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Abstract

Anorexigenic neuropeptides produced and acting in the brain have the potential 

to decrease food intake and ameliorate obesity, but are ineffective after peripheral 

application, owing to a limited ability to cross the blood–brain barrier. We have 

designed lipidized analogs of prolactin-releasing peptide (PrRP), which is involved in 

energy balance regulation as demonstrated by obesity phenotypes of both  

Prrp-knockout and Prrp receptor-knockout mice. The aim of this study was to 

characterize the subchronic effect of a palmitoylated PrRP analog in two rat models 

of obesity and diabetes: diet-induced obese Sprague–Dawley rats and leptin receptor-

deficient Zucker diabetic (ZDF) rats. In the rats with diet-induced obesity (DIO), a 

two-week intraperitoneal treatment with palmitoylated PrRP lowered food intake 

by 24% and body weight by 8%. This treatment also improved glucose tolerance and 

tended to decrease leptin levels and adipose tissue masses in a dose-dependent manner. 

In contrast, in ZDF rats, the same treatment with palmitoylated PrRP lowered food 

intake but did not significantly affect body weight or glucose tolerance, probably in 

consequence of severe leptin resistance due to a nonfunctional leptin receptor. Our data 

indicate a good efficacy of lipidized PrRP in DIO rats. Thus, the strong anorexigenic, 

body weight-reducing, and glucose tolerance-improving effects make palmitoylated 

PrRP an attractive candidate for anti-obesity treatment.

Correspondence  
should be addressed  
to L Maletínská  
Email  
maletin@uochb.cas.cz

Introduction

Obesity is a frequent metabolic disorder with a steadily 
increasing prevalence worldwide. Despite tremendous 
efforts, there is still a lack of weight-lowering 
pharmacotherapies that would be both efficacious and 

safe for the long-term (Yanovski & Yanovski 2014). It 
is accepted that an enormous rise in the prevalence 
of obesity around the world is primarily the result of 
increased caloric intake and decreased physical activity.  
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As obesity triggers other life-threatening diseases, 
including type 2 diabetes mellitus, hypertension, 
dyslipidemia, and atherosclerosis (Simmons et  al. 2010, 
Vaneckova et al. 2014), an effective anti-obesity therapy 
is needed. The majority of current anti-obesity drugs 
are analogs of anorexigenic neurotransmitters, aiming 
to reduce food intake by either decreasing appetite 
or suppressing the craving for food. Unfortunately, 
their severe psychiatric or cardiovascular side effects 
have highlighted the need for alternative therapeutic 
strategies (for reviews, see Rodgers et  al. 2012, Bray & 
Ryan 2014, Manning et al. 2014). The ideal anti-obesity 
drug should produce sustained weight loss with minimal 
side effects. Recent progress in an understanding of 
peptidergic signaling of hunger and satiety, both from 
the gastrointestinal tract and its upstream pathways in 
the hypothalamus, have opened the possibility for using 
anorexigenic neuropeptides in obesity treatment (Arch 
2015, Patel 2015).

The anorexigenic neuropeptide prolactin-releasing 
peptide (PrRP) was initially identified as a possible regulator 
of prolactin secretion from the anterior pituitary cells (Sun 
et al. 2005), and was finally isolated from the hypothalamus 
as a ligand for the human orphan G-protein-coupled 
receptor GPR10 (Hinuma et al. 1998). Recently, it has been 
established that PrRP has other physiological functions 
(Onaka et al. 2010), including the regulation of food intake 
(Lawrence et al. 2000) and energy expenditure (Takayanagi 
et  al. 2008), whereas its involvement in the regulation 
of hypothalamic–pituitary–adrenal (HPA) axis (Dodd & 
Luckman 2013) and its prolactin-releasing ability was 
questioned (Jarry et  al. 2000). PrRP-producing cells are 
localized in the dorsomedial hypothalamic nucleus and 
in A1/A2 regions of the medulla oblongata (Yamada et al. 
2009) in the brainstem. The fibers of these cells project to 
the paraventricular nucleus (PVN), the basal nucleus of the 
amygdala, and other regions throughout the brain (Yamada 
et al. 2009), suggesting that PrRP acts mainly in the central 
nervous system (CNS). It has been shown in rodents that 
intracerebroventricular injection of PrRP decreased food 
intake and body weight (Lawrence et al. 2002, Maixnerová 
et al. 2011). Moreover, mice deficient in Prrp or Prrp receptor 
are obese (Gu et al. 2004, Takayanagi et al. 2008).

GPR10 is widely expressed throughout the brain 
(especially in the reticular nucleus of the thalamus, 
hypothalamic paraventricular nucleus, periventricular 
nucleus, dorsomedial hypothalamic nucleus, NTS, 
and area postrema), in the anterior pituitary, and the 
adrenal medulla (reviewed in Onaka et al. 2010, Dodd & 
Luckman 2013).

As PrRP is a centrally acting neuropeptide, it is difficult 
to administer it peripherally to induce its effect in the 
brain. Recently, we have modified PrRP by an attachment 
of longer fatty acids that allowed us to apply peptide to 
the periphery to achieve its central biological effect. As we 
have shown in our previous publication, the lipidization 
of PrRP resulted in the stabilization of the molecule, 
possibly by promoting the association of these peptides 
with circulating plasma proteins. We can also hypothesize 
that it enabled penetration of the molecule through 
the blood–brain barrier, as we observed a significant 
increase in c-Fos immunoreactivity in the hypothalamic 
and brainstem nuclei involved in food intake regulation 
after peripheral administration (Maletinska et  al. 2015). 
However, there is still a lack of the direct proof of the 
lipidated PrRP entering the CNS as c-Fos could be reflective 
of either a direct or an indirect action of the compound 
in the CNS.

Various animal models are used to investigate the novel 
anti-obesity drugs (Vickers et  al. 2011). The best animal 
obesity models are often diet-induced ones, as they result 
in changes consistent with those seen in obese patients 
(Vickers et al. 2011). Diet-induced obese (DIO) rats or mice 
are produced generally from lean animals that have free 
access to a diet high in fat over a period of 3–4 months. 
An increase in body weight occurs gradually, principally 
by a marked increase in body fat (Harrold & Halford 
2006, Madsen et  al. 2010). Woods et  al. (2003) showed 
that measuring body fat is a more sensitive criterion for 
assessing obesity in animals, as rats fed a high-fat diet (40% 
of total calories) for 10 weeks displayed a 10% increase in 
total body weight but a 35–40% increase in total body fat 
compared with the animals fed a standard diet. In addition 
to the DIO rat model, the Zucker diabetic rat model, 
which is a model with impaired leptin receptor signaling 
(Fellmann et al. 2013), is frequently used for studying the 
potential of anti-obesity and anti-diabetic peptidic drugs 
(Andreassen et al. 2014, Skarbaliene et al. 2015).

Recent studies have shown the efficiency of some 
peptidic drugs in either the DIO or ZDF rat model. 
Liraglutide, palmitoylated glucagon-like peptide (GLP1) 
analog, was proven to lower food intake and body weight 
after a chronic 12-week s.c. administration in DIO rats 
(Raun et al. 2007). Infusion of a combination of another 
GLP1 analog, exenatide, and a peptide YY 3-36 analog 
caused a reduction in food intake and body weight in 
DIO rats (Reidelberger et al. 2011). In the ZDF diabetic rat 
model, a combination of exenatide and gastrin treatment 
(Skarbaliene et  al. 2015), as well as glucose-dependent 
insulinotropic peptide treatment (Tatarkiewicz et al. 2014),  
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caused a prolonged glucose-lowering effect rather than a 
body weight-decreasing effect. Finally, a study by Fosgerau 
et al. (2014) described that the biological effect of a novel 
selective lipidized analog of α-melanocyte-stimulating 
hormone (α-MSH) with a strong central anorexigenic 
effect caused a significant decrease in food intake and 
body weight in DIO rats after repeated peripheral 
administration.

In this study, we used two rat models of obesity and 
diabetes (Sprague–Dawley rats fed a high-fat diet and 
the lack of function of leptin receptor in Zucker diabetic 
rats) to evaluate the chronic anti-obesity potency of 
our novel lipidized PrRP and the involvement of the 
leptin signaling pathway in its effects. We have recently 
shown in DIO mice that palm-PrRP31 decreased food 
intake and body weight and improved metabolic 
parameters associated with obesity and diabetes 
(Maletinska et al. 2015). Therefore, we compared food 
intake, body weight, and metabolic parameters in both 
rat models after chronic treatment with palm-PrRP31.

Materials and methods

Peptides

Palmitoylated PrRP analog palm-PrRP31 (N-palm-SRTHRH
SMEIRTPDINPAWYASRGIRPVGRF-NH2) was synthesized 
and purified at the Institute of Organic Chemistry and 
Biochemistry, Prague, Czech Republic, as described 
previously (Blechová et  al. 2013). Palmitoylation of 
PrRP was performed as described previously (Maletínská 
et  al. 2012), on fully protected peptide on resin as the 
final step. The purity and identity of the peptide was 
determined by analytical HPLC and by using a Q-TOF 
micro MS technique (Waters, Milford, MA, USA).

Chronic effect of palm-PrRP31 on body weight and 
biochemical parameters in DIO Sprague–Dawley  
rats and ZDF rats

Animals and diets Sprague–Dawley male rats, 
6–8 weeks old, were obtained from Harlan Laboratories 
(Correzzana, Italy). The animals were acclimatized for 
1 week before initiation of the feeding the research diet. 
Rats were fed either the high-fat (HF) diet D12492 (60% fat 
kcal, 20% carbohydrate kcal, and 20% protein kcal) or the 
low-fat (LF) diet D12450B (10% fat kcal, 70% carbohydrate 
kcal, and 20% protein kcal) (Research Diets Inc., New 
Brunswick, NJ, USA) and given water ad libitum for 25 weeks 
(weight-gaining period).

ZDF-Leprfa/Crl, diabetic fa/fa male rats, and lean 
controls, both 6 weeks old, were obtained from Charles River 
(Saint-Germain-sur-l’Arbresle, France) and acclimatized for 
1 week before the start of the experiments. The rats were 
fed a diet of Purina 5008 (PMI Nutrition International, 
LLC, Richmond, IN, USA). During the dosing period, 
50–55 g and 25–30 g of the diet were fed to diabetic and 
nondiabetic control rats, respectively.

The rats were housed under controlled conditions with 
a constant temperature of 22 ± 2°C, a relative humidity 
45–65%, and a fixed day/light cycle (06:00–18:00 h). All 
procedures and experimental protocols conformed to 
the European Convention on Animal Protection and 
Guidelines on Research Animal Use.

Study design and drug administration An 
overview of the studies design is provided in Fig. 1A (DIO 
Sprague–Dawley rats) and 1B (ZDF rats). After 24 weeks on 
the HF diet, 32 DIO Sprague–Dawley rats with the highest 
body weight (BW) were selected and divided into four 
experimental groups (n = 8): (A) vehicle; (B) 0.2 mg/kg 
palm-PrRP31; (C) 1 mg/kg palm-PrRP31; and (D) 5 mg/kg 
palm-PrRP31. The doses used in this study were chosen 
according to previously tested food intake after acute 
intraperitoneal (IP) administration of palm-PrRP31 in rats 
(results not shown). Rats fed with the low-fat diet formed 
the control group (n = 8).

In ZDF rats, a baseline oral glucose tolerance test was 
performed in overnight fasted rats on days –5 and –4. 
Randomization of the rats into the experimental groups 
was performed based on body weight and blood glucose 
levels (average body weight of 352.5 ± 4.4 g, average 
blood glucose level of 24.5 ± 0.9 mmol/L). The following 
experimental groups (n = 8) were established: (A) vehicle; 
(B) 1 mg/kg palm-PrRP31; and (C) 5 mg/kg palmPrRP31. 
Nondiabetic lean rats were used as controls (n = 8).

Palm-PrRP31 for IP administration was dissolved in 
50 mM phosphate buffered saline (PBS), pH = 6; LoBind 
vials and tips (Eppendorf AG, Hamburg, Germany) were 
used for the formulation. The peptide solutions were 
prepared fresh for single-day dosing and administered 
twice a day (07:00 h and 15:00 h) in a dosing volume of 
1.0 mL/kg IP for 17 days (dosing period). The HF diet-fed 
control group and the LF diet-fed control group were 
treated bi-daily with PBS in a dosing volume of 1.0 mL/kg 
IP, as well as were the diabetic and nondiabetic controls.

The food intake (grams of food consumed) and body 
weight were measured daily during the dosing period, and 
the rats were fed the same diet as during the pre-dosing 
period. On days 16 and 17, an oral glucose tolerance 
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test was performed and therefore body weight and food 
intake were not measured. In ZDF rats, nonfasted blood 
samples were collected on day 15 for determination of the 
biochemical plasma profile.

Oral glucose tolerance test The oral glucose tolerance 
test (OGTT) was performed after overnight fasting on days 
16 and 17. At time point 0 (09:00 h), blood was drawn 
from the tail vein and the animals were loaded with 50% 
glucose at a dose of 2 g/kg perorally (PO) under slight 
isoflurane anesthesia. Blood samples were subsequently 
drawn from the tail vein into the heparinized capillaries 
at 15, 30, 60, 90, 120 and 180 min thereafter. The blood 
glucose concentrations were determined in whole blood 
by using the glucose oxidase method (glucose analyzer 
8/28 BIOSEN S Line, EKF Diagnostics, Barleben, Germany).

Plasma profile: blood sampling and processing  
and biochemical analyses The blood samples 
for biochemical analyses were collected on days 
16 and 17 from fasted isoflurane-anesthetized DIO  

Sprague–Dawely rats before OGTT. The blood was 
collected from the orbital venous plexus into pre-cooled  
EDTA/NaF vacutainer tubes or EDTA Eppendorf tubes 
and centrifuged (10,000 g, 5 min, 4°C) to prepare 
the plasma for measurement of free fatty acid (FFA), 
cholesterol, triglycerides, and leptin, respectively.

Before OGTT, 200 μL of fasted blood was collected from 
the tail tip of ZDF rats into pre-cooled EDTA Multivette 
tubes and centrifuged (10,000 g, 5 min, 4°C) to prepare 
the plasma for measurement of insulin level. The blood 
samples for other biochemical analyses were collected 
on day 15 from nonfasted ZDF rats. Blood samples were 
collected from the tail tip into pre-cooled EDTA/NaF 
vacutainer tubes or EDTA Multivette/EDTA Eppendorf 
tubes and centrifuged (10,000 g, 5 min, 4°C) to prepare 
the plasma for FFA, cholesterol, triglycerides, and leptin 
measurements, respectively.

Blood plasma samples from both animal models 
were stored at −20°C until analyses. Blood glucose was 
measured as described in the previous paragraph. Insulin 
level was determined using a commercial ultrasensitive rat 
insulin ELISA kit (Mercodia, Uppsala, Sweden). Cholesterol, 

Figure 1
Study design. A schematic overview of the study design illustrating the treatment of DIO rats (A) and ZDF rats (B) with palm-PrRP31 and related 
sampling. OGTT, oral glucose tolerance test.

http://dx.doi.org/10.1530/JOE-15-0519
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triglycerides, and FFA were measured by the automatic 
analyzer Hitachi 912 (Boehringer Mannheim, Germany) 
using commercial kits (Roche Diagnostics GmbH, 
Mannheim, Germany; FFA – Wako Chemicals GmbH, 
Germany). Leptin was determined using commercial mouse 
and rat leptin ELISA kits (Biovendor, Brno, Czech Republic).

Tissue dissection On days 18 and 19, the animals 
were killed by bleeding under isoflurane anesthesia. Four 
rats of each group were dissected within one day. Liver, 
epididymal (EF), perirenal (PF) and inguinal (IF) fat tissues 
were dissected from DIO Sprague–Dawley rats. Liver, EF 
and IF were dissected from ZDF rats. The tissue samples 
were weighed, frozen in liquid nitrogen, and stored at 
−20°C until the tissue analyses were conducted.

Determination of mRNA expression The mRNA 
expressions were determined only in DIO Sprague–Dawley 
rats. Samples of adipose tissue (IF, EF) and liver were 
processed as described previously (Maletínská et al. 2011). 
Determination of the mRNA expression of genes of interest 
(acetyl-CoA carboxylase 1 (Acaca), fatty acid synthase 
(Fasn), lipoprotein lipase (Lpl), and fatty acid binding 
protein 4 (Fabp4) in IF and EF, and Acaca, Fasn and sterol 
regulatory element-binding transcription factor 1 (Srebf1) 
in liver was performed using an ABI PRISM 7500 instrument 
(Applied Biosystems). The expression of beta-glucuronidase 
(Gusb) was used to compensate for variations in input RNA 
amounts and the efficiency of reverse transcription.

Statistical analyses

The data are presented as the mean ± s.e.m. Statistical 
analyses were performed by unpaired t-test, one-way 
ANOVA with Dunnett’s post hoc test or repeated measures 
ANOVA with Bonferroni post hoc test at a 5% level of 
probability in comparison with the control group, as 
indicated in the figure and table legends. The differences 
were considered significant at P < 0.05. Where standard 
error bars are not visible in the figures, standard error was 
within the symbol size.

