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ABSTRACT 

Purpose(s): The orexigenic effect of ghrelin is mediated by neuropeptide Y (NPY) and 

agouti-related protein (AgRP) in the hypothalamic arcuate nucleus (ARC). Recent 

evidence also indicates that ghrelin promotes feeding through a mechanism involving 

activation of hypothalamic AMP-activated protein kinase (AMPK) and inactivation of 

acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). This results in decreased 

hypothalamic levels of malonyl-CoA, increased carnitine palmitoyltransferase 1 (CPT1) 

activity and mitochondrial production of reactive oxygen species (ROS). We evaluated 

whether these molecular events are part of a unique signaling cascade or represent 

alternative pathways mediating the orexigenic effect of ghrelin. Moreover, we examined 

the gender-dependency of these mechanisms, since recent evidence has proposed that 

ghrelin orexigenic effect is reduced in female rats. Procedures: We studied in both 

genders the effect of ghrelin on the expression of AgRP and NPY, as well as their 

transcription factors: cAMP response-element binding protein (CREB and its 

phosphorylated form, pCREB), forkhead box O1 (FoxO1 and its phosphorylated form, 

pFoxO1) and brain-specific-homeobox transcription factor (BSX). In addition, to 

establish a mechanistic link between ghrelin, fatty acid metabolism and neuropeptides, 

we evaluated the effect of ghrelin after blockage of hypothalamic fatty acid beta 

oxidation, by using the CPT1 inhibitor etomoxir. Findings: Ghrelin-induced changes in 

the AMPK-CPT1 pathway are associated with increased levels of AgRP and NPY 

mRNA expression through modulation of BSX, pCREB and FoxO1, as well as 

decreased expression of endoplasmic reticulum (ER) stress markers in a gender-

independent manner. In addition, blockage of hypothalamic fatty acid beta oxidation 

prevents the ghrelin-promoting action on AgRP and NPY mRNA expression, also in a 

gender-independent manner. Importantly, this effect is associated with decreased BSX 
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expression and reduced food intake. Conclusions: Overall, our data suggest that BSX 

integrates changes in neuronal metabolic status with ARC-derived neuropeptides in a 

gender-independent manner. 
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INTRODUCTION  

Ghrelin, a hormone produced in the stomach with orexigenic properties (1-8), has been 

proposed as a potential anti-obesity therapeutic target (9, 10). This is supported by 

evidence gathered during the last decade showing that ghrelin is an important signal in 

both rodents and humans, to prepare for meal initiation (11-13). Furthermore, ghrelin 

modulates peripheral metabolism, weight gain and adiposity (2, 14-18).  

The orexigenic effects of ghrelin are exerted through the growth hormone secretagogue 

receptor 1a (GHS-R1a) (19), which is expressed in agouti-related peptide/neuropeptide 

Y (AgRP/NPY) neurons in the arcuate nucleus of the hypothalamus (ARC) (20, 21). In 

keeping with this orexigenic role, male rats either fed or fasted, showed increased AgRP 

and NPY expression in the ARC when treated centrally with ghrelin (3, 4, 7, 8). The 

physiological relevance of both neuropeptides as mediators of ghrelin effects was firmly 

established by assessing the response to ghrelin in AgRP and NPY KO mice. These 

experiments revealed that while AgRP KO and NPY KO male mice exhibited the 

expected hyperphagic response to ghrelin, the double AgRP/NPY KO failed to show 

any response, indicating the existence of redundancy between these two neuropeptides 

as mediators of ghrelin orexigenic action (22). The molecular mechanisms linking 

ghrelin with the induction of agrp and npy gene expression have recently been 

identified. It was reported that the hypothalamic homeobox domain transcription factor 

BSX regulates ghrelin’s stimulatory effect on agrp and npy gene expression in male rats 

(23, 24). Moreover, it has been recently reported that BSX interacts with two other 

transcription factors: the forkhead box O1 (FoxO1) and the phosphorylated cAMP 

response-element binding protein (pCREB) and to modulate the expression of agrp and 
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npy genes (25, 26), respectively. It is unclear whether ghrelin action on those 

neuropeptides is mediated by alterations in the level of pCREB and FoxO1. 

