone (TSH) and (B) free thyroxine
(free T4) at various times after acute intracerebroventricular injection of NPY
(1.2 nmol) or HS014 (1.5 nmol) compared with vehicle injected control rats (5.0 lL
of 0.9% NaCl). Plotted values are means ± SEM of 8–10 rats per group. ⁄P < 0.05 or
⁄⁄P < 0.01 versus vehicle-injected control rats at the same time point, or the
comparison shown by horizontal bars.
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uncoupling protein 3 (UCP-3) in this tissue was determined, since
the expression and activity of UCP-3 is known to be regulated by
thyroid function (Lanni et al., 2003; Flandin et al., 2009). The
weight of brown adipose tissue depots were significantly increased
in both NPY- and HS014-infused rats relative to controls (Table 1).
As shown in Fig. 5, brown adipose tissue UCP-3 protein levels were
significantly decreased in both NPY- and HS014-infused rats rela-
tive to vehicle-infused controls after 6 days of ICV administration.
Previous work from our group and others has shown that 3–7 days
central NPY, HS014 or AgRP infusion in rats also results in signifi-
cant decreases in the mRNA expression of brown adipose tissue
UCP-1 (Baran et al., 2002; Fekete et al., 2002a,b), another protein
that is regulated by thyroid function. Taken together, these data
do not suggest that NPY and HS014 have differential effects on
overall thyroid function within brown adipose tissue.

4. Discussion

This data shows that NPY and MC4 receptor antagonism in the
central nervous system inhibit activity of the thyrotropic axis via at
least partially divergent mechanisms with markedly different
time-courses of action. Whereas the effect of ICV NPY to reduce
plasma TSH and free T4 levels is rapid in onset (within 30 min)
and sustained for at least 5–6 days of continuous ICV infusion,
the effect of central MC4 receptor antagonism is slower in onset
and more transient, being apparent only after 1–2 days of ICV
HS014 infusion. Additionally, whereas acute or chronic ICV NPY
administration induced pronounced hypercorticosteronemia and
hyperinsulinemia, HS014 induced a modest rise in corticosteron-
emia only during the first hour after acute ICV injection. As gluco-
corticoids inhibit activity of the thyrotropic axis (Kakucska et al.,
1995; Alkemade et al., 2005; Nicoloff et al., 1970), this finding
may contribute to the observed differences in effects of NPY versus
HS014 on plasma TSH and free T4 concentrations. Despite these
patent dissimilarities in hormonal responses to central administra-
tion of NPY or the MC4 receptor antagonist HS014, both peptides
resulted in marked and significant increases in adiposity and lep-
tinemia after chronic infusion, even though pair feeding with vehi-
cle-infused control animals prevented NPY- and HS014-induced
hyperphagia. Additionally, both peptides inhibited protein levels
of UCP-3 in brown adipose tissue after chronic central infusion,
suggesting equipotent down-regulation of thyroid function, sym-
pathetic activity, or both, in this tissue. Taken together, these find-
ings suggest that; NPY and MC4 receptor antagonism inhibit
thyroid function via different mechanisms; elevations in hypotha-
lamic NPY expression play a stronger role in repressing circulating
thyroid hormone concentrations compared to central MC4 recep-
tor antagonism; MC4 receptor antagonism can increase adiposity
via mechanisms that are independent of hyperphagia and long-
term inhibition of the thyrotropic axis.

Previous studies have shown that 3 days of ICV injection or con-
tinuous infusion of the MC3/MC4 receptor antagonist AgRP into ad
libitum-fed Sprague Dawley rats or mice suppresses circulating
levels of T3 and T4 as well as hypothalamic pro-TRH mRNA in
the PVN with no significant changes in circulating TSH levels
(Fekete et al., 2002a,b; Fekete et al., 2004), consistent with our
data of a significant reduction in plasma free T4 but not TSH
concentrations after 1–2 days of continuous ICV infusion of the
MC4 receptor antagonist HS014. The current findings in pair fed
rats extend these studies to show that the effect of MC4 receptor
antagonism to reduce thyroid hormone levels is not dependent
upon hyperphagia. Moreover, we have shown that the effect of
MC4 receptor antagonism on thyroid hormone levels does not
persist with longer infusion times (5–6 days). This is in keeping
with the observation that people with early onset obesity and
mutations in the MC4 receptor gene exhibit circulating free T4
levels within the normal range, with less than ten percent of these
individuals showing only slight perturbations in circulating TSH
levels (Farooqi et al., 2003). However, one study showed that
seven daily ICV injections of AgRP into ad libitum- or pair fed
Wistar rats significantly decreased plasma TSH concentrations.
This discrepancy could be due to a possible contribution of MC3
receptors to longer-term effects of AgRP on the thyrotropic axis,
since MC3 and MC4 receptors have differential effects on TRH
release from hypothalamic explants in vitro (Kim et al., 2002). In
contrast to unsustained effects of specific MC4 receptor antago-
nism as shown here, it is clear from this study that NPY has a
sustained inhibitory effect on the thyrotropic axis.

The current findings extend previous knowledge of NPY and
melanocortin regulation of thyroid function by demonstrating that
while NPY may be involved in long-term repression of thyroid
function under conditions such as chronic energy restriction, the
shorter-lived MC4 receptor-mediated effect may serve to inhibit
thyroid function only acutely in response to such stimuli. Indeed,
new evidence suggests transience not only of the inhibitory effect
of MC4 receptor antagonism on thyroid function, as shown in the
present study, but also of the stimulatory effect of MC4 receptor
agonism on this axis (e.g. by endogenous a-MSH). In keeping with
this, thyroid hormones inhibit MC4 receptor expression in vivo in
the hypothalamus and brain stem via thyroid hormone receptor
interactions with thyroid hormone-response elements in the
MC4 receptor gene (Decherf et al., 2010). The physiological conse-
quence of this could be that a-MSH/MC4 receptor-mediated in-
creases in thyroid hormone action (as would be expected under
conditions of energy excess) would in turn down-regulate central
MC4 receptors, thereby not only limiting the duration of thyroid
stimulation by a-MSH but also acting to promote positive energy
balance via other effects of MC4 receptor down-regulation, notably
hyperphagia (Decherf et al., 2010). This finding reflects the com-
plexity and redundancy of mechanisms limiting catabolic and pro-
moting anabolic states.

Table 1
Effect of chronic central administration of NPY or the melanocrotin 4 receptor antagonist HS014 on body weight, white adipose tissue mass, thyroid gland weight and brown
adipose tissue mass.

