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RELAZIONE:  
 

Background and Aim 

The obesity epidemic has received considerable attention worldwide. Numerous studies have documented 

that the instances of obesity are climbing around the world. Obesity rates have been rising in virtually all 

population groups, regardless of the demographic or socio-economic status [1-3].  

The amount of stored fuel in the body is regulated in a very accurate manner. To accomplish this, energy 

intake must be matched to energy expenditure over time. Energy homeostasis is a tightly regulated process 

and an imbalance between its components, food intake and energy expenditure, causes metabolic 

dysfunctions including obesity, a major risk factor for comorbidities including type 2 diabetes, hypertension 

and stroke, and cardiovascular diseases. Compelling evidence has been gathered during the last 100 years to 

suggest that a major player in the regulation of energy homeostasis as well as the underlying cause for fat 

accumulation in peripheral tissues, arises from the Central Nervous System (CNS) [4,5]. A fundamental 

breakthrough came in 1994 and 1995 when the gene encoding the adipose signal leptin was discovered and 
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its product tested on leptin deficient obese ob/ob mice [6]. Subsequently, receptors for leptin were cloned 

and localized in structures of the hypothalamus [7], some of which had been implicated in metabolism 

regulation by lesion studies. However, leptin and its receptors accumulated predominantly in a ventromedial 

hypothalamic structure, the arcuate nucleus [7], an area that was not specifically suggested by the lesion 

studies.  

The appreciation of arcuate nucleus gained momentum regarding energy homeostasis when, due partially to 

serendipity, the melanocortin system was discovered as a player in obesity. 

The melanocortin system comprises neurons expressing pro-opiomelanocortin peptide (POMC), the 

Neuropeptide Y and Agouti-related peptide (NPY/AgRP) and neurons expressing melanocortin receptors 

(MCRs). In the arcuate nucleus of the hypothalamus the prohormone proopiomelanocortin (POMC) is post-

translationally cleaved to produce α-melanocyte stimulating hormone (α-MSH), a peptide with anorexigenic 

effects upon activation of the melanocortin receptors (MCRs). α-MSH undergoes extensive post-translational 

processing and its in vivo activity is short-lived due to rapid degradation. The enzymatic process that 

controls α-MSH inactivation is not completely understood. Recent evidence suggests that prolyl 

carboxypeptidase (PRCP) is an enzyme responsible for α-MSH degradation. PRCP is widely expressed in 

the body (in organs such as the liver, lung, kidney and brain), with a variety of known substrates such as 

plasma prekallikrein, bradykinin, angiotensins II and III, suggesting its role in the processing of tissue- 

specific substrates. As with many key melanocortin peptides, gene mutation of PRCP causes a change in the 

metabolic phenotype of rodents. The purpose of our study is to evaluate the role of PRCP in specific 

neuronal populations in the regulation of metabolism. Previous studies have shown that PRCP is expressed 

in NPY/AgRP neurons and its activity is modulated by ghrelin [8], an important regulator of NPY/AgRP 

neuronal function. Thus, to understand the role of PRCP in this neuronal popylation, we generated and 

studied mice with selectively ablation of PRCP in NPY/AgRP neurons using the LoxP-cre system. 

 

Methods 

 Animals 
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All animal studies were approved by Yale University Institutional Animal Care and Use Committee. All 

mice studied were on a C57Bl6 background, that being the transgenic mice back-crossed for ≥10 

generations. Animals had a free access to either a standard chow diet (SD; Harlan Teklad no. 2018, 18% 

calories from fat) or a 45% high-fat diet (HFD; Harlan Teklad no. 93075) for ≤13 weeks from weaning. All 

animals were kept in temperature and humidity controlled rooms, in a 12/12h light/dark cycle, with lights on 

from 7:00AM-7:00PM. Food and water were provided ad libitum, unless otherwise stated. Fasted animals 

were food deprived overnight (about 16 h). For intraperitoneal (i.p) ghrelin injection, animals received a 

single dose of either ghrelin (10 nmol/mouse; PolyPeptide Laboratories, INC, Torrance, CA; cat.# SC1356) 

or the equivalent volume of vehicle (saline) just before the beginning of the dark phase. Food was removed 

and animals sacrificed after three hours from the injection. To determinate the feeding behaviour of wild-

type and PRCP -/- after ghrelin administration (intraperitoneal, 10 nmol) at the beginning of the dark phase 

food was measurament at 1,2 and 3 hours after injection.  