Results

Characterization of the model of HF diet-induced obesity: 
HF vs LF diet-fed controls treated with vehicle

The consumption of a HF diet resulted in a significantly 
affected body weight gain; at the start of the dosing 
period, the average BW of the LF diet-fed control group 

was 581.4 ± 4.4 g, whereas the average BW of the HF diet-
fed control group was 638.6 ± 10.4 g (P < 0.001). However, 
over the dosing period, the LF diet-fed controls consumed 
a significantly higher overall amount and caloric content 
of diet than those on the HF diet (Fig. 2A). In spite of 
this fact, the body weights of HF diet-fed controls were 
significantly higher than those of the LF diet-fed controls 
throughout the entire dosing period (Fig. 2B). At the 
end of the experiment, the LF and HF diet-fed controls 
showed a similar OGTT curve (Fig. 2C), whereas fasting 
glucose levels were increased in the HF diet-fed controls 
(Table 1A). The plasma insulin and FFA concentrations 
were slightly lower in HF diet-fed controls in comparison 
with the LF diet-fed controls, while the cholesterol and 
triglycerides plasma levels did not differ between these 
two control groups (Table 1A). The HF diet feeding did 
not result in enlargement of the liver but did lead to a 
markedly larger mass of epididymal and perirenal fat 
compared with the LF diet feeding, even though leptin 
levels did not significantly differ between the HF and LF 
diet-fed controls (Table 1A).

Chronic effect of palm-PrRP31 on body weight and 
biochemical and metabolic parameters in DIO rats

Food intake and body weight At the beginning of 
the dosing period, the mean BW and variance were similar 
among the groups of DIO rats (Table  1). The 17-day IP 
treatment with palm-PrRP31 lowered food intake in a 
dose-dependent manner, with the effect being more 
pronounced at week 1 and significant at 1 and 5 mg/kg 
doses (Fig. 3A). Similarly, body weight was reduced 
significantly in a dose-dependent way, and the most 
pronounced BW loss occurred after a 1-week treatment. 
The highest tested dose of palm-PrRP31 lowered BW by 
8% (Fig. 3B).

Oral glucose tolerance test, biochemical parameters  
and fat and liver weights Treatment with palm-
PrRP31 gave a small but statistically significant increase 
in fasting plasma glucose levels at the two highest doses 
in DIO rats (Table 1B). However, the treatment lowered 
final OGTT blood glucose levels in a dose-independent 
manner. This reduction was most pronounced after 
treatment with the 1 mg/kg dose of palm-PrRP31, which 
was significant compared with the vehicle-treated obese 
control group (Fig. 3C).

The palm-PrRP31 treatment did not affect fasted 
insulin plasma concentrations or cholesterol and 
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triglycerides plasma levels. Palm-PrRP31 treatment 
nonsignificantly increased FFA plasma levels and 
nonsignificantly decreased plasma leptin levels at the 
highest dose (Table 1B). However, treatment with palm-
PrRP31 at the highest tested dose resulted only in a 
nonsignificant reduction in visceral and subcutaneous fat 
deposits and a mild reduction in liver weight (Table 2B).

mRNA expression in fat and liver of DIO rats In 
inguinal and epididymal adipose tissues, no significant 
changes induced by palm-PrRP31 treatment were found in 
the mRNA expression of genes involved in lipid metabo-
lism, such as Acaca, Fasn, Lpl, and Fabp4 (results not shown). 

However, the mRNA expression of Srebf1, Acaca, and Fasn 
were significantly decreased in the livers of DIO rats after 
treatment with the 5 mg/kg dose of palm-PrRP31 (Fig. 4).

Characterization of diabetic ZDF rats: diabetic vs 
nondiabetic rats treated with vehicle

The diabetic control rats consumed significantly higher 
amounts of food compared with the nondiabetic controls 
during the entire dosing period (Fig. 5A). During the dosing 
period, the difference in body weight between diabetic 
and nondiabetic rats diminished slightly, most likely due 
to the progressing diabetes in diabetic ZDF rats. The body 
weight gain of nondiabetic control rats was significantly 

Table 1 Metabolic parameters analyzed in blood of DIO rats at the end of the experiment. (A) Comparison of LF and HF 

diet-fed control group, (B) Effect of the 17-day treatment of DIO rats with palm-PrRP31.

Pre-treatment 
body weight (g)

Fast. glucose 
(mmol/L) Insulin (pmol/L)

Leptin  
(ng/mL) FFA (μmol/L)

Triglycerides 
(mg/mL)

Cholesterol 
(mmol/L)

(A) Diet
LF 581.4 ± 4.4 4.82 ± 0.10 138.92 ± 14.05 6.05 ± 0.60 479.13 ± 55.5 1.79 ± 0.07 2.64 ± 0.12
HF 638.6 ± 10.4*** 5.75 ± 0.21** 103.51 ± 16.48 6.75 ± 1.02 367.43 ± 46.12 1.58 ± 0.19 2.77 ± 0.11
(B) Treatment
Vehicle 638.6 ± 10.4 5.75 ± 0.21 103.51 ± 16.48 6.75 ± 1.02 367.43 ± 46.12 1.58 ± 0.19 2.77 ± 0.11
palm-PrRP31 0.2 mg/kg 646.4 ± 10.6 5.72 ± 0.19 79.88 ± 8.80 6.08 ± 0.92 383.75 ± 30.76 1.72 ± 0.12 2.63 ± 0.14
palm-PrRP31 1 mg/kg 647.8 ± 12.5 6.99 ± 0.21** 95.40 ± 12.83 5.04 ± 1.02 371.88 ± 38.28 1.74 ± 0.09 2.73 ± 0.07
palm-PrRP31 5 mg/kg 637.8 ± 12.7 7.43 ± 0.42*** 119.31 ± 18.12 4.71 ± 0.64 401.25 ± 35.14 1.58 ± 0.07 2.48 ± 0.10

Data are presented as mean ± s.e.m. Statistical analysis was performed by unpaired t-test (A) or one-way ANOVA with Dunnett’s post hoc test (B). 
Significance is **P < 0.01, ***P < 0.001 vs the LF diet-fed control group (A).
FFA, free fatty acids; HF, high-fat diet; LF, low-fat diet.

Figure 2
Characterization of a DIO model. The rats were 
fed either low-fat (LF) or high-fat (HF) diet for 
25 weeks, starting from 6 to 8 weeks of age. For 
the following 17-day the dosing period, PBS was 
IP administered to rats (50 mM PBS pH 6, 1 mL/kg). 
Food intake of both groups was monitored daily 
during the dosing period and is presented as a 
cummulative value (A), body weight was also 
monitored daily for 15 days (B). At the end of the 
experiment (on days 16–17), oral glucose 
tolerance test was performed; the results are 
shown as ∆ glucose profile and AUC∆ glucose (C). 
The data are presented as mean ± s.e.m. Statistical 
analysis was performed by unpaired t-test (A and 
C) or repeated measures ANOVA with Bonferroni 
post hoc test (B and C), significance is **P < 0.01, 
***P < 0.001 vs the LF diet-fed control group 
(n = 7–8).
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higher than that of diabetic ZDF controls, despite the fact 
that diabetic ZDF controls were hyperphagic (Fig. 5B).

During the dosing period, the diabetic control rats 
injected with vehicle showed a high relatively invariable 
hyperglycemia and exhibited markedly lowered glucose 
tolerance during OGTT in comparison with nondiabetic 
control animals at the end of the dosing period (Fig. 5C). 
The plasma insulin levels of control diabetic rats were 
nonsignificantly higher than those of the nondiabetic 
controls at the end of the dosing period, the fasting 
glucose levels were significantly increased in control 
diabetic rats (Table 3A).

The diabetic rats showed severe hyperlipidemia at 
the end of the dosing periods. The plasma cholesterol 
and triglycerides concentrations in diabetic rats were 
significantly increased in comparison with nondiabetic 

controls. The plasma concentrations of free fatty acids 
were nonsignificantly elevated in diabetic rats (Table 3A).

At the end of the dosing period, the plasma leptin 
levels of control diabetic rats were significantly higher 
than those of the nondiabetic controls. The diabetic 
rats developed obesity and hepatomegaly. The liver 
enlargement and depots of inguinal and epididymal fats 
were significantly higher in comparison with nondiabetic 
control animals (Table 4A).

Chronic effect of palm-PrRP31 on body weight and 
biochemical and metabolic parameters in ZDF rats

Food intake and body weight The IP treatment of 
diabetic ZDF rats with palm-PrPR31 dose-dependently 
lowered food intake, with a significant effect at the 5 mg/kg 

Table 2 Liver and adipose tissue weights in DIO rats at the end of the experiment. (A) Comparison of LF and HF diet-fed control 

group. (B) Effect of the 17-day treatment of DIO rats with palm-PrRP31.

Epidid. fat (% of BW) Perirenal fat (% of BW) Inguinal fat (% of BW) Liver (% of BW)

(A) Diet
LF 0.93 ± 0.04 0.89 ± 0.05 1.3 ± 0.06 16.33 ± 0.30
HF 1.17 ± 0.04*** 1.49 ± 0.12*** 1.55 ± 0.18 15.31 ± 0.43
(B) Treatment
Vehicle 1.17 ± 0.04 1.49 ± 0.12 1.55 ± 0.18 15.31 ± 0.43
palm-PrRP31 0.2 mg/kg 1.19 ± 0.07 1.40 ± 0.10 1.65 ± 0.12 15.14 ± 0.43
palm-PrRP31 1 mg/kg 1.32 ± 0.05 1.40 ± 0.07 1.70 ± 0.06 15.64 ± 0.46
palm-PrRP31 5 mg/kg 1.07 ± 0.09 1.24 ± 0.10 1.52 ± 0.11 14.81 ± 0.37

Data are presented as mean ± s.e.m. Statistical analysis was performed by unpaired t-test (A) or one-way ANOVA with Dunnett’s post hoc test (B). 
Significance is ***P < 0.001 vs the LF diet-fed control group (A) or the HF diet-fed control group treated with vehicle (B).
BW, body weight; HF, high-fat diet; LF, low-fat diet.

Figure 3
Chronic effect of palm-PrRP31 on food intake (A), 
body weight (B), and OGTT response (C) in DIO 
rats. Palm-PrPR31 was administered IP at doses of 
0.2, 1, and 5 mg/kg (dissolved in 50 mM PBS, pH 6) 
twice a day for 17 days. Food intake and body 
weight were monitored daily for 15 days; food 
intake is expressed as a percentage of food 
intake in the vehicle-treated control group, body 
weight is expressed as a percentage of the initial 
body weight. OGTT was performed on days 16 
and 17 and its results are shown as ∆ glucose 
profile and AUC∆ glucose. Data are presented as 
mean ± s.e.m. Statistical analysis was performed by 
repeated measures ANOVA with Bonferroni post 
hoc test (A, B, and C) or one-way ANOVA with 
Dunnett’s post hoc test (C), significance is 
*P < 0.05, **P < 0.01, ***P < 0.001 vs the 
vehicle-treated obese control group (n = 7–8).
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dose (Fig. 6A). All rats were gaining weight during the dosing 
period. However, the body weight gain was not significantly 
lowered after the palm-PrRP31 treatment (Fig. 6B).

Oral glucose tolerance test, biochemical  
parameters, and fat and liver weights The treat-
ment with palm-PrRP31 resulted in a nonsignificant 
dose-dependent decrease in blood glycemia during OGTT 
(Fig. 6C). Fasting glucose levels did not change signifi-
cantly after the palm-PrRP31 treatment. Palm-PrRP31 
treatment significantly and dose-dependently decreased 
plasma cholesterol and nonsignificantly decreased plas-
ma FFA, triglycerides, leptin and insulin levels (Table 3B). 
The weights of liver or fat masses were not significantly 
changed by the treatment (Table 4B).

Discussion

In terms of pharmacotherapy for obesity, only a few 
new  drugs have been registered over the last few years 

(Arch 2015, Patel 2015). Despite the many known peptidic 
hormones involved in food intake regulation, only one 
of them, liraglutide, a peptidic drug acting through the 
GLP1 receptor, has recently been approved for anti-obesity 
treatment. Therefore, novel drugs acting through other 
pathways are needed. Thus, the anorexigenic PrRP with 
its GPR10 receptor represents a promising new candidate.

We have recently shown that novel lipidized PrRP 
analogs are potential anti-obesity agents that are able to 
exert their central effect after peripheral administration 
(Maletinska et al. 2015). The anorexigenic effect of palm-
PrRP31, both acute in lean mice and chronic in DIO mice, 
was demonstrated in our previous study (Maletinska 
et al. 2015). As the effects of various drugs may differ in 
different species, in this study we investigated the effect 
of palm-PrRP31 on lowering food intake and body weight 
in two rat models: Sprague–Dawley rats with DIO, a 
model of obesity and insulin resistance, and diabetic ZDF 
rats, selected from fatty Zucker rats with severe insulin 
resistance and a lack of leptin signaling (Vickers et  al. 
2011). We aimed to investigate if palm-PrRP31 action 
depends on the presence of leptin receptor signaling.

The common feature observed in DIO rats and ZDF 
rats is hyperleptinemia. However, the origin of excessive 
levels of circulating leptin is different. In rats with DIO, the 
growing adipose tissue mass secretes increasing amounts  
of leptin that gradually leads to dysregulation of its feed- 
back on energy homeostasis and results in fat accumulation 
and a leptin-resistant state. In ZDF rats, similar to their 
progenitor fatty Zucker rats, a high level of circulating 
leptin results from the absence of a functional leptin 
receptor (Iida et al. 1996, Phillips et al. 1996). In ZDF rats, 
leptin does not regulate food intake because its signaling is 
completely disabled due to a nonfunctional receptor.

In our study, as expected, the leptin levels of diabetic 
ZDF controls displayed several fold differences compared 
with those of the nondiabetic controls, as did the weights 
of their inguinal and epididymal fat and liver. In contrast, 
leptin levels in the HF diet-fed controls were not enhanced 
significantly compared with the LF diet-fed controls, even 
though the weights of their epididymal and perirenal fat 
were significantly higher.

The total lack of leptin signaling in ZDF rats is the 
reason for a severe insulin resistance; it is proven by the 
presence of hyperinsulinemia at such a young age (Etgen 
& Oldham 2000). Insulin resistance is further enhanced 
by feeding with a diet containing 6.5% fat, which is 
recommended for ZDF rats. Leptin ineffectiveness and 
slightly increased fat intake are the major and minor 
obesity causes, respectively (Etgen & Oldham 2000,  

Figure 4
Chronic effect of palm-PrRP31 on mRNA expressions of Acaca (A), Fasn (B) 
and Srebf1 (C) in the liver of DIO rats. mRNA expressions were 
determined after the 17-day treatment with palm-PrPR31 at a dose of 
5 mg/kg. Data are presented as mean ± s.e.m. The data were normalized to 
GUSB and analyzed by unpaired t-test, significance is *P < 0.05 vs the 
vehicle-treated obese control group (n = 7–8).
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Sturis et al. 2003). Under obese conditions, central insulin 
resistance develops, as proopiomelanocortin (POMC) 
neurons in the hypothalamus do not respond to insulin 
to attenuate food intake and body weight (Konner & 
Bruning 2012).

At the end of the palm-PrRP31 dosing period, diabetic 
ZDF controls had a higher cumulative food intake but 
a lower increase in body weight than the nondiabetic 
controls, pointing to a typical diabetic condition. In 
contrast, the HF diet-fed controls consumed less calories 
than the controls on the LF diet and their body weight 
dropped gradually but was significantly higher through 
the entire dosing period than that of LF fed controls, 
which did not change.

A 2-week intraperitoneal treatment with palm-PrRP31 
resulted in a significantly reduced food intake and body 

weight in DIO rats, with this effect increasing as the dose 
administered increased. The palm-PrRP31 already caused 
a significant effect at the 1 mg/kg dose. In our study, food 
intake in the HF fed group administered 5 mg/kg of palm-
PrRP31 twice daily decreased on several days by 40% and 
24% after a 2-week-long treatment, compared with the 
HF diet-fed control group treated with vehicle. The body 
weight decrease corresponded to a decrease in food intake 
in the DIO rat model. A body weight change of 8% at 
the end of the palm-PrRP31 treatment in our DIO model 
was similar to that previously described after chronic 
treatment in the DIO rat model with the GLP1 analogs 
liraglutide (Raun et  al. 2007, Madsen et  al. 2010, Hayes 
et  al. 2011) and exenatide (Reidelberger et  al. 2011) or 
with an α-MSH analog (Fosgerau et al. 2014). During the 
palm-PrRP31 treatment we did not observe any signs of 

Table 3 Metabolic parameters analyzed in the blood of ZDF rats at the end of the experiment. (A) Comparison of nondiabetic 

and diabetic control group. (B) Effect of the 17-day treatment of diabetic ZDF rats with palm-PrRP31.