Vehicle NPY HS014

Body weight prior to start of intracerebroventricular infusion (g) 326 ± 3.7 338 ± 11.3 325 ± 3.9
Body weight (g) 323 ± 9 335 ± 10 328 ± 3
Inguinal white adipose tissue weight (% of body weight) 0.41 ± 0.03 0.45 ± 0.06 0.54 ± 0.06*

Epididymal white adipose tissue weight (% of body weight) 0.28 ± 0.02 0.34 ± 0.03 0.41 ± 0.05*

Plasma glucose (mM) 6.4 ± 0.5 6.1 ± 0.3 6.1 ± 0.2
Weight of thyroid gland (% of body weight) 0.19 ± 0.02 0.18 ± 0.01 0.18 ± 0.01
Interscapular brown adipose tissue mass (% of body weight) 0.06 ± 0.01 0.11 ± 0.02* 0.09 ± 0.01*

Unless otherwise stated, measurements were made after 6 days of intracerebroventricular infusion of NPY (3.5 nmol/day), HS014 (4.8 nmol/day) or vehicle for control rats
(24 lL/day of 0.9% NaCl). Data are means ± SEM of 6–8 rats per group.
* P < 0.05 versus vehicle-infused control rats.
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   Investigation of white adipose tissue depot weights after 6 days of ICV infusion showed 
that NPY and HS014 infusion induced similar increases in weight of the mesenteric white 
adipose tissue (WAT) depot (Fig. 3A), as well as similar increases in the combined weight of 
all WAT depots investigated (right inguinal, right epididymal and mesenteric, Fig. 3B). 
Additionally, after 6 days of ICV infusion, both NPY- and HS014-infused rats exhibited 
significant increases in plasma concentrations of leptin (Fig. 3C), in keeping with the 
development of obesity in both groups of animals. Despite similarity of the overall increase in 
adiposity, there was a difference in fat distribution between NPY- and HS014-infused animals; 
only the latter group showed significant increases in relative weight of lower body fat depots, 
with inguinal and epididymal WAT depots being significantly heavier in HS014- but not in 
NPY-infused rats relative to vehicle-infused animals (Table 1). This finding suggests that 
while central NPY infusion particularly enhances mesenteric fat accumulation, MC4 receptor 
antagonism with HS014 promotes fat accumulation in both central and gluteal fat depots. 
 

HS014-injected rats. Both peptides induced a significant increase
in plasma corticosterone levels relative to vehicle-injected control
rats within the first 120 min of injection, and this effect was signif-
icantly more pronounced in NPY- than in HS014-injected rats
(Fig. 2A). While acute ICV injection of neither NPY nor HS014
had any significant effect on glycemia (Fig. 2B), acute central NPY
but not HS014 administration significantly increased insulinemia
within the 2 h after injection (Fig. 2C).

3.2. Chronic ICV NPY or HS014 administration both stimulate appetite
and induce obesity

As acute ICV HS014 administration did not influence circulating
thyroid hormone concentrations, we sought to determine whether
longer-term central administration (up to 6 days) would have ef-
fects on the thyrotropic axis. In these chronic studies, all animals
were pair fed the same amount as vehicle-infused controls in order
to eliminate effects of NPY- or HS014-induced hyperphagia on
endocrine parameters. Therefore, latency to feed was measured
as an index of biological potency of the selected doses of NPY
and HS014. In all of the NPY- and HS014-infused rats, latency to
feed was less than 30 s on each of days 2–6 of infusion compared
with greater than 60 s in vehicle-infused control rats, indicating
that both peptides stimulated appetite in all experimental rats.

There was no significant difference between vehicle-, NPY-, or
HS014-infused rats with respect to body weight before or after
the 6 days of ICV infusion (Table 1). This is consistent with data
showing that whereas chronic ICV NPY or MC4 receptor antagonist
infusion significantly increased body weight in ad libitum-fed rats,
no such increase is observed when hyperphagia is prevented by
pair-feeding with vehicle-infused controls (Baran et al., 2002).

Investigation of white adipose tissue depot weights after 6 days
of ICV infusion showed that NPY and HS014 infusion induced sim-
ilar increases in weight of the mesenteric white adipose tissue
(WAT) depot (Fig. 3A), as well as similar increases in the combined
weight of all WAT depots investigated (right inguinal, right epidid-
ymal and mesenteric, Fig. 3B). Additionally, after 6 days of ICV
infusion, both NPY- and HS014-infused rats exhibited significant
increases in plasma concentrations of leptin (Fig. 3C), in keeping
with the development of obesity in both groups of animals. Despite
similarity of the overall increase in adiposity, there was a differ-
ence in fat distribution between NPY- and HS014-infused animals;
only the latter group showed significant increases in relative
weight of lower body fat depots, with inguinal and epididymal
WAT depots being significantly heavier in HS014- but not in
NPY-infused rats relative to vehicle-infused animals (Table 1). This
finding suggests that while central NPY infusion particularly en-
hances mesenteric fat accumulation, MC4 receptor antagonism
with HS014 promotes fat accumulation in both central and gluteal
fat depots.

3.3. Chronic ICV NPY but not HS014 infusion results in a significant
increase in corticosteronemia and a sustained reduction in circulating
thyroid hormone concentrations

Despite the similar potency of these doses of NPY and HS014 on
appetite and overall fat accumulation, chronic ICV administration
of NPY and HS014 induced differential effects on circulating corti-
costerone concentrations and thyrotropic function. Whereas NPY
induced a significant increase in corticosteronemia relative to vehi-
cle treatment after 4 days of ICV infusion, no such increase in cor-
ticosteronemia was seen in HS014-infused rats (Fig. 3D). Neither
NPY nor HS014 infusion had any significant effect on glycemia
(data not shown). NPY induced significant decreases in plasma
concentrations of TSH and free T4 that were observed at 1–2 days
of ICV infusion and sustained until at least 5–6 days of infusion
(Fig. 4). In contrast, HS014 did not induce any significant effects
on plasma TSH concentrations, albeit there was a 35% reduction
from vehicle-infused control values at 1–2 days after infusion
(Fig. 4A). After 1–2 days of ICV HS014 infusion there was a signif-
icant reduction in plasma free T4 concentrations, but this effect
was normalized in comparison to vehicle-infused control values
by 5–6 days of ICV HS014 infusion (Fig. 4B). This lack of effect of
HS014 on plasma TSH or free T4 concentrations at 5–6 days of
ICV infusion occurred despite the fact that HS014 promoted fat
accumulation at least as efficiently as NPY and continued to stim-
ulate appetite for at least 6 days of ICV infusion. There were no dif-
ferences among groups with respect to the weight of the thyroid
gland at the end of 6 days of ICV infusion (Table 1).