 

Generation of mice with selective deletion of PRCP in AgRP neurons 

We used the cre/lox technology to generate mice in which PRCP will be selectively ablated in AgRP neurons 

(PRCP
fl/fl

- AgRP-cre). The construct was developed by the EUCOMM (European Mouse Model Cell 

Repository; see wwww.eucomm.org). Once received the PRCP floxed mice (PRCP
fl/fl

)  were generated by 

the Yale Genome Editing Center. By crossing the PRCP
fl/fl

 mice with the AgRP-cre mice that express Cre 

recombinase under the control of AgRP promoter, we then produced mice with selective deletion of PRCP in 

AgRP neurons. As control mice, PRCP
+/+

-AgRP-cre positive littermates were used. All mice studied were on 

a mixed background (129SvEv, FVB and C57BL/6J). 

 

Metabolic chamber recordings  

Adult male mice in SD or HFD (n=11) were acclimated in metabolic chambers (TSE Systems, Germany – 

Core Metabolic Phenotyping Center, Yale University) for 4 days before the start of the recordings. Mice 

were continuously recorded for 3 days with the following measurements being taken every 30 minutes: water 
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intake, food intake, ambulatory activity (in X and Z axes), and gas exchange (O2 and CO2) (using the TSE 

LabMaster system, Germany). VO2, VCO2 and energy expenditure were calculated according to the 

manufacturer’s guidelines (PhenoMaster Software, TSE Systems). The respiratory exchange rate (RER) was 

estimated by calculating the ratio of VCO2/VO2. Values were adjusted by body weight to the power of 0.75 

(kg−0.75) where mentioned. For the fasting response study, the same mice used above were acclimated to 

the cages for 4 days and then food was removed from the cages 2 hours before the dark cycle. The metabolic 

parameters were recorded during ZT 12–18 and the data was analyzed as above. Body composition was 

measured in vivo by MRI (EchoMRI; Echo Medical Systems, Houston, TX). 

 

Real-time PCR 

Total RNA from the liver was extracted from AgRP PRCP 
fl/fl

 and PRCP
+/+

-AgRP-cre animals (n = 10 for 

each group in SD) using Trizol solution (Invitrogen). Phosphoenolpyruvate carboxykinase 1 (PCK1) and 

glucose-6-phosphatase (G-6-Pase) mRNA levels in the liver were measured by real-time PCR. A High 

Capacity cDNA Reverse transcription Kit (Applied Biosystems) was used for the reverse transcription. Real-

time PCR (LightCycler 480; Roche) was performed with diluted cDNAs in a 20-μl reaction volume in 

triplicates. Primers used for this study are as follows: cat. no. Mm 00494069_m1 for PCK1, cat. no. Mm 

00839363_m1 for G-6-Pase, and cat. no. 4319413E-0810041 for 18S rRNA (Applied Biosystems). The 

calculations of average Cp values, SDs, and resulting expression ratios for each target gene were based on 

the Roche LightCycler 480 software. 

 

Glucose and insulin tolerance tests 

Glucose tolerance test was performed in 16- to 17-hours-fasted animals. After the level of blood glucose was 

determined, fasted animals were injected intraperitoneally with 20% glucose (10 ml/kg; DeltaSelect) in 

saline. Blood glucose levels were then monitored at 15, 30, 60, and 120 minutes from the injection. 
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Insulin tolerance test was performed with mice fed ad libitum. After determination of basal blood glucose 

levels, each animal received an intraperitoneal injection of insulin, 0.75 U/kg (Actrapid; Novo Nordisk). 

Blood glucose levels were then measured at 15, 30, 60, and 120 min after insulin injection. 