Besides ARC-derived neuropeptides, we and others have recently demonstrated that, in 

male rats, the orexigenic effect of ghrelin requires the modulation of AMP-activated 

protein kinase (AMPK), a key upstream regulator of lipid metabolism (5-8). The 

physiological orexigenic effect of ghrelin requires AMPK-induced inhibition of acetyl-

CoA carboxylase (ACC) and fatty acid synthase (FAS) in the ventromedial nucleus of 

the hypothalamus (VMH). The net result of this effect is the decrease in the 

hypothalamic levels of malonyl-CoA and subsequent increase in carnitine 

palmitoyltransferase 1 (CPT1) activity, which leads to robust changes in hypothalamic 

mitochondrial respiration and production of reactive oxygen species (ROS)(7, 8).  

Despite these results, the link between ghrelin-induced modulation of neuronal lipid 

metabolism and the orexigenic changes in neuropeptide expression remains uncertain. 

In this study, we demonstrate that ghrelin-elicited changes in the AMPK-CPT1 pathway 

are associated with increased levels of AgRP and NPY mRNA expression in the ARC 

and that this effect is dependent on the transcription factors BSX, FoxO1 and pCREB. 

Importantly, we also show that this effect is present in both male and female rats, 

indicating that this is a robust gender-independent physiological mechanism controlling 

feeding. These results are particularly relevant since the vast majority of data regarding 

ghrelin orexigenic effects are limited to males, and not many studies have examined the 

effect of ghrelin in females. In fact, the current assumption is that ghrelin orexigenic 

effect is reduced in female rats as a consequence of the action of ovarian estrogens (27). 

Furthermore, the gender issue is important given that: a) circulating ghrelin levels and 
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the expression of the GHS-R are influenced by gender (28); b) there are sex differences 

in the expression and regulation of pCREB in specific neuronal populations of the 

central nervous system (29, 30); c) the synthesis and release of AgRP and NPY, as well 

as some of its biological effects, are influenced by gender and gonadal status (31-33); 

and d) finally, differences in lipid metabolism in peripheral tissues are greatly 

dependent on the gender and gonadal status (34). 
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MATERIALS AND METHODS 

 

Animals 

We used adult male and female Sprague-Dawley (200-250g) rats. Rats were housed in a 

temperature controlled room, with a 12-h light, 12-h dark cycle (lights from 08:00 to 

20:00 h). All experiments and procedures involved in this study were reviewed and 

approved by the Ethics Committee of the USC, in accordance with European Union 

normative for the use of experimental animals.  

 

Implantation of intracerebroventricular cannulae 

Chronic intracerebroventricular (ICV) cannulae were implanted under 

ketamine/xylazine anesthesia as previously described (7, 18, 24, 35). The correct 

location of the cannulae in the lateral ventricle was confirmed by methylene blue 

staining. Animals were individually caged and allowed to recover for 1 week before 

experiment. During the postoperative recovery period, the rats were handled regularly 

under non-stressful conditions.  

 

Intracerebroventricular treatments 

For the ghrelin acute experiments, male and female rats received either an ICV 

administration of vehicle (5 μl of saline) or ghrelin (5 μg = 1.5 nmol) in a total volume 

of 5 μl (Bachem, Bubendorf, Switzerland) (7, 18, 24). For the experiments with 

etomoxir, rats received an ICV injection of vehicle (5 μl of saline) or etomoxir (10 μg in 

a total volume of 5 μl; Sigma; St Louis, MO, USA) prior ghrelin administration. We 

used 8 rats per group and the experiments were repeated at least twice; animals were 
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treated at 09:00 AM (one hour later the light cycle had started), when they were 

satiated. Rats were killed by cervical dislocation. The hypothalamus (for western 

blotting and enzymatic activity analysis) or the whole brain (for studies of in situ 

hybridization) were dissected and stored at -80ºC until further processing.  