Fasting glucose 
(mmol/L) Insulin (pmol/L) Leptin (ng/mL) FFA (μmol/L)

Triglycerides  
(mg/mL)

Cholesterol 
(mmol/L)

(A) Nondiabetic × diabetic
Nondiabetic 4.43 ± 1.10 124.08 ± 12.92 5.58 ± 0.67 445.6 ± 33.5 1.28 ± 0.16 2.13 ± 0.04
Diabetic 16.42 ± 1.82*** 163.71 ± 27.77 16.58 ± 1.38*** 507.4 ± 64.4 6.26 ± 1.75* 3.79 ± 0.30***
(B) Treatment
Vehicle 16.42 ± 1.82 163.71 ± 27.77 16.58 ± 1.38 507.4 ± 64.4 6.26 ± 1.75 3.79 ± 0.30
palm-PrRP31 1 mg/kg 18.80 ± 1.08 117.55 ± 8.38 13.29 ± 0.92 347.9 ± 43.1 4.72 ± 0.47 3.10 ± 0.12*
palm-PrRP31 5 mg/kg 18.99 ± 1.80 105.75 ± 19.89 16.56 ± 4.84 478.5 ± 49.6 5.53 ± 0.53 2.91 ± 0.12**

Data are presented as mean ± s.e.m. Statistical analysis was performed by unpaired t-test (A) or one-way ANOVA with Dunnett’s post hoc test (B). 
Significance is *P < 0.05, **P < 0.01, ***P < 0.001 vs the nondiabetic control group (A) or the diabetic control group treated with vehicle (B).
FFA, free fatty acids.

Figure 5
Characterization of diabetic ZDF rats. Diabetic fa/
fa ZDF rats and nondiabetic ZDF control rats were 
IP treated with PBS for 17 days (50 mM PBS pH 6, 
1 mL/kg). Food intake of both groups was 
monitored daily during the dosing period and is 
presented as a cummulative value (A), body 
weight was also monitored daily for 15 days (B). 
At the end of the experiment (on days 16–17), 
oral glucose tolerance test was performed; the 
results are shown as ∆ glucose profile and AUC∆ 

glucose (C). Data are presented as mean ± s.e.m. 
Statistical analysis was performed by unpaired 
t-test (A and C) or repeated measures ANOVA 
with Bonferroni post hoc test (B and C), 
significance is **P < 0.01, ***P < 0.001 vs the 
nondiabetic control group (n = 8).
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discomfort, nausea, abnormal behavior nor pathological 
changes at any dose used. Thus, palm-PrRP31 reveals a 
very promising body weight-lowering activity. Future 
work toward a better formulation of the drug could help to 
decrease the effective dose and increase the release of the 
compound both after intraperitoneal and subcutaneous 
administrations.

The palm-PrRP31 treatment in HF diet-fed rats 
caused only a tendency toward decreasing fat weight 
and leptin levels, which was not significant. Similarly, 
FFA levels were not significantly changed in palm-
PrRP31-treated rats on the HF diet. Despite this, the liver 
mRNAs of the enzymes catalyzing the de novo synthesis 
of fatty acids, Acaca and Fasn, were reduced significantly 
and in parallel with a reduction in the mRNA of Srebp1, 
their common transcription factor (Xiao & Song 2013). 
The precise mechanism of the palm-PrRP31 attenuating 

effect on lipogenesis in the liver is not known, but a 
similar effect was shown in our previous study in DIO 
mice, where a 2-week-long palm-PrRP31 treatment 
attenuated the liver mRNAs of Acaca, Fasn, and Srebp1 
(Maletinska et al. 2015) as well.

Even though food intake in diabetic ZDF rats in this 
study decreased from the first day of the palm-PrRP31 
treatment, their body weight did not change. The most 
probable reason was that ZDF rats at age of 11 weeks were 
still growing, but starting the treatment at this age was 
necessary for a proper modeling of type 2 diabetes. Food 
intake was significantly decreased by treatment with a 
5 mg/kg dose of palm-PrRP31 and dropped by 15–20% 
compared with the diabetic control vehicle-treated 
group. In our previous unpublished study, we did not 
find any effect of a 2-week-long SC treatment of palm-
PrRP31 on the body weight of 10-week-old diabetic db/db 

Table 4 Liver and adipose tissue weights in ZDF rats at the end of the experiment. (A) Comparison of nondiabetic and diabetic 

control group. (B) Effect of the 17-day treatment of diabetic ZDF rats with palm-PrRP31.

Epidid. fat (% of BW) Inguinal fat (% of BW) Liver (% of BW)

(A) Nondiabetic × diabetic
Nondiabetic 0.47 ± 0.02 1.00 ± 0.07 9.78 ± 0.28
Diabetic 0.91 ± 0.04*** 2.85 ± 0.14*** 16.59 ± 0.56***
(B) Treatment
Vehicle 0.91 ± 0.04 2.85 ± 0.14 16.59 ± 0.56
palm-PrRP31 1 mg/kg 0.92 ± 0.03 2.70 ± 0.16 15.84 ± 0.57
palm-PrRP31 5 mg/kg 0.94 ± 0.02 2.69 ± 0.23 17.03 ± 0.60

Data are presented as mean ± s.e.m. Statistical analysis was performed by unpaired t-test (A) or one-way ANOVA with Dunnett’s post hoc test (B). 
Significance is ***P < 0.001 vs the nondiabetic control group (A) or the diabetic control group treated with vehicle (B).
BW, body weight.

Figure 6
Chronic effect of palm-PrRP31 on food intake, 
body weight, and OGTT response in diabetic ZDF 
rats. Palm-PrPR31 was administered IP at doses of 
1 and 5 mg/kg (dissolved in 50 mM PBS, pH 6) 
twice a day for 17 days. Food intake and body 
weight were monitored daily for 15 days; food 
intake is expressed as a percentage of food intake 
in the vehicle-treated control group, body weight 
is expressed as a percentage of the initial body 
weight. OGTT was performed on days 16 and 17 
and its results are shown as ∆ glucose profile and 
AUC∆ glucose. Data are presented as mean ± s.e.m. 
Statistical analysis was performed by repeated 
measures ANOVA with Bonferroni post hoc test 
(A, B, and C) or one-way ANOVA with Dunnett’s 
post hoc test (C), significance is *P < 0.05, 
**P < 0.01, ***P < 0.001 vs the vehicle-treated 
diabetic control group (n = 8).

http://dx.doi.org/10.1530/JOE-15-0519


229:2 95Research m holubová and others

http://joe.endocrinology-journals.org 2016 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.
DOI: 10.1530/JOE-15-0519

Jo
u
rn

al
o
f
En

d
o
cr
in
o
lo
g
y

Palm-PrRP analog in rat models 
of obesity

mice lacking a functional leptin receptor, although an 
attenuated final glucose level of OGTT was observed. 
In this study, in ZDF diabetic rats, palm-PrRP31 tended 
to lower the OGTT curves, but the results did not reach 
significance. No effects of palm-PrRP31 on fat and liver 
weight, insulin or leptin levels were found in the diabetic 
rats. The primary effect of palm-PrRP31 was anorexigenic 
and occurred both in DIO and ZDF diabetic rats. However, 
in ZDF rats, a deficiency in the functional leptin receptor 
could cause diminished PrRP efficacy, as the synergism 
of leptin and the PrRP anorexigenic effect is well known 
(Ellacott et al. 2002).

In our study, a significant glucose-lowering effect of 
palm-PrRP31 was found in DIO rats after the OGTT test. 
However, at the moment we are not able to explain the 
observed nonlinear relarionship in a satisfactory manner, 
but a possible palm-PrRP31 anti-diabetic effect should be 
studied in the future, as well as the surprising small but 
significant increase in fasting glucose levels. GLP1 analogs 
have been shown to exert their anti-diabetic effect in ZDF 
rats (Sturis et al. 2003, Vrang et al. 2012, Skarbaliene et al. 
2015). As GLP1 is both an insulin-secreting promotor 
and a glucagon-secreting inhibitor (Willms et al. 1996), it 
should be determined if it is essential to induce insulin or 
attenuate glucagon secretion in ZDF rats to have an anti-
diabetic effect. Neither of these two properties has been 
attributed to palm-PrRP31 yet.

In conclusion, this study demonstrated that DIO rats 
that received a 2-week-long peripheral treatment with 
a palm-PrRP31 analog showed significantly decreased 
food intake and body weight, with a tendency toward 
leptin and fat depot reduction. This treatment was also 
associated with an improvement in glucose tolerance and 
the effect was caused at least partially by an attenuating 
effect on lipogenesis. In contrast, despite a food intake-
lowering effect, palm-PrRP31 failed to decrease body 
weight or improve glucose tolerance in ZDF rats, probably 
due to a lack of functional leptin receptor and therefore 
preventing an interaction of leptin and palm-PrRP31 in 
this rat model. Thus, GPR10 agonism is a promising target 
for the treatment of obesity, with palm-PrRP31 showing a 
high anorexigenic efficacy after peripheral administration.
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Abstract

Obesity is an escalating epidemic, but an effective noninvasive therapy is still scarce. For 

obesity treatment, anorexigenic neuropeptides are promising tools, but their delivery 

from the periphery to the brain is complicated because peptides have a low stability and 

limited ability to cross the blood–brain barrier. In this review, we summarize results of 

several studies with our newly designed lipidized analogs of prolactin-releasing peptide 

(PrRP). PrRP is involved in feeding and energy balance regulation as demonstrated 

by obesity phenotypes of both PrRP- and PrRP-receptor-knockout mice. Lipidized 

PrRP analogs showed binding affinity and signaling in PrRP receptor-expressing cells 

similar to natural PrRP. Moreover, these analogs showed high binding affinity also to 

anorexigenic neuropeptide FF (NPFF)-2 receptor. Acute peripheral administration of 

myristoylated and palmitoylated PrRP analogs to mice and rats induced strong and 

long-lasting anorexigenic effects and neuronal activation in the brain areas involved in 

food intake regulation. Two-week-long subcutaneous administration of palmitoylated 

PrRP31 and myristoylated PrRP20 lowered food intake, body weight, improved 

metabolic parameters and attenuated lipogenesis in mice with diet-induced obesity. 

A strong anorexigenic, body weight-reducing and glucose tolerance-improving effect 

of palmitoylated-PrRP31 was shown also in diet-induced obese rats after its repeated 

2-week-long peripheral administration. Thus, the strong anorexigenic and body  

weight-reducing effects of palmitoylated PrRP31 and myristoylated PrRP20 make these 

analogs attractive candidates for antiobesity treatment. Moreover, PrRP receptor might 

be a new target for obesity therapy.
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Introduction

Obesity is a frequent metabolic disorder with a steadily 
increasing prevalence. Because obesity triggers other life-
threatening diseases, including type-2 diabetes mellitus 
(T2DM), hypertension, dyslipidemia and atherosclerosis 
(Simmons et al. 2010, Vaneckova et al. 2014), an effective 
noninvasive therapy would be beneficial.

Despite the tremendous efforts, there is still a lack 
of weight-lowering pharmacotherapies that would be 
both efficacious and safe for the long-term treatment. 
The majority of current antiobesity drugs are analogs of 
anorexigenic neurotransmitters aiming to reduce food 
intake by either decreasing appetite or suppressing the 
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craving for food. Unfortunately, their severe psychiatric or 
cardiovascular side effects have highlighted the need for 
alternative therapeutic strategies (for reviews, see Rodgers 
et  al. 2012, Bray  &  Ryan 2014, Manning et  al. 2014). 
The ideal antiobesity drug should produce sustained 
weight loss with minimal side effects. Recent progress 
in an understanding of peptidergic signaling of hunger 
and satiety, both from the gastrointestinal tract and its 
upstream pathways in the hypothalamus, has opened the 
possibility for the use of anorexigenic neuropeptides in 
obesity treatment (Arch 2015, Patel 2015).

In general, peptides are key regulators of physiological 
processes with low risk of toxicity and side effects. In 
spite of their clinical potential, native peptides have 
several limitations: poor bioavailability, low stability in 
the organism and dificulties to cross the blood–brain 
barrier (BBB) after peripheral application. Therefore, a 
considerable effort has been made to design new drugs 
based on peptides in order to produce stable analogs with 
a high effectiveness and potential to cross BBB.

One of the recently used strategies for design of 
peptidic drugs is based on lipidization of peptides,  
i.e. attachment of fatty acid to peptide through an ester 
or amide bond leading to an increased stability and half-
life in an organism and possible delivery over the BBB 
(Brasnjevic et al. 2009, Bellmann-Sickert & Beck-Sickinger 
2010, Malavolta & Cabral 2011). Usually, palmitoylation 
or myristoylation through amide bond at Lys have 
been used for this purpose. Recently, two peptide drugs 
for treatment of diabetes or obesity were introduced to 
the market: insulin analog detemir employing myristic 
acid attached through amide bond to insulin molecule 
(Havelund et  al. 2004) and liraglutide, a palmitoylated 
analog of glucagon-like peptide 1 (GLP-1) (Gault et  al. 
2011). Both lipopeptides show strongly prolonged half-
life due to their binding to serum albumin and slower 
proteolysis (liraglutide has plasma half-life 11–15 h 
compared with several minutes of natural GLP-1 (Agerso 
et al. 2002) and detemir 10 h compared with 4–6 min for 
natural insulin (Havelund et al. 2004)).

Therefore, lipidization of neuropeptides involved 
in food intake regulation might be a new way for the 
development of novel antiobesity drugs.

Prolactin-releasing peptide in food  
intake regulation

The anorexigenic neuropeptide prolactin-releasing 
peptide (PrRP) was initially isolated from the 
hypothalamus as a ligand for the human orphan 

G-protein-coupled receptor GPR10 (Hinuma et al. 1998) 
as a possible regulator of prolactin secretion from anterior 
pituitary cells. The PrRP receptor GPR10 was first reported 
to be involved in prolactin release from rat pituitary cells, 
both primary cells and rat cell line RC-4B/C (Hinuma 
et  al. 1998). A direct prolactin-releasing effect of PrRP 
in mammals has, however, been questioned because no 
PrRP immunoreactive fibers were observed in the median 
eminence where classical hypophysiotropic hormones 
are released (Maruyama et al. 1999). This, together with 
the discovery that prolactin-positive cells in the human 
pituitary do not colocalize with the PrRP receptor (Abe 
et al. 2003) and the finding that PrRP increases prolactin 
responses to thyrotropin-releasing hormone (TRH) 
(Spuch et  al. 2007), but itself does not significantly 
increase prolactin secretion in primary rat pituitary cells 
(Samson et al. 1998), has suggested that prolactin release 
is probably not a primary function of PrRP (Jarry et  al. 
2000, Taylor & Samson 2001).

PrRP was also found to have high affinity to the 
NPFF2 receptor, resulting in anorexigenic effect (Engström 
et  al. 2003). The endogenous ligand of NPFF2 receptor, 
neuropeptide FF, also has hyperalgesic and antimorphine 
analgesic properties (for reviews, see Dockray 2004, 
Chartrel et al. 2006).

Shortly after its discovery, it was established that 
PrRP has other physiological functions, including the 
regulation of food intake (Lawrence et  al. 2000) and 
energy expenditure (Takayanagi et al. 2008). PrRP and its 
receptor were detected in several hypothalamic nuclei as 
well as in brainstem suggesting an involvement of PrRP 
in the control of food intake and body weight regulation 
(Roland et al. 1999, Ibata et al. 2000).

The suggestion that PrRP may act as a homeostatic 
regulator of food intake was supported by the fact that 
PrRP mRNA is reduced in states of negative energy 
balance similarly to other anorexigenic peptides such 
as melanocyte-stimulating hormone and cocaine- and 
amphetamine-regulated transcript (Lawrence et  al. 
2000). Centrally administered PrRP was shown to inhibit 
food intake and body weight gain in rats, but did not 
cause conditioned taste aversion. Furthermore, Fos 
immunoreactivity was enhanced after PrRP administration 
in areas associated with food intake regulation, such as 
paraventricular nucleus (PVN) (Lawrence et al. 2002).

Intracerebroventricular (ICV) coadministration of 
PrRP and long-term acting regulator of energy balance 
leptin in rats resulted in additive reductions in nocturnal 
food intake and body weight gain and an increase in energy 
expenditure (Ellacott et  al. 2002). Idea of connection 
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between leptin and PrRP is further supported by the fact 
that PrRP neurons in brain regions involved in food intake 
regulation, where PrRP is expressed (ventromedial nucleus 
(VMH) of hypothalamus and ventrolateral medulla (VLM) 
and nucleus tractus solitarius (NTS) of brainstem), also 
contain leptin receptors (Ellacott et al. 2002).

Moreover, the anorexigenic peptide cholecystokinin 
(CCK) was shown to have no effect on food intake in PrRP-
receptor-knockout mice. This finding suggested that PrRP 
acting through its receptor may be a key mediator in the 
central satiating action of CCK (Bechtold & Luckman 2006). 
The hypothetical anorexigenic interaction among PrRP, 
leptin and CCK is depicted in Fig.  1. This description of 
potential mechanism of action shows that peripheral signals 
(leptin, CCK) and central neuropeptide PrRP cooperate in 
the stimulation of food intake regulating pathways leading 
to decrease in food intake as well as leptin release.

Finally, GPR10 knockout mice had significantly 
higher body weight in males at 15 weeks of age compared 
with wild-type mice, and late-onset obesity was found 
significant in 11-week-old knockout female mice, 
which also exhibited a significant decrease in energy 

expenditure (Bjursell et al. 2007). Similarly, PrRP-deficient 
mice displayed late-onset obesity, increased food intake 
and attenuated responses to the anorexigenic signals 
cholecystokinin and leptin (Takayanagi et al. 2008).