These data suggest that thyroid function in rats is inhibited by
chronic central administration of NPY but not by that of the mela-
nocortin 4 receptor antagonist HS014. It is important to note, how-
ever, that overall thyroid function in individual tissues can alter
even when the circulating concentrations of thyroid hormones
are unchanged, due to local differences in conversion of free T4
to the more active hormone, T3, or to the less active hormone, re-
verse T3, by tissue deiodinase enzymes as reviewed (Bianco et al.,
2002). In order to gain insight into effects of chronic central NPY
versus HS014 infusion on thyroid function in brown adipose tissue,
an important site of energy metabolism, the protein levels of
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Fig. 2. Acute central administration of NPY or the melanocortin 4 receptor
antagonist HS014 stimulates corticosteronemia in rats, but only NPY increases
insulinemia. Plasma concentrations of (A) corticosterone, (B) glucose and (C) insulin
in the 120 min after acute intracerebroventricular injection of NPY (1.2 nmol) or
HS014 (1.5 nmol) compared with vehicle-injected control rats (5.0 lL of 0.9% NaCl).
Plotted values are means ± SEM of 8–10 rats per group. ⁄⁄P < 0.01 and ⁄⁄⁄P < 0.001
versus the curve for vehicle-injected controls; DDD P < 0.001 versus the curve for
HS014-injected rats.
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3.3. Chronic ICV NPY but not HS014 infusion results in a significant increase in 
corticosteronemia and a sustained reduction in circulating thyroid hormone concentrations 
Despite the similar potency of these doses of NPY and HS014 on appetite and overall fat 
accumulation, chronic ICV administration of NPY and HS014 induced differential effects on 
circulating corticosterone concentrations and thyrotropic function. Whereas NPY induced a 
significant increase in corticosteronemia relative to vehicle treatment after 4 days of ICV 
infusion, no such increase in corticosteronemia was seen in HS014-infused rats (Fig. 3D). 
Neither NPY nor HS014 infusion had any significant effect on glycemia (data not shown). 
NPY induced significant decreases in plasma concentrations of TSH and free T4 that were 
observed at 1–2 days of ICV infusion and sustained until at least 5–6 days of infusion (Fig. 4). 

NPY and MC4 receptor antagonism have been hypothesized to
influence activity of the thyrotropic axis by reducing cellular cAMP
concentrations leading to reduced phosphorylation of CREB and re-
duced transcription of the TRH gene as recently reviewed (Lechan
and Fekete, 2006). However, the rapidity of the effect of ICV NPY
infusion on plasma TSH levels (within 30–60 min after acute ICV

injection) suggests that NPY induces at least some of its effects
on plasma TSH levels via mechanisms independent of increased
transcription of the TSH gene. Additionally, while the current data
do not preclude the possibility that NPY and MC4 receptor antag-
onism may reduce plasma free T4 levels via reductions in intracel-
lular cAMP levels and subsequent inhibition of TSH gene
transcription, other mechanisms must also be at play to account
for the different time courses of effects.

Fig. 3. Chronic central administration of NPY or the melanocortin 4 receptor
antagonist HS014 increase adiposity and leptinemia in rats, but only NPY increases
corticosteronemia. (A) Mass (as a percent of body weight) of mesenteric white
adipose tissue (WAT) and (B) the summed mass (as a percent of body weight) of
mesenteric, right epididymal and right inguinal WAT depots after 6 days of
intracerebroventricular infusion of NPY (3.5 nmol/day) or HS014 (4.8 nmol/day)
compared with vehicle-infused control rats (24 lL/day of 0.9% NaCl). Plasma
concentrations of (C) leptin and (D) corticosterone after 4 days of intracerebroven-
tricular infusion of NPY or HS014 compared with vehicle-infused controls as
described above. Plotted values are means ± SD of 4–10 rats per group. ⁄P < 0.05,
⁄⁄P < 0.01 or ⁄⁄⁄P < 0.001 versus vehicle-infused control rats or the comparison
shown by horizontal bars.

Fig. 4. Chronic central administration of NPY but not the melanocrotin 4 receptor
antagonist HS014 results in a sustained reduction in circulating thyroid hormone
concentrations. Plasma concentrations of (A) thyroid stimulating hormone (TSH)
and (B) free thyroxine (free T4) after 1–2 or 5–6 days of intracerebroventricular
infusion of NPY (3.5 nmol/day) or HS014 (4.8 nmol/day) compared with vehicle-
infused control rats (24 lL/day of 0.9% NaCl). Plotted values are means ± SD of 4–10
rats per group. ⁄P < 0.05 or ⁄⁄P < 0.01 versus vehicle-infused control rats at the same
time point, or the comparison shown by horizontal bars.