 

Western blotting 

Hypothalamic total protein lysates were subjected to SDS-PAGE, electrotransferred on 

a PVDF membrane and probed with the following antibodies: ACC, pACCα-Ser79, 

AMPKα1 and AMPKα2 (Upstate; Temecula, CA, USA), C/EP homologous binding 

protein (CHOP-10), CREB, FoxO1, pCREB-Ser129, CPT1m and CPT1l, phosphorylated 

eukaryotic translation initiation factor 2 α (peIF2α-Ser52) and pFoxO1-Ser256 (Santa 

Cruz; Santa Cruz, CA, USA); CPT1c (Proteintech; Chicago, IL, USA); pAMPKα-

Thr172, (Cell Signaling; Danvers, MA, USA); β-Actin (Sigma; St Louis, MO, USA), as 

previously described (7, 18, 35). We used 8 rats per experimental group. Values are 

expressed in relation to β-Actin levels. 

 

In situ hybridization 

Coronal brain sections (16 µm) were probed with specific antisense oligonucleotides 

against AgRP, NPY and BSX mRNAs (Table 1). In situ hybridizations were performed 

as previously published (7, 18, 24, 35, 36). We used 8 rats per experimental group. We 

used between 16 and 20 sections for each animal (4-5 slides with four sections per 

slide). The mean of these 16-20 values was used as the final densitometry value for each 

animal.  
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CPT1 activity assay 

The CPT1 activity was measured in the supernatant, using methods described by Bieber 

et al. and Zammit & Newsholm (37, 38), as previously published (7, 18). We used 8 rats 

per experimental group.  

 

Statistical analysis 

Data are expressed as mean±SEM. Statistic significance was determined by t-Student or 

ANOVA and post-hoc two-tailed Bonferroni test. P<0.05 was considered significant. 
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RESULTS 

Central administration of ghrelin increases food intake, AgRP and NPY mRNA 

expression in male and female rats 

It is well established that ghrelin administration induces a powerful acute orexigenic 

effect in male rats (1-8). However, the orexigenic effects of ghrelin in female rats are 

controversial (27). To determine whether ghrelin administration increases food intake in 

female rats, we centrally administered the same single dose of ghrelin to fed satiated 

male and female rats. Our data showed that ICV administration of ghrelin induced a 

marked increase in feeding in a gender-independent manner (Figures 1A and 1B). Next, 

we evaluated whether ghrelin orexigenic action was associated with changes in ARC-

derived neuropeptides. Our data show that ICV administration of ghrelin increased the 

mRNA expression of AgRP (Figures 1C and 1E) and NPY (Figures 1D and 1F) in male 

and female rats. 

 

Central administration of ghrelin increases BSX mRNA expression, FoxO1, 

pFoxO1 and pCREB protein expression in male and female rats 

It was recently reported that the transcription factor BSX interacts with pCREB and 

FoxO1 and plays an essential role in controlling the expression of npy and agrp genes, 

respectively, in the ARC of male rats (23, 24). Our data show that acute ghrelin 

administration increased the mRNA expression of BSX in the ARC in a similar extent 

in male and female rats (Figures 2A and 2B). Furthermore, our results showed that 

acute ghrelin administration increased pCREB, FoxO1 and pFoxO1 hypothalamic 

protein levels (Figures 2C and 2D) in male and female rats, in parallel to the increased 

mRNA levels of AgRP, NPY and BSX. Current evidence has shown that in pancreatic 

β-cells, ghrelin treatment increases both FoxO1 and its phosphorylated (and inactive) 
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form pFoxO1, which elicits a protective effect against lipotoxicity, as shown by 

inhibition of endoplasmic reticulum stress (ER-stress) and reduced levels of C/EP 

homologous binding protein (CHOP-10)(39, 40). In keeping with these observations, 

our data show that ghrelin decreased the hypothalamic levels of CHOP-10 and the 

phosphorylated form of its upstream regulator the eukaryotic translation initiation factor 

2 α (peIF2α) (Figures 2C and 2D). 