Two biologically active isoforms of PrRP have 
either 31 (PrRP31) or 20 (PrRP20) amino acids, the 
shorter peptide is identical with C-terminal 20-peptide 
of the longer one. C-terminal Arg-Phe-amide sequence 
is critical for the preservation of biological activity of 
PrRP (Roland et al. 1999, Maletínská et al. 2011). While 
C-terminal fragment of PrRP containing 13 amino 
acid (PrRP13) is sufficient for full binding potency to 
GPR10 receptor (Boyle et  al. 2005), PrRP analog with 
at least 20 amino acids is necessary for preservation of 
full biological activitiy in vivo (Maixnerová et al. 2011).  
In our previous study (Maletínská et al. 2011), we modified 
C-terminal Phe-amide with other bulky aromatic rings 
that showed not only high binding potency signaling 
in RC-4B/C cells comparable with or higher than 
those of PrRP20, but also a very significant and long-
lasting anorexigenic effect after central administration 
in fasted mice (Maixnerová et  al. 2011). In this way,  

Figure 1
The scheme of a potential role of PrRP in food intake regulation and its interaction with leptin and cholecystokinin in food intake regulation. 
Peripherally released and centrally actin long-term satiety signal leptin stimulates anorexigenic neurons in arcuate nucleus (ARC) of hypothalamus. 
This activates PrRP release, which acts to decrease food intake and body weight. PrRP acts synergistically with peripherally released and centrally 
through nervus vagus acting short-term satiety signal cholecystokinin (CCK). CART, cocaine- and amphetamine-regulated transcript; NTS, nucleus 
tractus solitaries; POMC, pro-opiomelanocortin; PVN, paraventricular nucleus; VLM, ventrolateral medulla.
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we demonstrated that just a bulky aromatic ring, and not 
necessarily Phe-amide at the PrRP C-terminus, guarantee 
the biological activity of the peptide.

Lipidized PrRP analogs as potential  
antiobesity drugs

Because PrRP is a centrally acting neuropeptide and also 
food intake is regulated centrally, anorexigenic potential 
of PrRP after peripheral administration depends on its 
ability to exert its central effect and to reach the target 
brain receptors. On the other hand, stability of peptide in 
organism and extention of half-life is also important issue 
in potential drug development. Therefore, lipidization 
of PrRP seems to be a suitable way to modify its linear,  
one-chain peptidic structure.

In our first study, the N-terminus of both natural 
peptides, PrRP31 and PrRP20, was lipidized with fatty 
acids of different lengths in order to preserve their full 
biological activity. We have demonstrated that analogs 
of PrRP31 and PrRP20 lipidized by 8–18 carbon chain 
fatty acids showed high binding affinities with Ki in the 
nanomolar range to both GPR10 and NPFF2 receptors 
overexpressed in CHO cells (Maletinska et  al. 2015). 
Agonistic properties of the lipidized analogs of PrRP31 and 
PrRP20 were confirmed by an increased MAPK/EKR1/2 
phosphorylation in CHO-K1 cells overexpressing GPR10. 
Structure of PrRP analogs and their binding affinities to 
GPR10 and NPFF2 receptors are summarized in Table  1 
(modified from Maletinska et al. 2015).

Similarly, myristoylated and palmitoylated PrRP31 
analogs with Phe31 replaced by aromatic noncoded 
amino acids or tyrosine revealed high binding affinity 

to rat pituitary RC-4B/C cells with endogenous 
both PrRP and NPFF2 receptors and to CHO-K1 cells 
overexpressing either PrRP or NPFF2 receptors. The 
analogs also showed strong agonistic properties at the 
GPR10 receptor using the beta-lactamase reporter gene 
assay (Prazienkova et al. 2016).

The anorexigenic potency of all lipidized PrRP 
analogs was tested in vivo in fasted and freely fed lean 
mice to determine whether the lipidization of PrRP could 
enable its action in the brain while retaining central 
PrRP anorexigenic effects after peripheral administration. 
Only palm- and stear-PrRP31 and myr-PrRP20 highly 
significantly and dose-dependently lowered food intake 
in lean overnight-fasted (Table  1) and freely fed mice 
after subcutaneous (SC) administration, whereas analogs 
containing fatty acids with shorter carbon chains and the 
natural PrRP31 or PrRP20 had no effect on food intake 
(Maletinska et al. 2015). These findings suggest that only 
palm- or stear-PrRP31 and myr-PrRP20 were probably able 
to exert their central effect on food intake.

Similarly, lipidized PrRP31 analogs with 
modifications of the C-terminal amino acid showed 
significantly prolonged anorexigenic effects in fasted 
mice. Specifically, PheCl2

31PrRP31 palmitoylated or 
myristoylated at N-terminus showed strong long-lasting 
anorexigenic effect in fasted mice most probably owing 
a higher stabilization due to a noncoded amino acid at 
C-terminus without a negative effect on their biological 
effect (Prazienkova et al. 2016).

Moreover, short-lasted repeated (three injections) 
administration of palm-PrRP31 to free-fed rats decreased 
food intake using different routes of palm-PrRP31  
delivery: SC, intraperitoneal (IP) or intravenous (IV) 
(Mikulášková et  al. 2015). In all cases, food intake 

Table 1 Structures and biological activities of rat PrRP analogs.

Analogs (sequences)

Human GPR10 Human NPFF2
Food intake in fasted 

mice (5 mg/kg SC)

125I-human PrRP31 binding Ki 
(nM)

125I-1DMe binding Ki 
(nM)

% saline-treated group 
(45 min)

PrRP31 3.91 ± 0.21 42.21 ± 6.76 96.3 ± 8.5
(SRAHQHSMETRTPDINPAWYTGRGIRPVGRF-NH2)

palm-PrRP31 2.94 ± 0.33 0.69 ± 0.36 3.8 ± 6.7
((N-palm)SRAHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2)

PrRP20 4.4 ± 0.77 21.80 ± 9.91 102.5 ± 5.5
(TPDINPAWYTGRGIRPVGRF-NH2)

myr-PrRP20 4.21 ± 0.24 8.23 ± 1.97 1.5 ± 3.4
((N-myr)TPDINPAWYTGR GIRPVGRF-NH2)

1DMe, stable analog of neuropeptide FF (NPFF); Myr, myristoyl, palm-palmitoyl; SC, subcutaneous.
The mean ± s.e.m. of at least three separate experiments are shown. In competitive binding, Ki was calculated using the Cheng-Prusoff equation.  
The concentration of the radioligand was 0.1 nM or 0.03 nM, and the Kd that was calculated from saturation experiments was 0.95 ± 0.20 nM for  
GPR10 receptor and 0.72 ± 0.12 nM for NPFF2 receptor in CHO cells, respectively.
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reduction was observed; however, the degree of food 
intake decrease was partially dependent on the route of 
administration and on the dose of palm-PrRP31 together 
with single or repeated administration. The route of 
administration was important for the minimal dose of 
palm-PrRP31 necessary to achieve a significant effect on 
food intake, especially after SC administration. This may 
relate to the speed at which palm-PrRP31 is released from 
the subcutis, optionally with other unknown factors. 
Nevertheless, we have suggested that palmitoylation 
of the peptide probably enabled its central effect and 
stabilization in plasma (Mikulášková et  al. 2015). 
However, the new specific conditions should be found for 
SC administration of palm-PrRP31 to decrease its dose for 
SC administration based on effective IV doses.

The idea of the central effect of lipidized PrRP was 
further supported by changes of c-Fos levels in the brain 
after SC administration to fasted mice (Maletinska et al. 
2015). Both myr-PrRP20 and palm-PrRP31 significantly 
enhanced c-Fos immunoreactivity in hypothalamic and 
brainstem nuclei involved in food intake regulation 
(PVN, NTS) and containing both GPR10 and NPFF2 
receptors (Roland et  al. 1999), whereas natural and 
octanoylated PrRP31 did not (Maletinska et  al. 2015). 
In addition, double c-Fos-GPR10 immunostaining in 
brainstem C1/A1 cells group indicated that the neurons 
containing GPR10 receptors are activated after palm-
PrRP31 administration with intensity depending on 
the route of its peripheral administration (intravenous 
administration, compared with subcutaneous or 
intraperitoneal injection) caused the highest level of 
c-Fos activation in rats (Mikulášková et al. 2015).

The long-lasting anorexigenic effect of palm- and 
stear-PrRP31 and myr-PrRP20 analogs could be explained 
by their prolonged stability due to binding to serum 
albumin similar to liraglutide. Our stability test confirmed 
that both palm-PrRP31 and myr-PrRP20 were stable for 
more than 24 h in rat plasma. In vivo pharmacokinetics 
in mice also showed very significantly longer stability 
and a higher area under the curve for palm-PrRP31 and 
myr-PrRP20 compared with natural, nonlipidized analogs 
(Maletinska et al. 2015).

From our experimental results, we can speculate 
that palm-PrRP31 and myr-PrRP20 food intake-lowering 
effect after peripheral administration are mainly central. 
However, any peripheral effects (e.g. on gastrointestinal tract) 
could not be excluded. Therefore, more detailed analyses 
of the interaction of lipidized PrRP analogs with other 
type of receptors and/or with other anorexigenic peptides 
both in periphery and the brain are needed. Although we 

still have no direct proof for the palm-PrRP entrance 
to the brain, several pieces of indirect evidence might 
suggest eligibility for that view. First of all, the pattern of 
c-Fos distribution in the mentioned brain nuclei and areas 
detected after peripheral palm-PrRP31 administration was 
similar to data registered after ICV administered natural 
PrRP at a dose causing an anorexigenic effect (Lawrence 
et  al. 2000). Second, peripherally administered lipidized 
PrRP had the anorexigenic effect, but the nonlipidized 
PrRP molecule had not (Maletinska et al. 2015). Finally, 
the anorexigenic activity of biologically active lipidized 
PrRP molecules (including palm-PrRP31) was associated 
with the presence of c-Fos immunostaining as a marker 
of neuronal activation in specific brain nuclei and 
areas (paraventricular nucleus, dorsomedial nucleus, 
nucleus arcuatus, lateral hypothalamic area, nucleus 
tractus solitarius) involved in food intake regulation and 
containing GPR10 and NPFF2 receptors (Maletinska et al. 
2015). In addition, the central neuronal activation after 
peripheral palm-PrRP31 application was associated also 
with the selective activation of specific hypothalamic 
oxytocin and hypocretin neuronal subpopulations 
(Pirnik et al. 2015) both involved not only in food intake 
inhibition but also in energy expenditure. 

Anorexigenic effect of lipidized PrRP analogs 
was further supported by two studies with diet-
induced rodent models. The 2-week-long, twice-daily 
administration of palm-PrRP31 and myr-PrRP20 to mice 
with high-fat diet-induced obesity (DIO) significantly 
decreased cumulative food intake and body weight 
(Fig.  2) (Maletinska et  al. 2015). The decrease in body 
weight was due to a reduction in fat mass accompanied 
by a decrease in circulating leptin levels.

Decreased mRNA expressions of fatty acid synthase 
in both the adipose tissue and the liver along with a 
decreased expression of acetyl CoA carboxylase and 
sterol regulatory element-binding protein (SREBP) in 
the liver suggests that this reduction most likely resulted 
from a decreased de novo lipogenesis owing primarily 
to negative energy balance due to reduced food intake 
(Maletinska et al. 2015).

Finally, similar results were found in our following study 
demonstrating that a 2-week-long peripheral treatment 
of DIO Sprague-Dawley rats with a palm-PrRP31 analog 
significantly decreased food intake and body weight, with a 
tendency towards leptin and fat depot reduction (Holubova 
et  al. 2016). This treatment was also associated with an 
improvement in glucose tolerance, and the effect was caused 
at least partially by an attenuating effect on lipogenesis. In 
contrast, despite a food intake-lowering effect, palm-PrRP31 
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failed to decrease body weight or improve glucose tolerance 
in Zucker diabetic fatty rats, probably due to a lack of 
functional leptin receptor leading to disrupted interaction 
of leptin and palm-PrRP31 in this rat model. Thus, GPR10 
agonism was proven again to be a promising target for 

the treatment of obesity, with palm-PrRP31 showing a 
high anorexigenic efficacy after peripheral administration 
(Holubova et al. 2016).

In addition to above-mentioned biological effect of 
palmitoylated PrRP analogs, our recent study showed 
that subchronic peripheral administration of palm-
PrRP31 and liraglutide ameliorated hippocampal 
insulin signaling, and attenuated the pathological 
hyperphosphorylation of Tau, a hallmark of Alzheimer 
disease, in monosodium glutamate-treated obese 
mice, which are a model of obesity and prediabetes. 
These findings support the potential use of the above-
mentioned anorexigenic lipopeptides for the prevention 
and treatment of the Tau hyperphosphorylation that is 
connected with obesity-related T2DM. These data show, 
for the first time, the neuroprotective properties of PrRP 
(Spolcova et al. 2015).

Conclusions

Obesity is a serious medical problem reaching pandemic 
range. As obesity is a part of the metabolic syndrome, 
its prevention could also reduce other health problems 
such as T2DM, hyperinsulinemia or obesity-related 
hypertension. Despite the fact that many details about 
the development and maintenance of obesity have 
been identified, the exact mechanisms controlling food 
intake and energy expenditure need to be clarified. 
Recently, there is a boom of interest for several 
peptides participating in the regulation of appetite and  
feeding behavior.

In our studies, we have focused our attention on PrRP 
and its receptor which might be a new target in obesity 
treatment. We have demonstrated that the lipidization 
of PrRP enabled its central anorexigenic effect after 
peripheral administration in both acute and chronic 
settings by enhancing its stability in the blood and 
enabling its central action. Our data also confirmed that 
GPR10 and/or NPFF2 receptors are suitable targets for the 
treatment of obesity. Collectively, our data suggest that 
lipidized PrRP analogs have potential as possible future 
antiobesity drugs.

Nevertheless, the use of PrRP as an alternative to 
treat obesity still needs further investigation, particularly 
in regards to the mechanism of action and long-lasting 
effects of palm-PrRP31 analogs in treatment of the diet-
induced obesity as well as in its prevention. Moreover, 
potential neuroprotective effect of palmitoylated PrRP 
analogs should be of interest.

Figure 2
Palmitoylated PrRP31 and myristoylated PrRP20 reduce food intake and 
body weight of diet-induced obese (DIO) mice. Effect of 14-day 
administration of palm-PrRP31 and myr-PrRP20 on (A) food intake and 
(B) body weight of DIO mice. Mice were subcutaneously administered by 
saline or peptides at a dose of 5 mg/kg twice daily (n = 10). The data were 
analyzed by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001 vs 
saline-treated group.
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Lipidized prolactin-releasing peptide
improved glucose tolerance in metabolic
syndrome: Koletsky and spontaneously
hypertensive rat study
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Abstract

Background/Objectives: Prolactin-releasing peptide (PrRP) has a potential to decrease food intake and ameliorate
obesity, but is ineffective after peripheral administration. We have previously shown that our novel lipidized analogs
PrRP enhances its stability in the circulation and enables its central effect after peripheral application. The purpose of
this study was to explore if sub-chronic administration of novel PrRP analog palmitoylated in position 11 (palm11-
PrRP31) to Koletsky-spontaneously hypertensive obese rats (SHROB) could lower body weight and glucose intolerance
as well as other metabolic parameters.

Subjects/Methods: The SHROB rats (n = 16) were used for this study and age-matched hypertensive lean SHR
littermates (n = 16) served as controls. Palm11-PrRP31 was administered intraperitoneally to SHR and SHROB (n = 8) at a
dose of 5 mg/kg once-daily for 3 weeks. During the dosing period food intake and body weight were monitored. At
the end of the experiment the oral glucose tolerance test was performed; plasma and tissue samples were collected.
Thereafter, arterial blood pressure was measured.

Results: At the end of the experiment, vehicle-treated SHROB rats showed typical metabolic syndrome parameters,
including obesity, glucose intolerance, dyslipidemia, and hypertension. Peripheral treatment with palm11-PrRP31
progressively decreased the body weight of SHR rats but not SHROB rats, though glucose tolerance was markedly
improved in both strains. Moreover, in SHROB palm11-PrRP31 ameliorated the HOMA index, insulin/glucagon ratio, and
increased insulin receptor substrate 1 and 2 expression in fat and insulin signaling in the hypothalamus, while it had
no effect on blood pressure.

Conclusions: We demonstrated that our new lipidized PrRP analog is capable of improving glucose tolerance in
obese SHROB rats after peripheral application, suggesting that its effect on glucose metabolism is independent of
leptin signaling and body weight lowering. These data suggest that this analog has the potential to be a compound
with both anti-obesity and glucose-lowering properties.