Fig. 5. Chronic central administration of NPY or the melanocortin 4 receptor
antagonist HS014 similarly reduces uncoupling protein 3 (UCP-3) protein levels in
brown adipose tissue. Protein levels of UCP-3 in brown adipose tissue of rats after
6 days of intracerebroventricular infusion of NPY (3.5 nmol/day) or HS014
(4.8 nmol/day), expressed as a percentage of values in vehicle-infused control
animals (24 lL/day of 0.9% NaCl). Plotted values are means ± SD of 4–6 rats per
group. ⁄P < 0.05 versus vehicle-infused control rats.
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In contrast, HS014 did not induce any significant effects on plasma TSH concentrations, 
albeit there was a 35% reduction from vehicle-infused control values at 1–2 days after 
infusion (Fig. 4A). After 1–2 days of ICV HS014 infusion there was a significant reduction in 
plasma free T4 concentrations, but this effect was normalized in comparison to vehicle-
infused control values by 5–6 days of ICV HS014 infusion (Fig. 4B). This lack of effect of 
HS014 on plasma TSH or free T4 concentrations at 5–6 days of ICV infusion occurred 
despite the fact that HS014 promoted fat accumulation at least as efficiently as NPY and 
continued to stimulate appetite for at least 6 days of ICV infusion. There were no differences 
among groups with respect to the weight of the thyroid gland at the end of 6 days of ICV 
infusion (Table 1). 
 These data suggest that thyroid function in rats is inhibited by chronic central 
administration of NPY but not by that of the melanocortin 4 receptor antagonist HS014. It is 
important to note, however, that overall thyroid function in individual tissues can alter even 
when the circulating concentrations of thyroid hormones are unchanged, due to local 
differences in conversion of free T4 to the more active hormone, T3, or to the less active 
hormone, reverse T3, by tissue deiodinase enzymes as reviewed (Bianco et al., 2002). In 
order to gain insight into effects of chronic central NPY versus HS014 infusion on thyroid 
function in brown adipose tissue, an important site of energy metabolism, the protein levels of 
uncoupling protein 3 (UCP-3) in this tissue was determined, since the expression and activity 
of UCP-3 is known to be regulated by thyroid function (Lanni et al., 2003 and Flandin et al., 
2009). The weight of brown adipose tissue depots were significantly increased in both NPY- 
and HS014-infused rats relative to controls (Table 1). As shown in Fig. 5, brown adipose 
tissue UCP-3 protein levels were significantly decreased in both NPY- and HS014-infused 
rats relative to vehicle-infused controls after 6 days of ICV administration. Previous work from 
our group and others has shown that 3–7 days central NPY, HS014 or AgRP infusion in rats 
also results in significant decreases in the mRNA expression of brown adipose tissue UCP-1 
(Baran et al., 2002, Fekete et al., 2002a and Fekete et al., 2002b), another protein that is 
regulated by thyroid function. Taken together, these data do not suggest that NPY and HS014 
have differential effects on overall thyroid function within brown adipose tissue. 
 