 

Central administration of ghrelin inactivates fatty acid synthesis de novo and 

stimulates CPT1 activity in the hypothalamus of male and female rats 

Current data from several groups, including ours, have demonstrated that fatty acid 

metabolism is a target of ghrelin actions in the hypothalamus, mediating its orexigenic 

actions in male rats (5-8). However, no data have been reported about the effect of 

ghrelin on fatty acid metabolism in the hypothalamus of female rats. Our data show that 

ghrelin administration induced a similar increase in AMPKα (pAMPKα) and ACCα 

(pACCα) phosphorylation levels, with no changes in the non-phosphorylated isoforms 

(AMPKα1, AMPKα2 and ACCα, respectively) in the hypothalamus of male and 

female rats (Figures 3A and 3B). As a result of the inactivation of fatty acid synthesis de 

novo and the subsequent decrease in the levels of malonyl-CoA (data not shown)(7), 

CPT1 activity was increased in the hypothalamus of both male and female rats (Figure 

3C). No changes were detected in the hypothalamic protein levels of CPT1a, CPT1b 

and CPT1c (Figures 3D and 3E), suggesting that the stimulatory action of ghrelin on 

CPT1 activity is not related to increased CPT1 expression. 
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The orexigenic effect of ghrelin is mediated by stimulation of hypothalamic CPT1 

activity in male and female rats 

Recent data from our group and others have demonstrated that the orexigenic effect of 

ghrelin is associated with CPT1 activation in the hypothalamus of male rats (7, 8). To 

determine whether the effect of ghrelin on food intake involved the activation of CPT1 

in female rats, we investigated the effect of etomoxir, an inhibitor of CPT1 (7, 8), on 

ghrelin orexigenic effect. The selected dose of etomoxir (10 μg) induced no anorectic 

effect per se (Figure 4A) but significantly inhibited hypothalamic CPT1 activity (Figure 

4B). Our data showed that ICV injection of etomoxir decreased the orexigenic effect of 

ghrelin in male (Figure 4C) and female (Figure 4D) rats. Etomoxir action blunting 

ghrelin-induced feeding was longer lasting in female rats (up until 6 hours) than in male 

rats (up until 4 hours). 

 

Inhibition of hypothalamic CPT1 activity prevents the ghrelin-induced increase in 

AgRP, NPY and BSX mRNA expression in the hypothalamus of male and female 

rats 

Having shown that inhibition of CPT1 activity by using etomoxir decreased ghrelin’s 

orexigenic effect in both genders, we investigated the effect of this treatment on the 

mRNA expression levels of AgRP, NPY and BSX in the ARC of male and female rats. 

Our results showed that administration of etomoxir prevented the ghrelin-induced 

increase in AgRP (Figures 5A and 5B, 6A and 6B), NPY (Figures 5C and 5D, 6C and 

6D) and BSX (Figures 5E and 5F, 6E and 6F) in male (Figure 5) and female (Figure 6) 

rats. These data demonstrate that ghrelin’s effects on AgRP, NPY and their upstream 

transcription factor BSX are mediated by a CPT1-dependent mechanism. Overall, these 
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results suggest that BSX integrates ghrelin-induced changes in fatty acid metabolism 

pathway with neuropeptide expression in a gender-independent manner.  
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DISCUSSION 

In this study we first demonstrate that ghrelin-induced changes in the AMPK-CPT1 

pathway elicit increased levels of AgRP and NPY mRNA expression in the ARC, 

through modulation of the transcription factors BSX, FoxO1 and pCREB in male and 

female rats. These data first suggest that BSX integrates changes in neuronal metabolic 

status with neuropeptide networks in the ARC and very importantly that this link is a 

gender-independent physiological mechanism controlling feeding. 

 

Besides the well-established stimulatory action of ghrelin on AgRP/NPY neurons in the 

ARC (3, 4, 7, 8, 22), current evidence has demonstrated that ghrelin orexigenic effect is 

mediated by the selective modulation of hypothalamic fatty acid metabolism (5-8). 

Although it is clear that the above described pathways are both bona fide components of 

ghrelin signaling, the mechanistic link between them is still unclear. It has been recently 

reported that ghrelin-induced activation of hypothalamic fatty acid oxidation leads to 

robust changes in hypothalamic mitochondrial respiration and production of ROS, 

which are buffered by uncoupling protein 2 (UCP2) (8). This mechanism is critical for 

ghrelin-induced electric activation of AgRP/NPY neurons, as well for ghrelin-

dependent gene transcription events in those cells. Thus, ghrelin-induced upregulation 

of agrp, npy, ucp2, cpt1 and nuclear respiratory factor 1 (nrf1) gene expression is 

blunted in UCP2 KO mice (8). Although these results provide an interesting 

mechanism, linking ghrelin-induced changes in fatty acid metabolism and neuropeptide 