Introduction
Obesity and its complications have reached epidemic

proportions. Thus, finding new, more effective drugs for
the treatment of obesity without any side effects is a major
challenge. Natural anorexigenic neuropeptides have that
potential, but their major disadvantage is their low
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stability in plasma and inability to cross the blood brain
barrier (BBB) after peripheral administration. One strat-
egy for designing peptidic drugs is based on peptide
lipidization1, 2. This modification leads to increased pep-
tide stability and half-life in the organism and enables its
application to the periphery because lipidized peptides are
capable of crossing the BBB. Liraglutide, a palmitoylated
analog of glucagon-like peptide 1 (GLP-1)3; semaglutide,
an analog of GLP-1 with a C-18 fatty di-acid chain4; or the
insulin analog detemir, which has a myristic acid attached
through an amide bond, are examples of lipidized peptide
drugs5.
We have previously demonstrated that lipidization of

prolactin-releasing peptide (PrRP) enhances its stability in
the circulation and enables its central effect after per-
ipheral application6. We have tested the lipidization of
both natural PrRP peptidic forms containing 31 (PrRP31)
or 20 (PrRP20) amino acids and sharing identical C-
terminal parts using several fatty acids with different
lengths. The most significant inhibition on food intake
and decrease in body weight (BW) was demonstrated with
the use of analogs with palmitic (palm-PrRP31) or myr-
istic (myr-PrRP20) acids attached to the N-terminus6.
Thus, palm-PrRP31 and myr-PrRP20 were used in our
following studies6–9. The potential of PrRP for the treat-
ment of obesity was summarized in our recent review2. It
is evident that 2 weeks of twice-daily administration of
palm-PrRP31 and myr-PrRP20 to mice with high-fat diet-
induced obesity (DIO) significantly decreased cumulative
food intake and BW. The decrease in BW was due to a
reduction in the fat mass accompanied by a decrease in
circulating leptin levels as well as decreased lipogenesis in
adipose tissue6. The decrease in food intake and BW as
well as improved glucose tolerance was also shown in
DIO rats after a 2-week treatment with palm-PrRP318. In
contrast, in Zucker diabetic fatty (ZDF) rats, the same
treatment with palm-PrRP31 decreased food intake but
did not significantly affect BW or glucose tolerance8,
probably as a consequence of severe leptin resistance due
to a nonfunctional leptin receptor10. Recently, we have
developed a novel PrRP analog palmitoylated at position
11 (palm11-PrRP31) with improved bioavailability,
demonstrated that it is able to bind to PrRP receptor with
high affinity in vitro and shown that this PrRP analog
decreased BW and food intake in DIO mice11.
The Koletsky rat strain of genetically obese hypertensive

rats develops obesity, hyperinsulinemia, hyperlipidemia,
and spontaneous hypertension, which are the main
symptoms of metabolic syndrome12, 13. The Koletsky rats
or spontaneously hypertensive obese (SHROB) rats carry
the obesity mutation, designated as fak, a nonsense
mutation in the leptin receptor14, which means they are
incapable of leptin signaling. These rats have 15- to 20-
fold greater fasting insulin levels than lean spontaneously

hypertensive rats (SHR) and increased insulin secretion in
response to oral glucose load. The oral glucose test also
demonstrated glucose intolerance, but without overt
diabetes. This suggests that the fak mutation expressed in
SHROB rats is not sufficient to trigger diabetes15.
The aim of this study was to explore the effects of

3 weeks administration of palm11-PrRP31 to SHROB rats
and their SHR controls on food intake and glucose tol-
erance, as well as relevant metabolic parameters and
insulin signaling.

Materials and methods
Synthesis of PrRP
Human palmitoylated PrRP31 analog (SRTHRHSMEI K

(N-γ-E (N-palm)) TPDINPAWYASRGIRPVGRF-NH2)
was synthesized and purified as described previously6.
Palmitoylation at position 11 was performed as shown
previously, on a fully protected peptide on a resin as a last
step11. The purity and identity of the peptide were
determined by high-performance liquid chromatography
and using a Q-TOF micro MS technique (Waters, Mil-
ford, MA, USA).

Animals and diet
All animal experiments followed the ethical guidelines

for work with animals by the Act of the Czech Republic
Nr. 246/1992 and were approved by the Committee for
Experiments with Laboratory Animals of the Academy of
Science of the Czech Republic.
Experiments were conducted on homozygous male

SHROB rats (fak/fak). Age- and sex-matched hypertensive
lean SHR littermates were used as controls for this study.
The 6-week-old male rats of both genotypes were pur-
chased from Charles River (Wilmington, USA). Rats were
provided food—Ssniff (Spezialdiäten GmbH, Soest, Ger-
many) (58% carbohydrates, 9% fat, 33% protein) and water
ad libitum. Animals were on a 12:12-h light–dark cycle
(lights on from 5:00 to 17:00 h) and maintained at a
constant temperature of 22± 2 °C.

Study design and drug administration
Before the start of treatment, BW was monitored twice

a week and fasted blood samples were collected from the
tail vessels at 16 weeks for determination of the basic
biochemical plasma profile. At the age of 16 weeks, the
following four experimental groups were randomly
established (n= 8): (A) SHR vehicle, (B) SHR palm11-
PrRP31, (C) SHROB vehicle, and (D) SHROB palm11-
PrRP31.
palm11-PrRP31 was dissolved in 50mM phosphate-

buffered saline, pH= 6 (PBS) (vehicle) for intraperitoneal
(IP) administration and applied at a dose of 5 mg/kg once
a day (at 15:00 h) in a dosing volume of 1.0 ml/kg IP for
21 days. The dose used in this study was chosen according

Mikulášková et al. Nutrition and Diabetes  (2018) 8:5 Page 2 of 9

Official journal of the



to previously tested food intake after acute IP adminis-
tration of palm11-PrRP31 in rats (data not shown).
BW and food intake were monitored every 2 days

during drug application. At the end of the experiment, the
rats were fasted overnight, blood samples were collected
for determination of the biochemical parameters from the
tail vessels, and an oral glucose tolerance test (OGTT) was
performed. Thereafter, arterial blood pressure was mea-
sured by direct puncture of carotid artery under light
ether anesthesia. The animals were killed by decapitation
and tissue samples were collected. The liver, fat tissue,
kidney, heart, and gastrocnemius muscle were dissected.
The tissue samples were weighed, frozen in liquid nitro-
gen, and stored at −80 °C for further processing. The
hypothalami were separated from the dissected brains and
homogenized in a Bullet Blender (Next Advance Inc.,
Averill Park, NY, USA) using lysis buffer16 and stored at
−20 °C. The experimental design is summarized in Fig. 1.

Oral glucose tolerance test
Overnight-fasted rats were administered a glucose

solution at a dose of 2 g/kg BW by gavage. Blood samples
were obtained from the tail vessels of unrestrained, con-
scious animals into heparinized capillaries at 0, 30, 60, 90,
120, and 180 min. The blood glucose concentrations were
determined in whole blood by using the glucose oxidase
method (glucose analyzer 8/28 BIOSEN S Line; EKF
Diagnostics, Barleben, Germany) and the delta of the area
under curve (AUC) was calculated.

Determination of biochemical parameters
Proteins of interest in the hypothalamus and gastro-

cnemius muscle were determined using a Pierce BCA

protein assay kit (Thermo Fisher scientific Inc, Rockford,
IL, USA) and western blotting.
The triglyceride content in the liver was evaluated in

chloroform extract using an enzymatic photometric assay
(Erba Lachema, Brno, Czech Republic) as described in
Papáčková et al.17.
Leptin, triglyceride, and insulin plasma levels were

determined as described previously6. Free fatty acid (FFA)
levels were determined by a colorimetric assay (Roche,
Mannheim, Germany). The total cholesterol and urea
levels in the plasma were measured by enzymatic photo-
metric determination (Erba Lachema) and glucagon
plasma levels by RIA assay (Millipore, St. Charles, MI,
USA). Cytokines (interleukins (IL) 6, 1β, and 10 and
tumor necrosis factor α (TNF-α)) were measured in
plasma with a MILIPLEX MAP rat cytokine bead panel
(Millipore).

Western blotting
Hypothalami samples were processed and western

blotting was performed as described in ref. 16. Muscle
samples were processed like the hypothalami samples,
only the boiling before electrophoresis was skipped.
The following primary antibodies were used for western

blotting: insulin receptor β (IR β), PI3 kinase (PI3K),
phospho-mitogen-activated protein kinase (MAPK/
ERK1/2), and MAPK/ERK1/2 from Cell Signaling Tech-
nology (Beverly, MA, USA) and beta-actin from Sigma
Aldrich (St. Louis, MO, USA). The following secondary
antibodies were used: anti-mouse IgG HRP-linked anti-
body and anti-rabbit IgG HRP-linked antibody (Cell Sig-
naling Technology).

Determination of mRNA
The tissue samples used for mRNA determination

were processed as previously described6. The mRNA
expression of the genes for acetyl-CoA carboxylase 1
(Acaca), glucose transporter type 4 (Glut4), leptin (Lep),
lipoprotein lipase (Lpl), peroxisome proliferator-
activated receptor (Ppar) γ, stearoyl-CoA desaturase-1
(Scd1), insulin receptor substrate 1,2 (Irs1,2), and sterol
regulatory element-binding protein 1 (Srebf1) in white
adipose tissue; Glut4 and uncoupling protein 1 (UCP-1)
in brown adipose tissue; and Acaca, fatty acid synthase
(Fasn), Pparα and Pparγ in liver was examined using an
ABI PRISM 7500 instrument (Applied Biosystems, Fos-
ter City, CA, USA). The expression of beta-2-
microglobulin (B2m) was used to compensate for varia-
tions in input RNA amounts and the efficiency of reverse
transcription.

Drug exposure
Blood plasma concentrations of palm11-PrRP31 were

determined with a rat PrRP(1–31) EIA high-sensitivity kit

Fig. 1 A schematic overview of the study design The SHROB
(n = 16) and SHR (n = 16) were purchased at the age of 6 weeks. Before
the start of treatment fasted blood plasma samples were collected from
the tail vessels at the age of 16 weeks for determination of the basic
biochemical plasma profile. Dosing period started at the age of
16 weeks. palm11-PrRP31 was applied intraperitoneally to SHR and
SHROB (n = 8) at a dose of 5 mg/kg once a day for 21 days. At the end
of the experiment rats were overnight fasted, blood samples from the
tail vessels were collected for determination of the biochemical plasma
parameters, and then the oral glucose tolerance test was performed.
Thereafter, arterial blood pressure was measured. The animals were
killed by decapitation and tissue samples were collected
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(Peninsula Laboratories, San Carlos, CA, USA) according
to the manufacturer’s instructions. Additional external
calibration was completed with rat plasma matrix. The
21-day IP treatment with palm11-PrRP31 led to a sig-
nificant increase in the peptide in the plasma from both
treated groups, resulting in peptide plasma levels in the
range from 20 to 50 ng/ml.

Statistics
The results are expressed as the means± S.E.M. Data

were evaluated by unpaired t-test or two-way analysis of
variance (ANOVA) followed by the Bonferroni post hoc
test as indicated in the tables and figures using the
GraphPad software (Graph-Pad Software, San Diego, CA,
USA). P< 0.05 was considered statistically significant.
The rate of insulin resistance was expressed with a
homeostatic model assessment (HOMA) index calculated
as the (fasting glucose level, mmol/l)×(fasting insulin
level, pmol/l) divided by 22.5 (ref. 18).

Results
Characterization of SHROB and SHR rats
The BW of the rats increased during the first 16 weeks

(as they aged) (before drug administration) in both

genotypes; however, it reached significantly higher values
in the SHROB rats compared with the SHR rats (476± 5
vs 347± 6 g, P< 0.001, Table 1). The higher BW in the
SHROB rats was accompanied by significantly higher
plasma triglycerides, total cholesterol, insulin, and leptin
levels as well as HOMA index (Table 1). However, there
was no significant difference in fasting blood glucose
levels between the strains.
Similar differences in the metabolic parameters, as

mentioned above, were noted at the age of 19 weeks
between the vehicle-treated SHROB and SHR rats
(Table 1). Furthermore, higher triglyceride contents in the
liver, but lower FFA and glucagon levels and insulin/
glucagon ratio were observed. The OGTT revealed
impaired glucose tolerance in the SHROB rats compared
to the SHR controls (Fig. 2c), which was confirmed by a
higher delta AUC (Fig. 2 d).

The liver weights in the SHROB rats were significantly
higher than in the SHR rats. The kidney and heart weights
did not show differences between the genotypes (Table 1).
The systolic blood pressure (SBP) was comparable in both
genotypes (Table 1), though it tended to be higher in the
SHR rats.

Table 1 Metabolic parameters analyzed in fasted blood plasma, organs weights, triglycerides in liver, and systolic blood
pressure of SHR and SHROB before treatment (16 weeks of age) and after treatment (19 weeks of age) with palm11-
PrRP31

Genotype treatment SHR SHROB SHR vehicle SHR palm11PrRP31 SHROB vehicle SHROB palm11PrRP31

Age (weeks) 16 19

Body weight (g) 347 ± 6 476 ± 5*** 373 ± 8 325 ± 10# 516 ± 8*** 508 ± 8

Glucose (mmol/l) 5.08 ± 1.13 5.31 ± 0.12 3.88 ± 0.20 4.12 ± 0.08 4.44 ± 0.59 4.02 ± 0.20

Triglycerides (mg/ml) 0.49 ± 0.04 2.00 ± 0,54*** 0.40 ± 0,06 0.38 ± 0.04 1.48 ± 0.17*** 2.44 ± 0.88

Cholesterol (mmol/l) 1.90 ± 0.22 2.81 ± 0.32* 1.99 ± 0.38 1.82 ± 0.24 2.40 ± 0.23 3.17 ± 0.55

Free fatty acids (mmol/l) NT NT 0.82 ± 0.04 0.97 ± 0.05# 0.60 ± 0.07* 0.80 ± 0.05#

Leptin (ng/ml) 4.71 ± 0.43 181.70 ± 5.75*** 3.97 ± 0.46 2.37 ± 0.39# 179.10 ± 8.78*** 166.20 ± 17.76

Insulin (ng/ml) 0.47 ± 0.05 22.49 ± 1.03*** 0.72 ± 0.08 0.60 ± 0.06 19.73 ± 2.16*** 13.08 ± 1.71#

HOMA index 18.88 ± 1.87 865.6 ± 45.90*** 21.89 ± 3.17 19.32 ± 2.26 734.70 ± 172.20** 411.80 ± 74.37

Glucagon (ng/ml) NT NT 34.01 ± 2.12 29.71 ± 2.63 25.65 ± 2.70* 36.32 ± 1.42###

Insulin/glucagon ratio NT NT 2.20 ± 0.29 2.11 ± 0.26 85.16 ± 14.25*** 35.53 ± 3.39##

Liver (g) NT NT 9.30 ± 0.61 7.90 ± 0.38 19.30 ± 1.01*** 19.05 ± 0.96

TAG in liver (mmol/g of protein) NT NT 1.23 ± 0.18 0.47 ± 0.08## 7.02 ± 0.64*** 4.47 ± 1.30

Heart (g) NT NT 1.15 ± 0.04 1.03 ± 0.02# 1.06 ± 0.04 1.00 ± 0.03

Kidney (g) NT NT 2.20 ± 0.06 1.92 ± 0.06# 2.28 ± 0.09 2.12 ± 0.08

Urea (mmol/µl) NT NT 6.34 ± 0.55 8.51 ± 1.27 7.51 ± 0.56 6.27 ± 0.47

SBP (mmHg) NT NT 201.50 ± 8.74 205.30 ± 4.78 177.40 ± 9.41 184.80 ± 8.47

Data are presented as means ± S.E.M. Statistical analysis was performed by unpaired t-test. SBP systolic blood pressure, TAG triglycerides, NT not tested. Significance is
*P < 0.05, **P < 0.01, ***P < 0.001 vs the lean control SHR group (n = 8), #P < 0.05, ##P < 0.01, ###P < 0.001 vs the respective vehicle-treated control group (n = 8)
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There were no significant differences in measured
cytokines (IL-10, TNF-α, IL-6, and IL-1β) in the blood
plasma from the SHR and SHROB rats (Suppl.
Figure 1A–D).
At the end of the experiment, significantly lower

hypothalamic IRβ was detected in the vehicle-treated
SHROB rats compared to the vehicle-treated SHR rats.
However, PI3K and MAPK/ERK1/2 phosphorylation of
p44/42 were not different between the genotypes
(Fig. 3a–d).
SCAT and liver mRNA expressions of Acaca, the rate-

limiting step in fatty acid synthesis, as well as SCAT Scd1
and liver Fasn expression were significantly higher in the
SHROB than the SHR rats. In contrast, Lpl mRNA
expression in SCAT was higher in the SHROB than SHR
rats (Table 2 and Suppl. Figure 2A). Moreover, PPARγ
mRNA expression was significantly higher in the SHROB

rats than the SHR rats in both the SCAT and liver; similar
results were also observed for PPARα mRNA expression
in the liver. However, in the IPAT, Irs2 and Srebf1 mRNA
expression were lower in SHROB rats than in SHR rats.
Leptin mRNA expression was higher in the SHROB
compared with SHR rats in the SCAT, but did not differ
in the IPAT.
In the BAT, UCP-1 mRNA expression was negligible in

the SHROB rats. The expression of Glut4 was significantly
higher in the SHROB compared to SHR rats in both the
BAT and SCAT (Table 2 and Suppl. Figure 2).