4. Discussion 
 
This data shows that NPY and MC4 receptor antagonism in the central nervous system inhibit 
activity of the thyrotropic axis via at least partially divergent mechanisms with markedly 
different time-courses of action. Whereas the effect of ICV NPY to reduce plasma TSH and 
free T4 levels is rapid in onset (within 30 min) and sustained for at least 5–6 days of 
continuous ICV infusion, the effect of central MC4 receptor antagonism is slower in onset and 
more transient, being apparent only after 1–2 days of ICV HS014 infusion. Additionally, 
whereas acute or chronic ICV NPY administration induced pronounced 
hypercorticosteronemia and hyperinsulinemia, HS014 induced a modest rise in 
corticosteronemia only during the first hour after acute ICV injection. As glucocorticoids inhibit 
activity of the thyrotropic axis (Kakucska et al., 1995, Alkemade et al., 2005 and Nicoloff et 
al., 1970), this finding may contribute to the observed differences in effects of NPY versus 
HS014 on plasma TSH and free T4 concentrations. Despite these patent dissimilarities in 
hormonal responses to central administration of NPY or the MC4 receptor antagonist HS014, 
both peptides resulted in marked and significant increases in adiposity and leptinemia after 
chronic infusion, even though pair feeding with vehicle-infused control animals prevented 
NPY- and HS014-induced hyperphagia. Additionally, both peptides inhibited protein levels of 
UCP-3 in brown adipose tissue after chronic central infusion, suggesting equipotent down-
regulation of thyroid function, sympathetic activity, or both, in this tissue. Taken together, 
these findings suggest that; NPY and MC4 receptor antagonism inhibit thyroid function via 
different mechanisms; elevations in hypothalamic NPY expression play a stronger role in 
repressing circulating thyroid hormone concentrations compared to central MC4 receptor 
antagonism; MC4 receptor antagonism can increase adiposity via mechanisms that are 
independent of hyperphagia and long-term inhibition of the thyrotropic axis. 
 Previous studies have shown that 3 days of ICV injection or continuous infusion of 
the MC3/MC4 receptor antagonist AgRP into ad libitum-fed Sprague Dawley rats or mice 
suppresses circulating levels of T3 and T4 as well as hypothalamic pro-TRH mRNA in the 
PVN with no significant changes in circulating TSH levels ( Fekete et al., 2002a, Fekete et al., 
2002b and Fekete et al., 2004), consistent with our data of a significant reduction in plasma 
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free T4 but not TSH concentrations after 1–2 days of continuous ICV infusion of the MC4 
receptor antagonist HS014. The current findings in pair fed rats extend these studies to show 
that the effect of MC4 receptor antagonism to reduce thyroid hormone levels is not dependent 
upon hyperphagia. Moreover, we have shown that the effect of MC4 receptor antagonism on 
thyroid hormone levels does not persist with longer infusion times (5–6 days). This is in 
keeping with the observation that people with early onset obesity and mutations in the MC4 
receptor gene exhibit circulating free T4 levels within the normal range, with less than ten 
percent of these individuals showing only slight perturbations in circulating TSH levels 
(Farooqi et al., 2003). However, one study showed that seven daily ICV injections of AgRP 
into ad libitum- or pair fed Wistar rats significantly decreased plasma TSH concentrations. 
This discrepancy could be due to a possible contribution of MC3 receptors to longer-term 
effects of AgRP on the thyrotropic axis, since MC3 and MC4 receptors have differential 
effects on TRH release from hypothalamic explants in vitro ( Kim et al., 2002). In contrast to 
unsustained effects of specific MC4 receptor antagonism as shown here, it is clear from this 
study that NPY has a sustained inhibitory effect on the thyrotropic axis. 
 The current findings extend previous knowledge of NPY and melanocortin regulation 
of thyroid function by demonstrating that while NPY may be involved in long-term repression 
of thyroid function under conditions such as chronic energy restriction, the shorter-lived MC4 
receptor-mediated effect may serve to inhibit thyroid function only acutely in response to such 
stimuli. Indeed, new evidence suggests transience not only of the inhibitory effect of MC4 
receptor antagonism on thyroid function, as shown in the present study, but also of the 
stimulatory effect of MC4 receptor agonism on this axis (e.g. by endogenous α-MSH). In 
keeping with this, thyroid hormones inhibit MC4 receptor expression in vivo in the 
hypothalamus and brain stem via thyroid hormone receptor interactions with thyroid hormone-
response elements in the MC4 receptor gene ( Decherf et al., 2010). The physiological 
consequence of this could be that α-MSH/MC4 receptor-mediated increases in thyroid 
hormone action (as would be expected under conditions of energy excess) would in turn 
down-regulate central MC4 receptors, thereby not only limiting the duration of thyroid 
stimulation by α-MSH but also acting to promote positive energy balance via other effects of 
MC4 receptor down-regulation, notably hyperphagia (Decherf et al., 2010). This finding 
reflects the complexity and redundancy of mechanisms limiting catabolic and promoting 
anabolic states. 
 NPY and MC4 receptor antagonism have been hypothesized to influence activity of 
the thyrotropic axis by reducing cellular cAMP concentrations leading to reduced 
phosphorylation of CREB and reduced transcription of the TRH gene as recently reviewed 
(Lechan and Fekete, 2006). However, the rapidity of the effect of ICV NPY infusion on plasma 
TSH levels (within 30–60 min after acute ICV injection) suggests that NPY induces at least 
some of its effects on plasma TSH levels via mechanisms independent of increased 
transcription of the TSH gene. Additionally, while the current data do not preclude the 
possibility that NPY and MC4 receptor antagonism may reduce plasma free T4 levels via 
reductions in intracellular cAMP levels and subsequent inhibition of TSH gene transcription, 
other mechanisms must also be at play to account for the different time courses of effects. 
 It is possible that the pronounced and persistent hypercorticosteronemia observed in 
NPY- but not HS014-infused rats contributed to the differential effects on thyroid hormone 
concentrations. Adrenalectomy in rats increases pro-TRH mRNA levels in the PVN, whereas 
administration of exogenous corticosterone or dexamethasone to rats has the opposite effect 
(Kakucska et al., 1995). Similar effects appear to be at play in humans, since people that had 
been treated with glucocorticoids until the time of death showed a significant decrease in TRH 
mRNA levels in the PVN compared to control subjects (Alkemade et al., 2005), and 
glucocorticoid excess suppresses the secretion of TSH in humans (Nicoloff et al., 1970). In 
addition to glucocorticoids, the hypothalamo-pituitary–thyroid axis is regulated by insulin. Rats 
that were made insulin deficient by the administration of streptozotocin showed decreases in 
circulating levels of TSH, T3 and T4 as well as pituitary TSH and hypothalamic TRH content 
(Gonzalez et al., 1980 and Mitsuma and Nogimori, 1982). Thus, it is unlikely that the 
hyperinsulinemia observed after acute (this study) and chronic (Baran et al., 2002) ICV NPY 
but not HS014 administration in pair fed rats could contribute to the differences in effects on 
thyroid hormone concentrations presently observed, in keeping with the observation that 
insulin administration is unable to prevent the fasting-induced reduction in thyrotropic axis in 
rats (Fekete et al., 2006). Taken together, these findings show that acute and chronic ICV 
NPY administration results in significantly more pronounced and more prolonged 
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hypercorticosteronemia than MC4 receptor antagonism with HS014, and this difference could 
contribute to the marked and prolonged inhibition in circulating TSH and free T4 levels that 
are seen in NPY- relative to HS014-infused rats. 
 It is intriguing that chronic central infusion of the MC4 receptor antagonist HS014 in 
rats induced at least as great an increase in white adipose tissue mass as ICV NPY infusion. 
This is despite the fact that the food intake of HS014- and NPY-infused rats was identical, 
being yoked in both cohorts at the level of consumption of vehicle-infused control rats to 
prevent hyperphagia, and infusion of HS014, unlike NPY, did not induce sustained changes in 
circulating levels of TSH, free T4, corticosterone or insulin (Baran et al., 2002) that could have 
contributed to fat accumulation over the 6 days. While these hormonal changes may have 
contributed to the propensity for NPY-infused rats to preferentially deposit excess fat in the 
mesenteric fat depot, they cannot explain the increased overall adiposity of HS014-infused 
animals in the absence of hyperphagia. Alternate obesogenic pathways must be at play. For 
instance, it has been shown that TRH per se can increase body temperature, respiration and 
locomotor activity and stimulate gut functions such as gastric acid secretion, gastro–duodenal 
blood flow, gastric emptying and gastrointestinal motility in the absence of effects on thyroid 
hormone concentrations as recently reviewed ( Lechan and Fekete, 2006). As such, inhibition 
of TRH secretion in HS014-infused rats could conceivably contribute to increased adiposity 
even if circulating thyroid hormone concentrations are unaltered. Additionally, alterations in 
local tissue conversion of T4 to the more active T3 and the less active reverse T3 by 
deiodinase enzymes – which are regulated not only by thyroid hormone concentrations but 
also by sympathetic activity (Bianco et al., 2005) – could also contribute to reduced thyroid 
function and therefore reduced fuel oxidation in tissues even in the absence of changes in 
thyroid hormone levels. In keeping with this, we have shown that both NPY and HS014 
inhibited protein or mRNA levels of brown adipose tissue UCP-3 (this study) and UCP-1 
(Baran et al., 2002), both proteins undergoing major regulation by sympathetic activity and 
thyroid hormones (Lanni et al., 2003). Additionally, NPY and MC4 receptor antagonism are 
known to reduce sympathetic output (Bray, 2000), and this is another mechanism via which 
both NPY and HS014 can alter adiposity independently of changes in food intake or hormonal 
milieu. Unfortunately it was not possible to measure energy expenditure via indirect 
calorimetry in this study, which would have facilitated understanding of how chronic central 
MC4 receptor antagonism increases adiposity in rats despite no difference in energy intake or 
the circulating concentrations of the hormones under study. 
 Taken together, these data exemplify the concept that there are multiple distinct 
mechanisms by which the increases in hypothalamic NPY and AgRP expression that occur 
during negative energy balance can collectively hinder further weight loss and promote fat 
accumulation. The increase in central NPY-ergic activity observed during negative energy 
balance probably contributes more to the associated ongoing decrease in thyrotropic function 
than increases in central MC4 receptor antagonism. Anti-obesity drugs will undoubtedly need 
to target multiple systems in order to facilitate effective and continued weight loss during 
weight loss interventions. 
 
Acknowledgments 
 
The National Health and Medical Research Council (NHMRC) of Australia has supported this 
work via a Center Grant to the Garvan Institute and a Fellowship awarded to A. Sainsbury. 
We thank the Diabetes Australia Research Trust for their financial support of this project. Mr. 
Alex Sharp and Mr. Kris Tan in Endocrinology at Royal Prince Alfred Hospital, Camperdown, 
New South Wales, are gratefully acknowledged for TSH and free T4 assays. We are grateful 
to Dr. Julie Ferguson for her invaluable veterinary advice, and the staff of the Garvan Institute 
Biological Testing Facility. We thank Prof. Don Chisholm (Garvan Institute) for helpful 
discussions about this work. 
 