 

cfos Immunostaining 

After overnight fasting, mice were anesthetized and transcardially perfused with 0.9% saline with heparin 

followed by fixative (4% paraformaldehyde, 15% picric acid, 0.1% glutaraldehyde in PBS). Brains were 

collected and post fixed overnight before coronal sections were taken at every 50 μm 

 Sections were washed and incubated with the rabbit anti-cfos antibody (Santacruz, 1:2000), and the chicken 

anti-eGFP antibody (Life Technologies Corporation, 1:5000) in PB containing 4% normal goat serum, 0.1% 

glycine, and 0.2% Triton X-100 for 24 hours at room temperature. After several washes with phosphate 

buffer (PB), sections were incubated in the secondary antibodies (biotinylated goat anti-rabbit 

immunoglobulin G [IgG]; 1:250 in PB; Vector Laboratories and goat antichicken Alexa-fluor 488; 1:200 in 

PB; Life Technologies) for 2 hours at room temperature, then rinsed in PB five times, 10 minutes each time. 

Sections were then mounted with VectaShield antifade (Vector Laboratories). Fluorescent images of five to 

seven brain sections were captured with confocal microscope and analyzed by imaging Software (Image J). 

 

Results: 

Our findings in this project revealed a critical role of central PRCP in the regulation of energy metabolism. 

Using a transgenic mouse model with selective deletion of PRCP in specific neuronal population, such as the 

NPY/AgRP, we showed that PRCP
fl/fl

-AgRP-cre male mice develop a significant lower body weight 

compared to control mice when fed on a standard chow diet. When body composition was analyzed, a 

significant decrease of fat mass was observed in PRCP
fl/fl

-AgRP-cre male mice compared to controls. To 

assess whether energy intake and expenditure were affected in this animal model, with the use of metabolic 

cages, we found that PRCP
fl/fl

-AgRP-cre mice had reduced food intake and increased energy expenditure due 
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to a significant increase in locomotor activity. As expected by an improved metabolic phenotype, PRCP
fl/fl

-

AgRP-cre mice also showed improved glucose metabolism having increased glucose tolerance and insulin 

sensitivity compared to control mice. In agreement and in association with an improved glucose metabolism, 

a significant decrease in hepatic gluconeogenic enzymes, such as Pepck and G6Pase, was also observed in 

our transgenic male mice compared to controls. 

To assess the effect of PRCP deletion at the cellular levels, we then examined the activation levels of 

NPY/AgRP neurons following an overnight fasting. PRCP
fl/fl

-AgRP-cre male mice had a significant 

reduction of cfos staining, a marker of neuronal activation, in the arcuate AgRP neurons compared to control 

mice. These data on the reduction of neuronal activation were further confirmed by the attenuation of 

peripheral administration of ghrelin-induced hyperphagia in PRCP
fl/fl

-AgRP-cre mice compared to their 

controls. Interestingly, while all of these phenotypic differences were observed in males, no significant 

differences were found in female mice, indicating sex differences in PRCP effects on metabolism regulation. 

This data is in agreement with the genome-wide association study (GWAS), showing that PRCP is a 

significant risk factor for metabolic syndrome only in men [9].  

To determine whether diet composition had an effect on the metabolic phenotype of our transgenic 

mouse model, we then exposed male and female PRCP
fl/fl

-AgRP-cre mice and control mice to a high fat diet 

(HFD). Similar to mice exposed to a standard chow diet (low in fat), HFD-fed male PRCP
fl/fl

-AgRP-cre mice 

showed a leaner phenotype than the male controls due to decreased food intake and increased energy 

expenditure. Interestingly, when challenged with the HFD, female PRCP
fl/fl

-AgRP-cre mice also showed 

significant differences compared to female controls. As for the standard chow diet-fed mice, glucose 

metabolism and insulin sensitivity were significantly improved in both male and female mice due to their 

improved metabolic phenotype compared to controls.  

 

Conclusions: 

In conclusion, in this project we have shown that PRCP plays a a pivotal role in energy homeostasis in 

NPY/AgRP neurons of the CNS. We believe that PRCP activity levels in specific brain areas in different 
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metabolic condition by affecting α-MSH levels will, in turn, affect the efficacy of melanocortin signaling. 

Thus, understanding PRCP role in metabolism regulation is important to reveal whether PRCP can be used 

as new drug target for metabolic disorders, including obesity and type 2 diabetes.  
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