expression, how alterations in mitochondrial function lead to nuclear transcriptional 

events remains unresolved. In this study, we show compelling evidence demonstrating 

that BSX, a recently discovered transcription factor that regulates of AgRP and NPY 

expression (23, 24), connects ghrelin-promoted activation of hypothalamic fatty acid 
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beta oxidation with AgRP and NPY expression in the ARC. More importantly, we 

demonstrate that this association is a physiological gender-independent mechanism 

modulating feeding. In fact, pharmacological blockage of hypothalamic fatty acid beta 

oxidation, by using the CPT1 inhibitor etomoxir, blocks the ghrelin-induced effect on 

BSX and subsequently on AgRP and NPY mRNA expression in the ARC of both male 

and female rats. Additional work, using loss of function experiment, such as BSX KO 

mice (23), is necessary to confirm the existence of alternative pathways to BSX linking 

ghrelin fatty acid metabolism and neuropeptide expression. In fact, considering that 

BSX KO mice do not totally lack of fasting-induced response in AgRP and NPY 

mRNA levels (23), the involvement of alternative additional transcription factors cannot 

be excluded, albeit they role is likely to be of lesser importance. 

 

We also first show that FoxO1 and pCREB, two well-established transcription factors 

modulating agrp and npy expression, respectively, (23, 25, 26, 41), are stimulated after 

central ghrelin administration, also in a gender independent manner. Recent evidence 

has demonstrated that peripheral signals, such as leptin and insulin, regulate agrp and 

pomc (proopiomelanocortin) gene expression through modulation of the balance 

between FoxO1 (active form) and phosphorylated FoxO1 (pFoxO1, inactive form). 

Thus, leptin and insulin promote pFoxO1 and prevent its translocation to the nucleus 

(41), which results in increased expression of pomc (42-44) and decreased expression of 

agrp (26). Contrary to leptin and insulin, we show that central ghrelin administration 

increased both hypothalamic FoxO1 and pFoxO1 in a similar extent. In keeping with 

previous literature, increased levels of FoxO1 would be the mechanism leading to 

increased expression of the agrp gene by ghrelin (26); however, the physiological 

relevance of increased pFoxO1 is intriguing. Current evidence has shown that in 
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pancreatic β-cells, ghrelin treatment increases both FoxO1 and pFoxO1. Increased 

levels of pFoxO1 after ghrelin treatment elicit a protective effect against lipotoxicity, as 

shown by inhibition of ER-stress and reduced levels of CHOP-10 (39, 40). Similar 

results showing ghrelin’s protective effects against lipotoxicity-induced apoptosis and 

ER-stress has been also reported in an ischemic heart model (45). Consistent with these 

observations, our data show that ghrelin reduces the hypothalamic levels of CHOP-10 

and the phosphorylated form of its upstream regulator peIF2α. Considering that 1) 

hypothalamic ER-stress has recently been proposed as a pathophysiological mechanism 

under leptin resistance and obesity (46-49) and that 2) central ghrelin administration 

increases hypothalamic ROS (8), which are well-recognized ER-stress inducers (49-53), 

it is tempting to speculate that ghrelin-induced increase in hypothalamic pFoxO1 might 

be a compensatory mechanism leading to protection against ER-stress, a hypothesis that 

will require further investigation. 

 

Another particular question which remains unresolved is whether BSX, pCREB and 

FoxO1 mediate just ghrelin’s effect or its role is extensible to other peripheral hormonal 

signals modulating hypothalamic fatty acid metabolism, such as leptin, insulin, 

glucagon-like peptide (GLP-1), adiponectin (ADPN), resistin (RSTN), glucocorticoids, 

thyroid hormones and endocannabinoids (54-56). In this sense, recent evidence from 

our group has demonstrated that BSX integrates leptin signaling in the ARC and may 

play a major role in the pathogenesis of leptin resistance (24). Considering that, 

similarly to ghrelin, leptin effects on feeding are mediated by the modulation of 

hypothalamic lipid metabolism (5, 57, 58), it is tempting to speculate that BSX may also 

be a mediator of those effects. In this sense, it has been currently published that acute 

central administration of palmitate induces leptin resistance in the central nervous 



 

 17

system (59). Further work will be required to address the possible implication of BSX in 

fatty-acid induced leptin resistance. 