References	
  
	
  
Adan, R.A., Cone, R.D., Burbach, J.P., Gispen, W.H., 1994. Differential effects of melanocortin peptides 
on neural melanocortin receptors. Mol. Pharmacol. 46, 1182–1190.  

Alkemade, A., Unmehopa, U.A., Wiersinga, W.M., Swaab, D.F., Fliers, E., 2005. Glucocorticoids 
decrease thyrotropin-releasing hormone messenger ribonucleic acid expression in the paraventricular 



Preston	
  et	
  al.:	
  
Neuropeptides	
  45(6):	
  407-­‐415,	
  2011	
  

nucleus of the human hypothalamus. J. Clin. Endocrinol. Metab. 90, 323–327.  

Bai, F.L., Yamano, M., Shiotani, Y., Emson, P.C., Smith, A.D., Powell, J.F., Tohyama, M., 1985. An 
arcuato-paraventricular and -dorsomedial hypothalamic neuropeptide Y-containing system which lacks 
noradrenaline in the rat. Brain Res. 331, 172–175.  

Baker, R.A., Herkenham, M., 1995. Arcuate nucleus neurons that project to the hypothalamic 
paraventricular nucleus: neuropeptidergic identity and consequences of adrenalectomy on mRNA levels 
in the rat. J. Comp. Neurol. 358, 518–530.  

Baran, K., Preston, E., Wilks, D., Cooney, G.J., Kraegen, E.W., Sainsbury, A., 2002. Chronic central 
melanocortin-4 receptor antagonism and central neuropeptide- y infusion in rats produce increased 
adiposity by divergent pathways. Diabetes 51, 152–158.  

Bianco, A.C., Salvatore, D., Gereben, B., Berry, M.J., Larsen, P.R., 2002. Biochemistry, cellular and 
molecular biology, and physiological roles of the iodothyronine selenodeiodinases. Endocr. Rev. 23, 38–
89.  

Bianco, A.C., Maia, A.L., da Silva, W.S., Christoffolete, M.A., 2005. Adaptive activation of thyroid 
hormone and energy expenditure. Biosci. Rep. 25, 191–208.  

Bray, G.A., 2000. Reciprocal relation of food intake and sympathetic activity: experimental observations 
and clinical implications. Int. J. Obes. Relat. Metab. Disord. 24 (Suppl. 2), S8–S17.  

Broberger, C., Visser, T.J., Kuhar, M.J., Hokfelt, T., 1999. Neuropeptide Y innervation and 
neuropeptide-Y–Y1-receptor-expressing neurons in the paraventricular hypothalamic nucleus of the 
mouse. Neuroendocrinology 70, 295–305.  

Brown, K.S., Gentry, R.M., Rowland, N.E., 1998. Central injection in rats of alpha- melanocyte-
stimulating hormone analog: effects on food intake and brain Fos. Regul. Pept. 78, 89–94.  

Clark, J.T., Kalra, P.S., Crowley, W.R., Kalra, S.P., 1984. Neuropeptide Y and human pancreatic 
polypeptide stimulate feeding behavior in rats. Endocrinology 115, 427–429.  

Decherf, S., Seugnet, I., Kouidhi, S., Lopez-Juarez, A., Clerget-Froidevaux, M.S., Demeneix, B.A., 
2010. Thyroid hormone exerts negative feedback on hypothalamic type 4 melanocortin receptor 
expression. Proc. Natl. Acad. Sci. USA 107, 4471–4476.  

Douyon, L., Schteingart, D.E., 2002. Effect of obesity and starvation on thyroid hormone, growth 
hormone, and cortisol secretion. Endocr. Metab. Clin. North Am. 31, 173–189.  

Elias, C.F., Saper, C.B., Maratos-Flier, E., Tritos, N.A., Lee, C., Kelly, J., Tatro, J.B., Hoffman, G.E., 
Ollmann, M.M., Barsh, G.S., Sakurai, T., Yanagisawa, M., Elmquist, J.K., 1998. Chemically defined 
projections linking the mediobasal hypothalamus and the lateral hypothalamic area. J. Comp. Neurol. 
402, 442–459.  

Farooqi, I.S., Keogh, J.M., Yeo, G.S., Lank, E.J., Cheetham, T., O’Rahilly, S., 2003. Clinical spectrum of 
obesity and mutations in the melanocortin 4 receptor gene. N. Engl. J. Med. 348, 1085–1095.  

Fekete, C., Legradi, G., Mihaly, E., Huang, Q.H., Tatro, J.B., Rand, W.M., Emerson, C.H., Lechan, R.M., 
2000. Alpha-melanocyte-stimulating hormone is contained in nerve terminals innervating thyrotropin-
releasing hormone-synthesizing neurons in the hypothalamic paraventricular nucleus and prevents 
fasting- induced suppression of prothyrotropin-releasing hormone gene expression. J. Neurosci. 20, 
1550–1558.  

Fekete, C., Kelly, J., Mihaly, E., Sarkar, S., Rand, W.M., Legradi, G., Emerson, C.H., Lechan, R.M., 
2001. Neuropeptide Y has a central inhibitory action on the hypothalamic-pituitary–thyroid axis. 
Endocrinology 142, 2606–2613.  

Fekete, C., Sarkar, S., Rand, W.M., Harney, J.W., Emerson, C.H., Bianco, A.C., Beck- Sickinger, A., 
Lechan, R.M., 2002a. Neuropeptide Y1 and Y5 receptors mediate the effects of neuropeptide Y on the 
hypothalamic-pituitary–thyroid axis. Endocrinology 143/12.  

Fekete, C., Sarkar, S., Rand, W.M., Harney, J.W., Emerson, C.H., Bianco, A.C., Lechan, R.M., 2002b. 



Preston	
  et	
  al.:	
  
Neuropeptides	
  45(6):	
  407-­‐415,	
  2011	
  

	
  
Agouti-related protein (AGRP) has a central inhibitory action on the hypothalamic-pituitary–thyroid 
(HPT) axis; comparisons between the effect of AGRP and neuropeptide Y on energy homeostasis and 
the HPT axis. Endocrinology 143, 3846–3853.  

Fekete, C., Marks, D.L., Sarkar, S., Emerson, C.H., Rand, W.M., Cone, R.D., Lechan, R.M., 2004. 
Effect of Agouti-related protein in regulation of the hypothalamic- pituitary–thyroid axis in the 
melanocortin 4 receptor knockout mouse. Endocrinology 145, 4816–4821.  