The effect of palm11-PrRP31 on food intake, BW,
biochemical and metabolic parameters, and signaling in
the hypothalamus
Treatment with palm11-PrRP31 lowered food intake in

both treated groups, though the effect was more

Fig. 2 Food intake, body weight and oral glucose tolerance test. Chronic effect of palm11-PrRP31 on food intake (a), body weight (b), and oral
glucose tolerance test (OGTT) response (c, d) in SHR and SHROB. palm11-PrPR31 was administered intraperitoneally at a dose of 5 mg/kg once a day
for 21 days. Food intake and body weight were monitored every 2 days during drug application. OGTT was performed at the end of experiment;
results are shown as glucose profile and delta AUC. Data are presented as means ± S.E.M. Statistical analysis was performed by repeated measures
ANOVA with Bonferroni post hoc test, significance is *P < 0.05, **P < 0.01, ***P < 0.001 vs the vehicle-treated control group (n = 8)
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pronounced in the SHR rats compared to SHROB rats
(Fig. 2a). Similarly, BW was reduced significantly in the
SHR rats (−13%, P< 0.001), while BW changes were
minimal in the SHROB rats after palm11-PrRP31 treat-
ment (Fig. 2b).
Fasting plasma glucose levels in the SHR and SHROB

rats were not affected by the treatment. However, palm11-
PrRP31 administration improved tolerance to glucose via
the OGTT in both genotypes (Fig. 2c, d) according to the
significantly decreased AUC in the palm11-PrRP31-trea-
ted groups compared to the vehicle-treated groups.
palm11-PrRP31 administration did not affect fasting

plasma triglycerides or cholesterol levels either the SHR
or SHROB rats. In the SHROB rat model, palm11-PrRP31
treatment insignificantly decreased leptin plasma levels
(Table 1) and significantly increased FFA plasma levels. In

the SHR rats, the treatment significantly decreased leptin
and increased FFA in the plasma (Table 1). Liver trigly-
cerides were significantly decreased in the SHR rats after
the treatment (Table 1).
Increased plasma glucagon levels but lowered insulin

levels resulting in a decreased insulin/glucagon ratio were
observed in the SHROB rats after treatment. In contrast,
no significant changes in insulin and glucagon plasma
levels were found in the SHR rats after palm11-PrRP31
administration. The treatment decreased the HOMA
index in the SHROB but not the SHR rats (Table 1).
No significant changes in liver or kidney weights were

observed, though the heart weight decreased in the SHR
rats (Table 1). The urea concentration was not changed.
The SBP did not change after 3 weeks of treatment in
either rat (Table 1).

Fig. 3 Signaling pathways in hypothalamusWestern blots—levels of IRβ, PI3K, and MAPK/ERK1/2 (a). Densitometric quantification of western blots
normalized to β-actin—PI3K (b), IRβ (c), and MAPK/ERK1/2/total MAPK/ERK1/2 (d). Data are presented as means ± S.E.M. Statistical analysis was
performed by unpaired t-test. Significance is *P < 0.05, **P < 0.01, ***P < 0.001, vs respective control group (n = 8)
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Treatment with the PrRP31 analog tended to decrease
all circulating pro-inflammatory cytokine levels tested (IL-
10, TNF-α, IL-6, and IL-1β) and increase anti-
inflammatory IL-10 in both genotypes. The decrease in
pro-inflammatory IL-1β in both SHR and SHROB rats
and the decrease in pro-inflammatory IL-2 in the SHROB
rats were both significant (Suppl. Figure 1).
The insulin signaling cascade was explored in the

hypothalami by immunochemistry. PI3K was significantly
increased in both phenotypes (Fig. 3b) and significant
enhancement of IRβ was observed in the SHROB rats
(Fig. 3c). A significant increase in MAPK/ERK1/2 phos-
phorylation occurred after the treatment in both SHR and
SHROB rats (Fig. 3d).
Changes in the expression of several genes related to

energy metabolism were also investigated. In the IPAT,
palmitoylated PrRP31 analog treatment significantly
increased Irs1 and Srebf1 mRNA expression in both gen-
otypes, and Irs2 expression in the SHROB rats. In the
SHROB rats, the treatment induced a significant decrease in
liver PparαmRNA expression (Table 2 and Suppl. Figure 2).

Discussion
Koletsky rats (SHROB) are often used as a highly inbred

animal model of metabolic syndrome. Though various
other strains have been developed to study metabolic
syndrome, SHROB is the only model for exploring all the
mechanisms and interactions of obesity, hypertension,
hyperlipidemia, and salt sensitivity19. Moreover, SHROB
rats are extremely insulin-resistant because of their null
mutation in the leptin receptor gene15. In our present
study, the metabolic parameters of SHROB male rats and
their age- and gender-matched SHR controls were
determined at the age of 16 weeks (before the experiment)
and 19 weeks (after the experiment).
In agreement with the literature data, we have demon-

strated higher fat and BW, normal fasting glucose, but
impaired glucose tolerance after an oral load, which worsened
metabolic parameters and manifested as higher triglycerides,
cholesterol, insulin, and leptin plasma levels in the SHROB
rats compared to the lean SHR controls15, 20, 21. In contrast,
we have observed lower fasting plasma FFA and glucagon
levels in the SHROB rats compared with the SHR controls.
The reduced expression of the insulin receptor was

linked to attenuated insulin signaling in fat15, 21. In our
study, a decreased insulin receptor level in hypothalamus
was observed in the SHROB compared to SHR rats.
Additionally, the expression of several genes related to
lipogenesis in adipose tissue and liver were significantly
higher in the SHROB strain.
In agreement with published studies22, 23, negligible

UCP-1 mRNA expression was detected in BAT from
SHROB rats, pointing to a possibly distorted/attenuated
energy expenditure in this strain.
In comparison with normotensive Wistar-Kyoto rats

(results not shown), the SHROB rats are hypertensive,
though SBP tended to be lower in comparison with lean
SHR rats, which similar to the study by Friedman et al.15.
The main goal of this study was to examine whether our

novel palmitoylated PrRP analog (palm11-PrRP31) could
accomplish its potential anti-obesity and anti-diabetic
effects in SHROB rats lacking leptin signaling and if its
effect depends on functional leptin.
The most important result of this study is the marked

improvement in glucose tolerance after palm11-PrRP31
treatment in both the SHROB and SHR rats; this result
was similar to the observations in diet-induced obese
Sprague Dawley rats8. Fasting normoglycemia was not
altered by PrRP analog treatment, but the treatment sig-
nificantly improved glucose tolerance in both genotypes.
The improved glucose tolerance in the SHROB rats was
accompanied by a significant decrease in plasma insulin
levels and a subsequent decrease in the HOMA index and
insulin/glucagon ratio.
The simultaneous decrease in insulin and increase in

plasma glucagon levels resulted in a decrease in the

Table 2 Summary of gene expression in adipose tissue
and liver in SHR and SHROB after treatment with palm11-
PrRP31

Tissue Gene SHROB

vs SHR

SHR palm11-PrRP31

vs vehicle

SHROB palm11-

PrRP31 vs vehicle

SCAT Acaca ↑*** – ↓

Glut4 ↑** – –

Lep ↑*** ↓* ↓

Lpl ↑* ↓ ↓

Pparγ ↑** ↑ ↓

Scd1 ↑*** ↓ ↓

IPAT Irs1 – ↑* ↑***

Irs2 ↓** ↑ ↑***

Srebf1 ↓* ↑** ↑*

BAT Glut4 ↑*** ↑* ↑

UCP-1 ↓*** ↑ –

Liver Acaca ↑* ↑ ↓

Fasn ↑** – ↓

Pparα ↑** ↓ ↓*

Pparγ ↑*** ↑ ↓

Statistical analysis was performed by unpaired t-test
SCAT subcutaneous adipose tissue, IPAT intraperitoneal adipose tissue, BAT
brown adipose tissue, Acaca acetyl-CoA carboxylase 1, Glut4 glucose transporter
type 4, Lep leptin, Lpl lipoprotein lipase, Pparγ peroxisome proliferator-activated
receptor γ, Scd1 stearoyl-CoA desaturase-1, Irs1,2 insulin receptor substrate 1,2,
Srebf1 sterol regulatory element-binding protein 1, UCP-1 uncoupling protein 1,
Fasn fatty acid synthase, ↓ decrease, ↑ increase Significance is *P < 0.05, **P <
0.01, ***P < 0.001 vs the respective vehicle-treated control group (n = 8). The
expression of particular genes was normalized to beta-2-microglobulin (B2m)
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insulin/glucagon ratio in the SHROB rats after palm11-
PrRP treatment. As insulin blocks and glucagon stimu-
lates the release of FFAs from adipocytes, the decreased
insulin/glucagon ratio could be due to the increase in FFA
levels registered in this study. The enhanced FFA levels
were probably not related to the increased lipogenesis or
the mRNA expression of related genes in the adipose
tissue. Increased Irs1 and Irs2 mRNA expression in the
IPAT and Irs1 expression in the SCAT could be a result of
the decreased insulin levels. Decreased PPARα expression
could also potentially enhance FFA levels. Similarly,
hepatocyte-specific PPARα knockout mice had an
increased FFA level24.
It is tempting to speculate that palm11-PrRP31 markedly

improved liver insulin sensitivity with regard to decreased
ectopic lipid storage in spite of the enhanced FFA levels.
Recently, liver triglyceride production in type-2 diabetes
was shown to be dependent on FFA levels rather than
circulating insulin levels25.
Finally, palm11-PrRP31 treatment increased insulin

receptor and PI3K levels in the hypothalami of both gen-
otypes. However, the levels of the proteins mentioned do
not correlate with activation that would specifically affect
hypothalamic insulin signaling. Increased MAPK/ERK1/2
phosphorylation in the hypothalamus could be a result of
either insulin or PrRP effects. For PrRP, ERK1/2 is its main
activation pathway through its GPR10 receptor26.
It is accepted that leptin and insulin act together in the

hypothalamus in order to target energy homeostasis27.
Inhibition of food intake is mediated by both STAT3
through leptin receptor LepRb activation and PI3K
through insulin receptor IR activation.
palm11- PrRP31 treatment increased both PI3K and

ERK activation in the hypothalamus, both pathways
known to be activated by insulin. Both PrRP and palm11-
PrRP31 were shown to activate preferentially ERK sig-
naling9, 26 PI3K activation by PrRP in RC4B/C pituitary
cells—where GPR10 receptors are abundantly expressed
—was reported by others28. However, we cannot distin-
guish if ERK and PI3K activation in the hypothalamus
were results of direct action of palm11-PrRP31 on GRP10
or more efficient insulin signaling.
In SHROB rats, the insulin-resistant liver still produces

triglycerides but does not attenuate gluconeogenesis.
Induced expression of the leptin receptor in the hypotha-
lamus attenuated hepatic expression of the gluconeogenesis
genes glucose-6-phosphatase and phosphoenolpyruvate
kinase29. The expression of the genes mentioned was not
changed by palm11-PrRP31 treatment in the liver (not
shown), meaning that palm11-PrRP31-induced ERK1/2
activation in the hypothalamus did not impact
gluconeogenesis.
Thus, our novel palmitoylated PrRP31 analog was cap-

able of ameliorating glucose tolerance and attenuating

hyperinsulinemia and the insulin/glucagon ratio in
SHROB rats similar to previously described treatments
with angiotensin-converting enzyme inhibitors, angio-
tensin receptor 1 blockers30–32, a PPARγ agonist33, and
the dipeptidyl peptidase IV inhibitor sitagliptin20, though
most likely via a different mechanism of action and by
targeting different receptor(s).
The three-week treatment of SHROB rats and their

SHR littermates with our stable PrRP analog markedly
decreased food intake and BW in the SHR but not in the
SHROB rats. This result is in good agreement with our
recent study on ZDF rats where 2-week treatment with
the N-palmitoylated PrRP31 analog lowered food intake
but did not decrease BW; this is in contrast to the effect of
this analog in diet-induced obese Sprague Dawley rats8.
We can speculate that intact leptin signaling is an
important prerequisite for the PrRP BW-lowering effect.
This explanation is further supported by our unpublished
results on diabetic db/db mice with leptin receptor defi-
ciency, where treatment with palmitoylated PrRP31 also
had no effect on BW. However, glucose tolerance was
markedly improved by this treatment in both the SHROB
and SHR rats. This finding suggests that the positive
effects of palm11-PrRP31 on glucose tolerance are mostly
independent of its effect on BW, and makes this com-
pound an interesting candidate not only for the treatment
of obesity but also for the treatment of prediabetes/
diabetes.
Adipose tissue is a secretory tissue that produces var-

ious substances that have specific functions in organ-
isms34. Some of these substances are cytokines (e.g., IL-6
and TNF-α) whose production is known to be increased
in obesity35 or hyperglycemia36, which suggests a higher
prevalence of chronic inflammation in metabolic syn-
drome. However, in our study, higher cytokine production
was not revealed in the obese SHROB rats compared with
the lean SHR lean rats. In contrast, treatment with the
palmitoylated PrRP31 analog tended to decrease pro-
inflammatory cytokine levels, specifically promoting a
significant decrease in IL-1β and a non-significant
increase in anti-inflammatory cytokine IL-10 in both
genotypes, which points to possible anti-inflammatory
activities by palm11-PrRP31.
In conclusion, our study has shown that 3-week

administration of lipidized PrRP analog markedly
improved glucose tolerance in both lean SHR rats and
SHROB rats despite only promoting a modest effect on
BW in SHROB rats. Collectively, these findings suggest
that improving glucose tolerance is mostly independent of
anti-obesity effects, which make palm11-PrRP31 an
interesting candidate to directly target prediabetes/dia-
betes along with obesity. Furthermore, as the effects of
palm11-PrRP31 were observed in leptin receptor-deficient
SHROB rats, improvements in glucose metabolism appear

Mikulášková et al. Nutrition and Diabetes  (2018) 8:5 Page 8 of 9
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to be completely independent of leptin signaling. Taken
together, our data suggest that functional leptin is
required for the anorexigenic but not for the anti-diabetic
effects of lipidized PrRP.
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a  b  s  t  r  a  c  t

Obesity  is  an  escalating  epidemic,  but an effective  non-invasive  therapy  is still  scarce.  For  obesity  treat-
ment,  anorexigenic  neuropeptides  are  promising  tools,  but their  delivery  from  the  periphery  to the brain
is  complicated  by  their  peptide  character.  In order  to overcome  this  unfavorable  fact,  we  have  applied
the  lipidization  of neuropeptide  prolactin-releasing  peptide  (PrRP),  whose  strong  anorexigenic  effect  was
demonstrated.  A palmitoylated  analog  of human  PrRP  (h  palm-PrRP31)  was  injected  in  free-fed  Wistar
rats  by  three  routes:  subcutaneous  (s.c.),  intraperitoneal  (i.p)  (both  5 mg/kg)  and  intravenous  (i.v.) (from
0.01  to 0.5  mg/kg).  We found  a  circulating  compound  in  the  blood  after  all  three  applications  with  the
highest  concentration  after  i.v.  administration.  This corresponds  to the  effect  on  food  intake,  which  was
also  strongest  after  i.v.  injection.  Moreover,  this  is  in  agreement  with  the  fact that  the  expression  of  c-Fos
in  specific  brain  regions  involved  in  food  intake  regulation  was  also  highest  after  intravenous  applica-
tion.  Pharmacokinetic  data  are  further  supported  by results  obtained  from  dynamic  light  scattering  and
CD spectroscopy.  Human  palm-PrRP31  analog  showed  a strong  tendency  to  micellize,  and  formation  of

aggregates  suggested  lower availability  after  i.p. or s.c.  application.  We  have  demonstrated  that  palm-
PrRP influenced  food  intake  even  in  free  fed  rats.  Not  surprisingly,  the  maximal  effect  was  achieved  after
the  intravenous  application  even  though  two orders  of  magnitude  lower  dose  was  used  compared  to  both
two other  applications.  We  believe  that palm-PrRP  could  have  a potential  as an  antiobesity  drug  when
its  s.c. application  would  be improved.

©  2015 Elsevier  Inc.  All  rights  reserved.
Abbreviations: ANOVA, analysis of variance; AP, area postrema; ARC, nucleus
rcuatus; BBB, blood brain barrier; i.c.v., intracerebroventricular; i.p., intraperi-
oneal; i.v., intravenous; NTS, nucleus tractus solitarius; PBS, phosphate buffered
aline; PVN, paraventricular nucleus; PrRP, prolactin-releasing peptide; s.c., subcu-
aneous.
∗ Corresponding author at: Institute of Physiology, Academy of Sciences of the
zech Republic, Vídeňská 1083, Prague 4 CZ-14220, Czech Republic.

E-mail address: kunes@biomed.cas.cz (J. Kuneš).
1 Both authors contributed to the work equally.
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1. Introduction

Obesity has been recently described as an “escalating epidemic”.
As obesity exacerbates chronic diseases such as cardiovascular dis-
eases, type 2 diabetes, or hypertension, high incidence of obesity
has significant implications for population morbidity and mortal-
ity. The etiology of obesity is multifactorial. Genetic, environmental,
metabolic and other issues may  all contribute to the development
and progression of this disease [8]. In experimental conditions, the

physiological and genetic animal models of human obesity can be
studied in several species, mostly in mice and rats [36,38,45].

Non-pharmacologic therapy such as proper nutrition, regular
physical activity and changes in eating behavior should be used
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Fig. 1. Food intake of free fed Wistar rats after (A) single injection of vehicle (PBS)
and h palm-PrRP31 in doses and routes indicated in figure (food intake monitored
after 14 h) and (B) repeated administration of vehicle (PBS) and h palm-PrRP31 at
a  dose of 5 mg/kg s.c. and 1 and 5 mg/kg i.p., (C) vehicle (PBS) and h palm-PrRP31
at  dose of 0.01 mg/kg i.v. into jugular vein for three consecutive days. Peptide was
dissolved in PBS. Cumulative food intake was  monitored continuously for one week
10 B. Mikulášková et al. / 

fter the first indicators of obesity occur. Moreover, proper lifestyle
herapy can be supplemented by pharmacologic therapy. Only a
imited number of new anti-obesity pharmacotherapeutics have
een introduced until now (for reviews, see Refs. [9,31,42]), and not
ll of them were proved safe. Recently, two high-profile antiobe-
ity drugs (sibutramine and rimonabant) were suspended from the
arket after they negatively impacted clinical treatment of obe-

ity. New potent anti-obesity substances are therefore needed, and
mong them, analogs of centrally acting anorexigenic neuropep-
ides seem to be promising.