 

Ovarian steroids play a major role in the regulation of feeding and energy balance by 

modulating neuropeptide expression, synaptic plasticity and leptin effect on 

hypothalamic networks (27, 32, 33, 60-64). However, one particular black box about the 

effects of ghrelin on energy balance is that the vast majority of data have been generated 

by using male rats and mice, but not many studies have examined the effect of ghrelin 

in females (27). In fact, the current assumption is that ghrelin orexigenic effect is 

reduced in female rats as a consequence of the action of ovarian estrogens. In this sense, 

Clegg and colleagues have elegantly examined the effect of ghrelin in female rats and 

mice (27). They reported that ovariectomized (OVX) female rats (and also male rats) 

were significantly more sensitive than intact female rats to the orexigenic effects of both 

centrally and systemically administered ghrelin and that this effect is attenuated by 

estradiol administration (27). Our findings indicate that the whole molecular network 

under ghrelin orexigenic actions: inhibition of fatty acid synthesis, activation of fatty 

acid oxidation and increased pCREB, FoxO1, BSX, AgRP and NPY expression, is 

common in both males and females. These discrepancies are likely due to the different 

rat strain (Long Evans vs. Sprague-Dawley, as well as their physical parameters), 

experimental models: OVX (total lack of circulating estrogens) vs. intact female rats 

and time of the injection (1 hour after lights on vs. 6 hours before lights off). Finally and 

very importantly, the eating-stimulatory effect of ghrelin varies across different phases 

of the ovarian cycle in intact rats. Cleeg’s and colleagues reported that central ghrelin 

had no reliable overall effect when cycle day was not taken into account; however, 

when cycle day was considered, central ghrelin increased eating during diestrus 1 and 
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diestus 2 but not during proestrus or estrus (27). In any case, the lack of differences that 

we report agrees with data obtained from ghrelin and GHS-R KO mice where a similar 

resistance to high fat diet (HFD)-induced obesity was found in both genders (15, 16). 

Moreover, these data indicate that the physiological response of hypothalamic fatty acid 

metabolism is more conserved than in peripheral tissues, where gender and gonadal 

status markedly modulates lipid metabolism (34). Altogether, this evidence 

demonstrates that ghrelin elicit feeding in a gender-independent manner, through a 

physiological mechanism involving the modulation of hypothalamic fatty acid 

metabolism, FoxO1, pCREB, BSX and neuropeptide expression in the ARC. 

 

In summary, here we show that the orexigenic action of ghrelin is associated with the 

specific FoxO1, pCREB and BSX-mediated integration of hypothalamic fatty acid 

metabolism with AgRP and NPY expression in the ARC. Our data also confirm FoxO1, 

pCREB and BSX as gender-independent mediators of food intake of relevance for the 

understanding and treatment of obesity. Finally, our preliminary data showing that 

ghrelin influences the expression of two hypothalamic ER-stress markers, such as 

CHOP-10 and peIF2α merits further investigation in order to assess its biological 

relevance. 
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FIGURE LEGENDS  

 

FIGURE 1 

Central administration of ghrelin increases food intake, AgRP and NPY mRNA 

expression in male and female rats. Cumulative food intake (A and B; white 

rhombuses: vehicle; black circles = ghrelin), AgRP (C and E) and NPY (D and F) 

mRNA in the arcuate nucleus of the hypothalamus (ARC) of male and female rats ICV-

treated with vehicle (white bars) or ghrelin (black bars). ***: P<0.001 vs. vehicle. 3V: 

third ventricle. 

 

FIGURE 2 

Central administration of ghrelin increases BSX mRNA expression, FoxO1, 

pFoxO1 and pCREB protein expression in male and female rats. BSX mRNA levels 

in the arcuate nucleus of the hypothalamus (ARC) (A and B) and pCREB, CREB, 

pFoxO1, FoxO1, CHOP-10 and peIF2α hypothalamic protein levels (C and D) of male 

and female rats ICV-treated with vehicle (white bars) or ghrelin (black bars). *: P<0.05 

vs. vehicle; **: P<0.01 vs. vehicle; ***: P<0.001 vs. vehicle. 3V: third ventricle. 