Fekete, C., Singru, P.S., Sanchez, E., Sarkar, S., Christoffolete, M.A., Riberio, R.S., Rand, W.M., 
Emerson, C.H., Bianco, A.C., Lechan, R.M., 2006. Differential effects of central leptin, insulin, or 
glucose administration during fasting on the hypothalamic-pituitary–thyroid axis and feeding-related 
neurons in the arcuate nucleus. Endocrinology 147, 520–529.  

Flandin, P., Lehr, L., Asensio, C., Giacobino, J.P., Rohner-Jeanrenaud, F., Muzzin, P., Jimenez, M., 
2009. Uncoupling protein-3 as a molecular determinant of the action of 3,5,30 -triiodothyronine on 
energy metabolism. Endocrine 36, 246–254.  

Gonzalez, C., Montoya, E., Jolin, T., 1980. Effect of streptozotocin diabetes on the hypothalamic-
pituitary–thyroid axis in the rat. Endocrinology 107, 2099–2103.  

Goran, M.I., 2000. Energy metabolism and obesity. Med. Clin. North Am. 84, 347– 362. 

 Hukshorn, C.J., Menheere, P.P., Westerterp-Plantenga, M.S., Saris, W.H., 2003a. The effect of 
pegylated human recombinant leptin (PEG-OB) on neuroendocrine adaptations to semi-starvation in 
overweight men. Eur. J. Endocrinol. 148, 649– 655.  

Hukshorn, C.J., Westerterp-Plantenga, M.S., Saris, W.H., 2003b. Pegylated human recombinant leptin 
(PEG-OB) causes additional weight loss in severely energy- restricted, overweight men. Am. J. Clin. 
Nutr. 77, 771–776.  

Kakucska, I., Qi, Y., Lechan, R.M., 1995. Changes in adrenal status affect hypothalamic thyrotropin-
releasing hormone gene expression in parallel with corticotropin-releasing hormone. Endocrinology 136, 
2795–2802.  

Kim, M.S., Small, C.J., Stanley, S.A., Morgan, D.G., Seal, L.J., Kong, W.M., Edwards, C.M., Abusnana, 
S., Sunter, D., Ghatei, M.A., Bloom, S.R., 2000. The central melanocortin system affects the 
hypothalamo-pituitary thyroid axis and may mediate the effect of leptin. J. Clin. Invest. 105, 1005–1011.  

Kim, M.S., Small, C.J., Russell, S.H., Morgan, D.G., Abbott, C.R., alAhmed, S.H., Hay, D.L., Ghatei, 
M.A., Smith, D.M., Bloom, S.R., 2002. Effects of melanocortin receptor ligands on thyrotropin-releasing 
hormone release: evidence for the differential roles of melanocortin 3 and 4 receptors. J. 
Neuroendocrinol. 14, 276–282.  

Krishna, R., Gumbiner, B., Stevens, C., Musser, B., Mallick, M., Suryawanshi, S., Maganti, L., Zhu, H., 
Han, T.H., Scherer, L., Simpson, B., Cosgrove, D., Gottesdiener, K., Amatruda, J., Rolls, B.J., Blundell, 
J., Bray, G.A., Fujioka, K., Heymsfield, S.B., Wagner, J.A., Herman, G.A., 2009. Potent and selective 
agonism of the melanocortin receptor 4 with MK-0493 does not induce weight loss in obese human 
subjects: energy intake predicts lack of weight loss efficacy. Clin. Pharmacol. Ther. 86, 659–666.  

Lanni, A., Moreno, M., Lombardi, A.M., Goglia, F., 2003. Thyroid hormone and uncoupling proteins. 
FEBS Lett. 543, 5–10.  

Lechan, R.M., Fekete, C., 2006. The TRH neuron: a hypothalamic integrator of energy metabolism. 
Prog. Brain Res. 153, 209–235.  

Legradi, G., Lechan, R.M., 1999. Agouti-related protein containing nerve terminals innervate thyrotropin-
releasing hormone neurons in the hypothalamic paraventricular nucleus. Endocrinology 140, 3643–
3652.  

Leibel, R.L., Rosenbaum, M., Hirsch, J., 1995. Changes in energy expenditure resulting from altered 
body weight. N. Engl. J. Med. 332, 621–628.  

Lopez, M., Varela, L., Vazquez, M.J., Rodriguez-Cuenca, S., Gonzalez, C.R., Velagapudi, V.R., 
Morgan, D.A., Schoenmakers, E., Agassandian, K., Lage, R., Martinez de Morentin, P.B., Tovar, S., 



Preston	
  et	
  al.:	
  
Neuropeptides	
  45(6):	
  407-­‐415,	
  2011	
  

Nogueiras, R., Carling, D., Lelliott, C., Gallego, R., Oresic, M., Chatterjee, K., Saha, A.K., Rahmouni, K., 
Dieguez, C., Vidal-Puig, A., 2010. Hypothalamic AMPK and fatty acid metabolism mediate thyroid 
regulation of energy balance. Nat. Med. 16, 1001–1008.  

Martin, C.K., Heilbronn, L.K., de Jonge, L., DeLany, J.P., Volaufova, J., Anton, S.D., Redman, L.M., 
Smith, S.R., Ravussin, E., 2007. Effect of calorie restriction on resting metabolic rate and spontaneous 
physical activity. Obesity 15, 2964– 2973.  

Menozzi, R., Bondi, M., Baldini, A., Venneri, M.G., Velardo, A., Del Rio, G., 2000. Resting metabolic 
rate, fat-free mass and catecholamine excretion during weight loss in female obese patients. Br. J. Nutr. 
84, 515–520.  

Mihaly, E., Fekete, C., Tatro, J.B., Liposits, Z., Stopa, E.G., Lechan, R.M., 2000. Hypophysiotropic 
thyrotropin-releasing hormone-synthesizing neurons in the human hypothalamus are innervated by 
neuropeptide Y, agouti-related protein, and alpha-melanocyte-stimulating hormone. J. Clin. Endocrinol. 
Metab. 85, 2596–2603.  

Mitsuma, T., Nogimori, T., 1982. Effects of streptozotocin-induced diabetes mellitus on hypothalamic-
pituitary–thyroid axis in rats. Endocrinol. Jpn. 29, 695–700.  