An important aspect of developing a new drug based on a neu-
opeptide with central action is the ability to cross the blood–brain
arrier (BBB). It was recently demonstrated that a promising strat-
gy for designing peptide drugs is lipidization of peptides, i.e.,
ttachment of a fatty acid to the peptide chain through an ester
r amide bond, leading to an increased stability and half-life in the
rganism and potency to cross the BBB [5,27,30]. Palmitoylation
r myristoylation through amide bond at Lys have been used in
nsulin analog detemir [16] or analog of glucagon-like peptide 1
GLP-1) liraglutide [14].

The neuropeptide of the interest, prolactin-releasing peptide
PrRP), was isolated from the hypothalamus as an endogenous lig-
nd of a human orphan G-protein coupled receptor GPR10 [18].
ater, it was established that PrRP does not actually affect prolactin
ecretion [19], but its main physiological functions are negative
egulation of food intake [23,47] and the central control of the car-
iovascular system [22,43,46]. Both PrRP or PrRP receptor-deficient
ice became obese in adulthood [7,15,47]. Anorexigenic proper-

ies of PrRP came to light after its intracerebroventricular (i.c.v.)
dministration [25,26,47].

Natural PrRP does not cross the BBB and does not exert its central
norexigenic effect after its peripheral administration. In order to
vercome this problem, PrRP was modified by fatty acid to increase
tability of the neuropeptide and its penetration through BBB [30].
ur previous study [30] showed the attenuating effects of palmi-

oylated PrRP31 (palm-PrRP31) on food intake, body weight and fat
ass in diet-induced obese mice after its subcutaneous adminis-

ration.
The aim of this study was to prove if such effects on food intake

ould be achieved after peripheral administration to rats as they
re an animal species frequently used to develop the obesity model
s well as in preclinical study of anti-obesity drug action. Human
alm-PrRP31 that was proved to possess the identical affinity to
oth human and rat GPR10 was administered by three routes: sub-
utaneous (s.c.), intraperitoneal (i.p.) and intravenous (i.v.) in order
o find out impact of specific route on central effect of palm-PrRP31.
harmacokinetics of palm-PrRP31 in rat blood plasma as well as the
ffect on the expression of c-Fos in specific brain regions related to
ood intake regulation were also investigated.

. Experimental procedures

.1. Synthesis of PrRP analogs

Rat PrRP31 (SRAHQHSMETRTPDINPAWYTGRGIRPVGRF-NH2),
at palmitoylated PrRP analog r palm-PrRP31 ((N-palm)S
AHQHS Nle ETRTPDINPAWYTGRGIRPVGRF-NH2), human
rRP31 (SRTHRHSMEIRTPDINPAWYASRGIRPVGRF-NH2) and
uman palmitoylated PrRP analog h palm-PrRP31 (N-palm-
RTHRHSMEIRTPDINPAWYASRGIRPVGRF-NH2) were synthesized
nd purified in the Institute of Organic Chemistry and Biochem-

stry, Prague, as described previously [30]. Lipidization of PrRP

as performed on fully protected peptide on resine as the last
tep. The purity and identity of the substances was determined by
nalytical HPLC and by using a Q-TOF micro MS  technique (Waters,

using automatic feeding system. The significance level was  *P < 0.05, **P < 0.01 and
***P  < 0.001 versus the respective PBS-treated group (n = 5–6).
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ig. 2. Pharmacokinetic time-concentration profiles in blood plasma of Wistar rats
A) after intraperitoneal (i.p.), subcutaneous (s.c.) and intravenous (i.v.) administra-
ion of h palm-PrRP31, (B) i.v. administration of h palm-PrRP31 (n = 5–6).

ilford, MA,  USA), for details, see Ref. [30]. Rat or human PrRP31
ere iodinated at Tyr20, with Na125I (Izotop, Budapest, Hungary)

s described previously [28].

.2. Binding to intact plated cells

Rat pituitary RC-4B/C cells obtained from ATCC (Manassas, VA,
SA) were grown as described previously [29] and CHO-K1 cells
verexpressing human GPR10 (PerkinElmer, Waltham, MA,  USA)
ere grown according to manufacturer’s instructions. Saturation

nd competitive binding experiments were performed according
o Motulsky and Neubig [35]. RC-4B/C or CHO-K1 cells were incu-
ated with 0.1 nM 125I-r PrRP31 or with 0.03 nM 125I-h PrRP31,
espectively, and 10−11–10−5 M non-radioactive ligands in compet-
tive binding experiments. Experiments were performed on plates
ncubated for 60 min  at 25 ◦C. Non-specific binding was  determined
sing 10−5 M r or h PrRP31.

.3. Dynamic light scattering (DLS)—micellization

Dynamic light scattering measurements were performed at
0 ◦C on laser spectroscatter 201 (RiNA, Berlin Germany) using
oftware from the producer for data analysis. Human PrRP31 and
alm-PrRP31 were dissolved in 50 mM phosphate buffer with
20 mM NaCl, pH 6 (PBS) in a final concentration of 1 mg/ml  in
ppendrorf LoBind microtubes. Immediately after thorough mixing
t the vortex, the solution was transferred to DLS cell and measured
or 1 h, with a time scan 60 s, to investigate changes in the size of the

eptide agglomerates [49]. Samples were not centrifuged before
he measurement in order to characterize the time dependence
f formation of micelles. The most abundant average diameter of
gglomerates (micelles) was determined.
es 75 (2016) 109–117 111

2.4. CD spectroscopy

Electronic circular dichroism (ECD) spectra were collected at
a Jasco 815 spectrometer (Tokyo, Japan) in the spectral range of
190–300 nm using a 0.1 cm quartz cell at room temperature and at
a temperature interval of 5–70 ◦C using a Peltier-type temperature
control system PTC-423S/L with 5 ◦C increments. The experimental
setup was as follows: 0.5 nm step resolution, 10 nm/min scanning
speed, 16 s response time, and 1 nm spectral band width. After base-
line correction, the spectra were expressed as molar ellipticity per
residue � (deg cm2 dmol−1).

Human PrRP31 and h palm-PrRP31 were prepared in a 250 �M
stock solution in 0.001 M NaOH and then centrifuged to allow for
separation and removal of aggregates. The concentration of stock
solution was then determined by UV–vis spectroscopy (Varian Cary
5000). For the ECD experiment, the sample was diluted by PBS or
PBS/trifluoroethanol (TFE) mixtures to obtain a final solution with a
concentration of 50% v/v of TFE. The final peptide concentration was
approximately 20 �M,  and it was  checked by amino acid analysis for
each set of measurements. The data analysis was  performed using
an online circular dichroism analysis program, Dichroweb (http://
dichroweb.cryst.bbk.ac.uk) [50].

2.5. Experimental animals and food intake monitoring

All animal experiments followed the ethical guidelines for work
with animals by the Act of the Czech Republic Nr. 246/1992 and
were approved by the Committee for Experiments with Laboratory
Animals of the ASCR.

Experiments were performed with male Wistar rats (250–300 g,
Harlan Laboratories, Correzzana, Italy). Animals were housed
under standard laboratory conditions (temperature 23 ± 1 ◦C, 12 h
light/dark cycle) and were fed with a standard laboratory chow (R-
M-H  diet, Sniff, Germany) and drank tap water ad libitum. For the
intravenous drug application, polyethylene catheter (PE 10) was
inserted to the left jugular vein (PE 10) and exteriorized in the
interscapular region one day before the palm-PrRP31 application.

2.5.1. Food intake measurement after single injection
On the day of the food intake experiment, free-fed rats were

injected with PBS (controls) i.p., s.c. and i.v. or h PrRP31 (dissolved
in PBS): i.p. at a dose of 5 mg/kg or or h palm-PrRP31 (dissolved
in PBS): s.c. or i.p. at doses of 1, 5 and 10 mg/kg, or i.v. into jugu-
lar vein at dose of 0.01 and 0.1 mg/kg (n = 5–6). Rats were injected
(0.1 ml/100 g) two  hours before lights were turned off, and they
were returned to individual cages. Food intake was  monitored next
morning after 14 h from injection in grams of food consumed.

2.5.2. Food intake measurement after repeated injections
On the day of the food intake experiment, free-fed rats were

injected with PBS (controls) s.c., i.p. or i.v. or h palm-PrRP31 (dis-
solved in PBS): s.c. or i.p. at doses of 5 mg/kg, or i.v. into jugular vein
at dose of 0.01 mg/kg (n = 5–6). Rats were injected (0.1 ml/100 g)
two hours before lights were turned off (5 p.m.), and they were
returned to individual cages where food intake was  monitored con-
tinuously using an automatic feeding system (PhenoMaster, TSE
Systems, Bad Homburg, Germany) for 24 h after injection. Injection
was repeated for three consecutive days at the same time of the
day. Each cage had calibrated food sensor that separately recorded

food consumed to a sensitivity of 0.01 g. Cumulative food intake
was recorded at intervals of 10 min, subjected to statistical anal-
ysis, and summarized in 2 h intervals and averaged per group for
presentation of results.

http://dichroweb.cryst.bbk.ac.uk
http://dichroweb.cryst.bbk.ac.uk
http://dichroweb.cryst.bbk.ac.uk
http://dichroweb.cryst.bbk.ac.uk
http://dichroweb.cryst.bbk.ac.uk
http://dichroweb.cryst.bbk.ac.uk
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Table 1
Binding affinities of rat and human PrRP analogs.

Analog RC-4B/C cells 125I-r PrRP31 binding Ki (nM) % binding rat PrRP31 Human GPR10 125I-h PrRP31 binding Ki (nM) % binding rat PrRP31

Rat PrRP31 2.39 ± 0.11 100 3.91 ± 0.21 100
Human  PrRP31 2.28 ± 0.59 105 8.70 ± 1.13 45
Rat  palm-PrRP31 0.51 ± 0.15 470 2.94 ± 0.33 133
Human  palm-PrRP31 0.28 ± 0.08 862 4.58 ± 0.54 85
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he means ± S.E.M. of at least three separate experiments are shown. In competitiv
adioligand was  0.1 nM or 0.03 nM,  and the Kd that was calculated from saturation e
HO  cells, respectively.

.6. Pharmacokinetics of palm-PrRP31 in the blood plasma

The measurement of in vivo pharmacokinetics was performed
s previously described [30]. Wistar rats were injected s.c. or i.p.
ith h palm-PrRP31 (dissolved in PBS) at a dose of 5 mg/kg or i.v. at

 dose of 0.1 mg/kg (n = 3). Blood plasma was collected in selected
ime intervals and peptides determined by a rat PrRP(1-31) EIA
igh-sensitivity kit (Peninsula Laboratories, San Carlos, CA, USA)
ccording to the manufacturer’s instructions, using h palm-PrRP31
s a standard.

.7. Acute effects of palm-PrRP31 on brain c-Fos activity

For c-Fos immunohistochemical processing, the male Wistar
ats were single housed with free access to water and fasted
vernight. The jugular cannulas were surgically implanted under
sofluran anesthesia to rats 24 h before the i.v. administration. To
revent diurnal variations on the Fos expression, the experiment
as performed next morning between 9:00 and 11:00 a.m. Rats
ere injected i.p. with PBS or h palm-PrRP31 (5 mg/kg) dissolved

n PBS (i.p. and s.c. administration). For i.v. administration, h palm-
rRP31 (0.5 mg/kg) dissolved in PBS was slowly applied through
he jugular cannula. The applied solution volume (0.1 ml/100 g
ody weight) was identical for all routes of administration. Ninety
inutes after injection, the rats (n = 3 per group) were deeply anes-

hetized with sodium pentobarbital (50 mg/kg, i.p.) and perfused
ranscardially with fixative solution. The 30 �m free-floating coro-
al brain sections were incubated with rabbit c-Fos polyclonal Fos
ntiserum (1:2000, Cell Signaling Technology, #2250S) for 48 h, and
-Fos immunoreactivity was visualized as described in detail [40].

The Fos-immunopositive cells were counted separately on each
ide of the appropriate coronal brain sections (n = 2–3 sections per
at) within the hypothalamic paraventricular nucleus (PVN, from
regma −1.4 to −1.88 mm),  hypothalamic arcuate nucleus (Arc,

rom Bregma −2.12 to −3.3 mm)  and nucleus of the solitary tract
NTS, from Bregma −13.68 to −13.8 mm)  according to the rat brain
tlas [39]. Quantitative assessment of immunostained cells was
erformed under a Primo Star (Carl Zeiss) light microscope, and
epresentative sections were captured by a digital camera (Olym-
us DP70) and Olympus AX70 light microscope.

The c-Fos-GPR10 receptor double immunostaining in the rat
rainstem C1/A1 cells group was performed 90 min  after i.v.
0.5 mg/kg), i.p. (5 mg/kg) and s.c. (5 mg/kg) h palm-PrRP31 admin-
stration (n = 3).

After Fos immunostaining, the 30 �m rat brain sections con-
aining C1/A1 cells groups (from Bregma −14.16 mm to Bregma
13.68 mm according to Paxinos and Watson, 1998) were
ashed in cold PB and incubated with rabbit anti-human GPR10

eceptor polyclonal antiserum (1:200, LifeSpan BioSciences, Inc.,
S-C177303) diluted in 0.1 M PB containing 4% normal goat serum
Gibco, Grand Island, NY, USA), 0.5% Triton X-100 (Sigma–Aldrich,

t. Louis, MO,  USA), and 0.1% sodium azide for 48 h at 4 ◦C. After sev-
ral washing in PB, the sections were incubated with biotinylated
oat anti-rabbit IgG (1:500, VectorStain Elite ABC, Vector Labo-
atories, Burlingame, CA, USA) diluted in 0.1 M PB containing 4%
ing, Ki was  calculated using the Cheng–Prusoff equation. The concentration of the
ments was 4.21 ± 0.66 nM for RC-4B/C [26] or 0.95 ± 0.20 nM for GPR10 receptor in

NGS and 1% Triton X-100 for 90 min  at room temperature. The PB
rinses were followed by incubation with the avidin-biotin perox-
idase complex (1:250, VectorStain Elite ABC, Vector Laboratories,
Burlingame, CA), which was diluted in 0.1 M PB containing 1% Triton
X-100 for 90 min  at room temperature. PB washing was followed
by 0.05 M Tris–HCl (pH 6.0). The GPR10 receptor antigenic sites
were visualized with 0.01% 3,3′-diaminobenzidine tetrahydrochlo-
ride (DAB, Sigma–Aldrich, St. Louis, MO,  USA) dissolved in 0.05 M
Tris–HCl containing 0.0012% H2O2 for 3–5 min. Finally, the sec-
tions were mounted on glass, air-dried and coverslipped with DPX
mounting medium (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Immunostaining of the negative control, which did not dis-
play antiserum immunolabeling, included the substitution of the
primary antiserum with normal rabbit serum and the sequential
elimination of the primary or secondary antibody from the stain-
ing series. Images of representative sections were acquired using a
digital camera (Olympus DP70) and an Olympus AX70 light micro-
scope.

2.8. Statistics

The saturation binding curves were plotted using GraphPad
software (San Diego, CA, USA), comparing the best fit for single-
binding-site models (Kd, Bmax and IC50 values were obtained from
nonlinear regression analysis). Inhibition constants (Ki) were cal-
culated from the IC50 values using the Cheng–Prusoff equation [11].

Food intake results are expressed as the means ± S.E.M. Data
were evaluated by one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc test using GraphPad software (Graph-Pad
Software, San Diego, CA, USA). P < 0.05 was  considered statistically
significant.

The statistical analyses of Fos cells were performed by two-way
ANOVA followed by Fisherı́s LSD and Tukeyı́s HSD post hoc tests
(Statistica 7.0 software) and presented as means ± S.E.M. P < 0.05
was considered as a minimum statistically significant difference.

3. Results

3.1. Binding to intact plated cells

To compare the biological effects of rat and human PrRP analogs,
binding experiments were performed with rat RC-4B/C sponta-
neously expressing GPR10 and CHO-K1 cells overexpressing human
GPR10. All PrRP analogs competed with rat or human 125I-PrRP for
binding to RC-4B/C or CHO-K1 with GPR10 with Ki in a nanomolar
range as shown in Table 1. Both palmitoylated analogs of PrRP31
showed a higher affinity both to rat and human GPR10 compared
to both rat and human natural peptides.

3.2. Dynamic light scattering—micellization
For natural h PrRP31 peptide, no aggregation or formation of
micelles was  observed. On the other hand, h palm-PrRP31 showed
strong micellization tendencies, as shown in Table 2. Different
sizes of micelles were determined, at the order of hundreds of
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Fig. 3. c-Fos neuronal activity 90 min  after i.p. applied PBS (A, E and I), h palm-PrRP31 at a
dose  of 0.5 mg/kg administrated i.v. (D, H and L) in rat PVN (A–D), Arc (E–H) and NTS (I–L)
NTS—nucleus of the solitary tract, 3v—third brain ventricle, AP—area postrema.

Table 2
Dynamic light scattering measurement of human PrRP analogs.