 

FIGURE 3 

Central administration of ghrelin inactivates fatty acid synthesis de novo and 

stimulates CPT1 activity in the hypothalamus of male and female rats. pAMPKα, 

AMPKα1, AMPKα2, pACCα and ACCα (A and B), hypothalamic CPT1 activity (C) 

and hypothalamic CPT1a, CPT1b and CPT1c protein levels (D and E) of male and 

female rats ICV-treated with vehicle (white bars) or ghrelin (black bars). *: P<0.05 vs. 

vehicle; **: P<0.01 vs. vehicle; ***: P<0.001 vs. vehicle. 



 

 25

 

FIGURE 4 

The orexigenic effect of ghrelin is mediated by stimulation of hypothalamic CPT1 

activity in male and female rats. Cumulative food intake (A) and hypothalamic CPT1 

activity (B) after ICV treatment with vehicle (white bars) or the CPT1 inhibitor 

etomoxir (grey and black bars). Cumulative food intake after ICV administration of 

vehicle or etomoxir prior ICV administration of vehicle or ghrelin in male (C) and 

female (D) rats; white rhombuses = vehicle/vehicle; black squares = vehicle/etomoxir; 

black circles = ghrelin/vehicle; white triangles = ghrelin/etomoxir. *: P<0.05 vs. vehicle 

or vehicle/vehicle; **: P<0.01 vs. vehicle/vehicle; ***: P<0.001 vs. vehicle/vehicle; #: 

P<0.05 ghrelin/vehicle vs. ghrelin/etomoxir; ##: P<0.01 ghrelin/vehicle vs. 

ghrelin/etomoxir; ###: P<0.001 ghrelin/vehicle vs. ghrelin/etomoxir. 

 

FIGURE 5 

Inhibition of hypothalamic CPT1 activity prevents the ghrelin-induced increase in 

AgRP, NPY and BSX mRNA expression in the hypothalamus of male rats. AgRP 

(A and B), NPY (C and D) and BSX (E and F) mRNA levels in the arcuate nucleus of 

the hypothalamus (ARC) of male rats after ICV administration of vehicle (white bars) 

or the CPT1 inhibitor etomoxir (black bars) prior ICV administration of vehicle or 

ghrelin. **: P<0.01 vs. vehicle/vehicle; ***: P<0.001 vs. vehicle/vehicle; #: P<0.05 

ghrelin/vehicle vs. ghrelin/etomoxir; ##: P<0.01 ghrelin/vehicle vs. ghrelin/etomoxir; 

###: P<0.001 ghrelin/vehicle vs. ghrelin/etomoxir. 
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FIGURE 6 

Inhibition of hypothalamic CPT1 activity prevents the ghrelin-induced increase in 

AgRP, NPY and BSX mRNA expression in the hypothalamus of female rats. AgRP 

(A and B), NPY (C and D) and BSX (E and F) mRNA levels in the arcuate nucleus of 

the hypothalamus (ARC) of female rats after ICV administration of vehicle (white bars) 

or the CPT1 inhibitor etomoxir (black bars) prior ICV administration of vehicle or 

ghrelin. **: P<0.01 vs. vehicle/vehicle; ***: P<0.001 vs. vehicle/vehicle; #: P<0.05 

ghrelin/vehicle vs. ghrelin/etomoxir; ##: P<0.01 ghrelin/vehicle vs. ghrelin/etomoxir. 

 

 

 

 

 

 

 



 

mRNA GenBank  
accession number 

  Sequence 

 
AgRP 
 

 
AF206017 

 
5’-CGACGCGGAGAACGAGACTCGCGGTTCTGTGGATCTAGCACCTCTGCC-3’ 

BSX 
 

XM_001064837 5’-CCTCAACGGCTTGGGCTTGTGTAGCAGAATGTCC-3’ 

FAS 
 

NM_017332 5’-GGGTCCATTGTGTGTGCCTGCTTGGGGTG-3’ 

NPY 
 

M20373 5’-AGATGAGATGTGGGGGGAAACTAGGAAAAGTCAGGAGAGCAAGTTTCATT-3’ 

Table 1: Antisense oligonucleotides for in situ hybridization analysis 
 