Molero, J.C., Jensen, T.E., Withers, P.C., Couzens, M., Herzog, H., Thien, C.B., Langdon, W.Y., 
Walder, K., Murphy, M.A., Bowtell, D.D., James, D.E., Cooney, G.J., 2004. C- Cbl-deficient mice have 
reduced adiposity, higher energy expenditure, and improved peripheral insulin action. J. Clin. Invest. 
114, 1326–1333.  

Mountjoy, K.G., Robbins, L.S., Mortrud, M.T., Cone, R.D., 1992. The cloning of a family of genes that 
encode the melanocortin receptors. Science 257, 1248– 1251.  

Mountjoy, K.G., Mortrud, M.T., Low, M.J., Simerly, R.B., Cone, R.D., 1994. Localization of the 
melanocortin-4 receptor (MC4-R) in neuroendocrine and autonomic control circuits in the brain. Mol. 
Endocrinol. 8, 1298–1308.  

Naslund, E., Andersson, I., Degerblad, M., Kogner, P., Kral, J.G., Rossner, S., Hellstrom, P.M., 2000. 
Associations of leptin, insulin resistance and thyroid function with long-term weight loss in dieting obese 
men. J. Intern. Med. 248, 299–308.  

Nicoloff, J.T., Fisher, D.A., Appleman Jr., M.D., 1970. The role of glucocorticoids in the regulation of 
thyroid function in man. J. Clin. Invest. 49, 1922–1929.  

O’Donohue, T.L., Miller, R.L., Jacobowitz, D.M., 1979. Identification, characterization and stereotaxic 
mapping of intraneuronal alpha-melanocyte stimulating hormone-like immunoreactive peptides in 
discrete regions of the rat brain. Brain Res. 176, 101–123.  

Ollmann, M.M., Wilson, B.D., Yang, Y.K., Kerns, J.A., Chen, Y., Gantz, I., Barsh, G.S., 1997. 
Antagonism of central melanocortin receptors in vitro and in vivo by agouti-related protein. Science 278, 
135–138 (published erratum appears in Science 1998 Sep 11;281(5383):1615).  

Pasman, W.J., Saris, W.H., Westerterp-Plantenga, M.S., 1999. Predictors of weight maintenance. Obes. 
Res. 7, 43–50.  

Rosenbaum, M., Nicolson, M., Hirsch, J., Murphy, E., Chu, F., Leibel, R.L., 1997. Effects of weight 
change on plasma leptin concentrations and energy expenditure. J. Clin. Endocrinol. Metab. 82, 3647–
3654.  

Rosenbaum, M., Hirsch, J., Murphy, E., Leibel, R.L., 2000. Effects of changes in body weight on 
carbohydrate metabolism, catecholamine excretion, and thyroid function. Am. J. Clin. Nutr. 71, 1421–
1432.  

Sainsbury, A., Zhang, L., 2010. Role of the arcuate nucleus of the hypothalamus in regulation of body 
weight during energy deficit. Mol. Cell. Endocrinol. 316, 109– 119.  

Sainsbury, A., Rohner-Jeanrenaud, F., Grouzmann, E., Jeanrenaud, B., 1996. Acute 
intracerebroventricular administration of corticosterone output and feeding but not Neuroendocrinology 
63, 318–326.  



Preston	
  et	
  al.:	
  
Neuropeptides	
  45(6):	
  407-­‐415,	
  2011	
  

	
  
Sainsbury, A., Rohner-Jeanrenaud, F., Cusin, I., Gaillard, R.C., Jeanrenaud, B., 1997. Chronic central 
neuropeptide Y infusion in normal rats – Status of the hypothalamo-pituitary–adrenal axis, and vagal 
mediation of hyperinsulinaemia. Diabetologia 40, 1269–1277.  

Silva, J.E., 2003. The thermogenic effect of thyroid hormone and its clinical implications. Ann. Intern. 
Med. 139, 205–213.  

Small, C.J., Kim, M.S., Stanley, S.A., Mitchell, J.R.D., Murphy, K., Morgan, D.G.A., Ghatei, M.A., Bloom, 
S.R., 2001. Effects of chronic central nervous system administration of agouti-related protein in pair-fed 
animals. Diabetes 50, 248– 254.  

Stanley, B.G., Chin, A.S., Leibowitz, S.F., 1985. Feeding and drinking elicited by central injection of 
neuropeptide Y: evidence for a hypothalamic site(s) of action. Brain Res. Bull. 14, 521–524.  

Thiele, T.E., van Dijk, G., Yagaloff, K.A., Fisher, S.L., Schwartz, M., Burn, P., Seeley, R.J., 1998. 
Central infusion of melanocortin agonist MTII in rats: assessment of c-Fos expression and taste 
aversion. Am. J. Physiol. 274, R248–R254.  

Wadden, T.A., Mason, G., Foster, G.D., Stunkard, A.J., Prange, A.J., 1990. Effects of a very low calorie 
diet on weight, thyroid hormones and mood. Int. J. Obes. 14, 249–258.  

Weinsier, R.L., Nagy, T.R., Hunter, G.R., Darnell, B.E., Hensrud, D.D., Weiss, H.L., 2000. Do adaptive 
changes in metabolic rate favor weight regain in weight-reduced individuals? An examination of the set-
point theory. Am. J. Clin. Nutr. 72, 1088– 1094.  

Westerterp-Plantenga, M.S., Saris, W.H., Hukshorn, C.J., Campfield, L.A., 2001. Effects of weekly 
administration of pegylated recombinant human OB protein on appetite profile and energy metabolism in 
obese men. Am. J. Clin. Nutr. 74, 426– 434.  

Westerterp-Plantenga, M.S., Lejeune, M.P., Nijs, I., van Ooijen, M., Kovacs, E.M., 2004. High protein 
intake sustains weight maintenance after body weight loss in humans. Int. J. Obes. Relat. Metab. 
Disord. 28, 57–64.  

Wisialowski, T., Parker, R., Preston, E., Sainsbury, A., Kraegen, E.W., Herzog, H., Cooney, G.J., 2000. 
Adrenalectomy reduces neuropeptide Y-induced insulin release and NPY receptor expression in the rat 
ventromedial hypothalamus. J. Clin. Invest. 105, 1253–1259.  

Wolak, M.L., DeJoseph, M.R., Cator, A.D., Mokashi, A.S., Brownfield, M.S., Urban, J.H., 2003. 
Comparative distribution of neuropeptide Y Y1 and Y5 receptors in the rat brain by using 
immunohistochemistry. J. Comp. Neurol. 464, 285–311.  

	
  