Analog Most abundant agglomerate diameter (nm)

n
d
m

3

b
w
a
c
w
T
i
a
(
m
m
t
(
T

h PrRP31 – – –
h  Palm-PrRP31 189 178 357

anometer. Formation of aggregates after dissolution was  imme-
iate, and no formation of bigger aggregates during the time of
easurement was observed.

.3. CD spectroscopy

The CD spectrum of the h PrRP31 peptide is characterized
y a negative minimum at 200 nm.  This spectral shape together
ith its low intensity (∼−7000 deg cm2 dmol−1) indicates mostly

n unordered structure. However, the temperature dependence
learly showed the presence of PPII structures, a fraction of
hich decreases with increase in temperature (data not shown).

he CD spectrum h palm-PrRP31 peptide has a negative min-
mum at 220 nm with low intensity (∼−4000 deg cm2 dmol−1)
ccompanied by a rather intensive positive maximum at 200 nm
∼+14000 deg cm2 dmol−1). Thus, h palm-PrRP31 peptide adopts

ostly �-sheet conformation, but the presence of �-turn confor-

ation is not excluded [6]. The temperature dependence shows

hat this structure is relatively stable with temperature increase
data not shown). The CD spectrum of h PrRP31 in the presence of
FE reveals a negative maximum at 205 nm accompanied by the
 dose of 5 mg/kg applied s.c. (B, F and J) and i.p. (C, G and K) and h palm-PrRP31 at a
. PVN—hypothalamic paraventricular nucleus, Arc—hypothalamic arcuate nucleus,

shoulder at approximately 224 nm.  This spectral shape is charac-
teristic of �-helical structures; however, in this case, the intensity
of the spectral bands is rather low. According to the numerical data
analysis, the �-helical fraction for h PrRP31 increases from 7% to
25% obtained in a 75% TFE/water mixture and is compensated by a
decrease in �-structure (41% in water to 25% in 75% TFE/water mix-
ture). Surprisingly, the CD spectra for h palm-PrRP31 in presence
of TFE with a negative minimum at 205 nm accompanied by the
shoulder at 225 nm correspond to CD spectra of natural h PrRP31
in the presence of TFE (Fig. 1 supplemental), which was also con-
firmed by the numerical analysis of CD spectra. The temperature
dependencies obtained for both peptides in the presence of 50% TFE
confirmed the relative stability of described secondary structures
(data not shown).

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.peptides.2015.11.005.

3.4. Effects of palm-PrRP31 on food intake in free-fed rats

The food intake in free-fed Wistar rats after the s.c., i.p or i.v.
administration of h palm-PrRP31 compared to the effect of vehi-
cle (PBS) is shown in Fig. 1A–C. First, the dose response experiment
after single s.c., i.p, or i.v. injection was  carried out overnight (lights
out) and food intake monitored after 14 h next morning. Fig. 1A

shows that after s.c. injection, the maximal effect was obtained
at a dose of 5 mg/kg compared to vehicle treated group, while
single i.p. injection showed decreasing food intake for doses 1, 5
and 10 mg/kg. Both doses of h palm-PrRP31 used for i.v. injections

http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
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Table 3
Pharmacokinetic data for different ways of administration of h palm-PrRP31 in rats.

i.v. 0.1 mg/kg s.c. 5 mg/kg i.p. 5 mg/kg

Cmax (ng/ml) 40.66 4.16 14,59
Tmax (h) 0.01 2 1
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Fig. 4. The number of Fos activated cells 90 min  after different routes of h palm-
PrRP31 administration (5 mg/kg for s.c. and i.p. or 0.5 mg/kg for i.v.) compared to i.p.
applied Veh in rat PVN, Arc and NTS. PVN—hypothalamic paraventricular nucleus,

x

AUC (ng h/ml) 5.105 8.808 30.45
Bioavailability 3.45% 11.93%

howed significant food intake lowering, but dose of 0.1 mg/kg did
ot further lower food intake compared to dose of 0.01 mg/kg. i.v.
oses were based on h palm-PrRP31 levels in blood plasma found in
harmacokinetics. Food intake after i.p. injection of non-lipidized
atural h PrRP31 (5 mg/kg) was not changed compared to control
roup (results not shown).

Based on the results from single injection dose response
xperiment, the doses for repeated administration food intake
xperiment were chosen. The cumulative food intake after the three
cute s.c. or i.p. injections (dose 1 and 5 mg/kg) or i.v. injections into
he jugular vein (dose 0.01 mg/kg) of h palm-PrRP31 was  signifi-
antly lowered on the first day of the experiment, and this effect
as further increased after the second and third injection and on

he following days of the experiment without injection, as shown
n Fig. 1B and C. The most significant effect was observed after the
.v. administration (Fig. 1C).

.5. Palm-PrRP31 pharmacokinetics in blood plasma

The time-concentration curves are presented in Fig. 2A and
. The area under curve (AUC), time of maximal concentra-
ion (Tmax), maximum concentration (Cmax) and bioavailability
BA) after different routes of administration are shown in
able 3. Bioavailability was determined according to equa-
ion BA = (AUCSC(IP)×DOSEIV)/(AUCIV×DOSESC(IP)). As expected,
ioavailability after i.p. administration was higher than after s.c.
dministration, 11,93% and 3,45%, respectively. After intravenous
dministration, a concentration peak appeared immediately after
pplication, and the concentration in blood plasma decreased
apidly. Regarding other administration routes, the concentration
eak appeared later, after 1 h for intraperitoneal and 2 h for subcu-
aneous, respectively. Bioavailability, maximal concentration and
rea under the curve were much lower after subcutaneous adminis-
ration in comparison with intraperitoneal administration, despite
se of the same dose.

.6. Acute effects of palm-PrRP31 on brain c-Fos activity

Vehicle (PBS) i.p. administration to overnight fasted animals
licited only mild Fos cell activation 90 min  later in hypothalamic
VN (Figs. 3 A and 4 ) and Arc (Figs. 3 E and 4), as well as in brainstem
TS (Figs. 3 I and 4). Human palm-PrRP31 at a dose of 5 mg/kg sig-
ificantly activated cells in PVN and NTS compared to PBS only after

.p. (Figs. 3 C, G and K and 4) but not after s.c. administration (Figs.
 B, F and J and 4). Moreover, the Fos cell activation at the identical
ose of h palm-PrRP31 was significantly different in the mentioned
uclei compared to the i.p. and s.c. route of administration (Fig. 4).
n the other hand, a ten-fold lower dose of palm-PrRP31 applied i.v.
arkedly elicited c-Fos activation in all investigated nuclei com-

ared to PBS alone as well as h palm-PrRP31 applied i.p. and s.c.
Figs. 3 D, H and L and 4). In the PVN, the cells of the magnocellular
s well as parvocellular part were activated after i.p. and i.v. h palm-
rRP31 administration (Fig. 3C and D). In the Arc, h palm-PrRP31

.v. administration activated mainly its dorsolateral part (Fig. 3H).
n the NTS, i.v. h palm-PrRP31 administration activated more inten-
ively not only the medial and interstitial parts of NTS but also its
orsolateral part compared to i.p. h palm-PrRP31 administration
Arc—hypothalamic arcuate nucleus, NTS—nucleus of the solitary tract, P < 0.05 and
xxP < 0.01 compared to Veh (i.p.) and palm-PrRP (s.c.), *P < 0.05 and **P < 0.01 com-
pared to all other treatment and route of administration.

(Fig. 3K and L). Moreover, i.v. h palm-PrRP31 administration more
markedly activated cells localized in area postrema (AP) compared
to i.p. injected h palm-PrRP31 (Fig. 3K and L).

Finally, double c-Fos-GPR10 immunostaining in brainstem
C1/A1 cells group showed that the neurons containing GPR10
receptors are activated after palm-PrRP administration (Fig. 2 sup-
plemental).

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.peptides.2015.11.005.

4. Discussion

Many neuropeptides affect food intake when injected into the
hypothalamus, a lateral brain ventricle, or the third ventricle [21].
Neuropeptide receptors are potential targets for anti-obesity treat-
ment, because the neuropeptides play a physiological role in the
regulation of feeding [13]. This is true for several neuropeptides,
including prolactin-releasing peptide. Recently, we have shown for
the first time that a unique modification of PrRP by lipidization
not only led to an increased stability in blood but also enabled the
exertion of the PrRP central effect after its peripheral (s.c.) admin-
istration [30].

In this study, we used human PrRP31 analog where the N-
terminus of natural PrRP31 was  lipidized by palmitic acid. In our
previous study, rat palmitoylated-PrRP31 had a very significant
attenuating effect on food intake after subcutaneous adminis-
tration in mice as well as an increasing effect on c-Fos protein
expression in brain areas involved in food intake regulation [30].
As we  showed in this study, human and rat PrRP31 analogs, both
lipidized and non-lipidized, competed with rat or human 125I-
PrRP for binding to both rat and human PrRP receptor with Ki in
a nanomolar range with a comparable affinity. Therefore, human
palm-PrRP31 was used in this study with rats because rats are
better model to understand the mechanisms in human.

Although we  still have no direct proof for the palm-PrRP
entrance to the brain there is a rationale supported by several
pieces of indirect evidence which strongly suggests eligibility for
that view. First of all, (1) peripherally administered lipidized PrRP
had the anorexigenic effect of but the non lipidized PrRP molecule
had not [30]. (2) The anorexigenic activity of biologically active
lipidized PrRP molecules (including palm-PrRP) was  associated

with the presence of c-Fos immunostaining as a marker of neuronal
activation in specific brain nuclei and areas (PVN, DMN, Arc, LHA,
NTS) involved in food intake regulation and containing GPR10 and
NPFF2 receptors [30]. Moreover, the pattern of c-Fos distribution

http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
http://dx.doi.org/10.1016/j.peptides.2015.11.005
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n the mentioned brain nuclei and areas detected after peripheral
alm-PrRP administration was similar to data registered after i.c.v.
dministered natural PrRP at a dose causing an anorexigenic effect
24]. (3) In addition, the central neuronal activation after periph-
ral palm-PrRP application was associated also with the selective
ctivation of specific hypothalamic oxytocin and hypocretin neu-
onal subpopulations [41] both involved not only in food intake
nhibition but also in energy expenditure.

Within the PVN, the most abundant levels of PrRP receptor
xpression are found in the anterior parvocellular region. The i.c.v.
dministration of PrRP has been shown to increase the hypotha-
amic release of corticotropin releasing hormone (CRH) [44] and
ncrease the number of c-Fos-labeled CRH neurons in the parvocel-
ular region of the PVN [34]. Moreover, PrRP and norepinephrine
ischarged from the neuronal terminals of the PVN [33] or applied

ntra PVN [48] act synergistically to elevate CRH-mediated adreno-
orticotropic hormone (ACTH). As previously shown, fasting also
ncreases ACTH and corticosterone plasma level in rats [2]. Simi-
arly, an elevated corticosterone level observed after prolonged s.c.
alm-PrRP31 administration in mice [30] maybe a consequence of
ecreased food intake caused by the anorexigenic effect of palm-
rRP31. The central anorexigenic action of PrRP was  found to be
ediated by CRH receptors by Lawrence et al. [25]. As the anorex-

genic effect of CRH has been attributed to OXY receptors and OXY
athways [37], the relationship between the PrRP and CRH is prob-
bly more complicated than as it was shown in [25]. Moreover,
eal et al. [44] showed that PrRP increased release not only of
norexigenic CRH but also of orexigenic NPY in the hypothalamus.

Pharmacokinetics leads to an understanding, interpretation,
nd prediction of blood concentration-time profiles [1]. However,
esigning a physiologically accurate model for an individual drug
as many specific limitations, including route of application. As we
emonstrated in our study, the pharmacokinetics of h palm-PrRP31

n rat blood was really dependent on the route of application. A sin-
le dose of 0.1 mg/kg by i.v. bolus was accompanied by a very fast
nd sharp peak, which dropped to the basal level after one hour.
owever, we were not able to collect blood sample sooner than

 min  after application, so we cannot ignore possibility of higher
evel of palm-PrRP31 in blood. The rapid onset and elimination of

 palm-PrRP31 in plasma is typical for i.v. administration. We  can
ssume that h palm-PrRP31 binds to serum albumin, and only its
ree fraction passes into the brain. A transient increase in plasma

 palm-PrRP31 levels following both the intraperitoneal and sub-
utaneous application (5 mg/kg) was different. However, the area
nder the h palm-PrRP31 level curve was lowest after s.c. applica-
ion. The pharmacokinetic time course after i.p. and s.c. application
evealed that h palm-PrRP31 absorption was similar in both cases
but at different levels in blood). It is evident that pharmacoki-
etic parameters after i.v. administration correspond to a one/two
ompartmental model, while several compartmental models cor-
espond to i.p. and s.c. application. It is clear that specifically for s.c.
dministration, the transfer of the tested peptide from the subcutis
nto the blood could have some limitations.

In spite of the fact that subcutaneous drug administration pro-
ides an important route for its delivery, the exact mechanism
nderlying s.c. absorption is not completely understood. Recently,
agan et al. [20] studied the role of the lymphatic system with
espect to s.c. absorption of different proteins (bovine insulin,
ovine serum albumin and recombinant human erythropoietin)

n the rat. It is evident that the major amount of s.c. injected
acromolecules was absorbed mainly through the blood cap-

llaries, with minimal contribution of the lymphatic system.

evertheless, in the sheep model, 48% of systemic bioavailabil-

ty of insulin following s.c. administration was contributed by the
ymphatic system, suggesting the animal differences in s.c. drug
bsorption [12]. Moreover, it is evident from our study that s.c.
es 75 (2016) 109–117 115

absorption could be different even from intraperitoneal absorp-
tion. This is in good agreement with the study of Hayes et al. [17].
They found that food intake and body weight suppression by palmi-
toylated GLP-1 agonist liraglutide were of greater magnitude and
shorter latency following i.p. compared to s.c. delivery. Surprisingly,
the effect of non-lipidized GLP-1 agonist exendin-4 was similar
after i.p. and s.c. administration in rats. Therefore, more studies
are needed in the future to understand the exact mechanisms of h
palm-PrRP absorption after s.c. administration.

Pharmacokinetic data are further supported by results obtained
from dynamic light scattering and CD spectroscopy. Human
palm-PrRP31 analog showed a strong tendency to micellize, and
formation of aggregates occurred immediately after dissolving the
lipopeptide in PBS. As CD spectra showed, h palm-PrRP31 peptide
adopts a mostly �-sheet conformation, but the presence of �-turn
conformation is not excluded [6]. The ability to adapt to the sec-
ondary structure could be an important attribute for the biological
activity of the peptides. For this purpose, TFE as helix- inducing
solvent was  used [10]. Our results clearly show that palmitoylated
peptide adopts a partially �-helical structure, and the presence of
TFE prevents �-structure formation. The amount of �-helical frac-
tion does not depend on the TFE concentration; however, the higher
intensity of CD spectra for h palm-PrRP31 in the presence of 50%
TFE could be due to the minimal presence of aggregates. On the
other hand, the presence of the �-sheet conformation points to the
higher ability of palm-PrRP31 to form aggregates in solution.

As demonstrated previously, PrRP is expressed in many cell
bodies throughout the brain, including the NTS, the ventrolateral
medulla and the dorsomedial hypothalamus [32], and these signals
are implicated in several physiological processes [4,46] including
satiety signaling [3,47]. Moreover, it has been further observed that
PrRP mRNA is mostly located in the medulla oblongata, but a large
amount of the peptide is present in the hypothalamus [32]. It is
clear from our previous study that the peripheral administration of
natural PrRP did not activate any neurons in the brain regions of
interest, as was  demonstrated by the absence of c-Fos expression
in these regions [30]. We  previously demonstrated [30] that mod-
ification of natural PrRP by a fatty acid of a certain length allowed
passage through the blood–brain barrier after s.c. administration
in mice. Similarly, in this study, significant effect was observed
after three different routes of administration. The administration
of h palm-PrRP31 stimulated the expression of c-Fos protein in
brain nuclei related to food intake regulation, which was depen-
dent on the method of application. It is not surprising that the
highest expression of c-Fos protein was  seen after intravenous
administration. This could be the result of a direct route from the
blood to the brain without any difficulties during absorption from
the intraperitoneal or subcutaneous space/area. In addition, double
c-Fos-GPR10 immunostaining in brainstem C1/A1 cells group indi-
cated that the neurons containing GPR10 receptors are activated
after palm-PrRP administration with intensity depending on the
route of its peripheral administration.

Single intracerebroventricular (i.c.v.) injection of PrRP to free-
moving male rats caused a dose-dependent reduction in nocturnal
food intake [23] without affecting the water intake. Moreover, both
PrRP-deficient mice [47] and GPR10-deficient mice [15] showed
hyperphagia, similar to wild mice after an acute injection of mono-
clonal PrRP antibodies [47]. Our previous study also demonstrated a
food intake decrease after single i.c.v. injection of PrRP31 or PrRP20
to fasted mice [26].

As we proved in our recent study [30], r palm-PrRP31 induced
strong and long-lasting decrease in food intake in fasted mice after

peripheral administration. We  have also observed that two-week-
long subcutaneous administration of r palm-PrRP31 lowered food
intake and body weight and improved metabolic parameters and
attenuated lipogenesis in mice with diet-induced obesity. In this
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resent work, short-lasted repeated (three injections) adminis-
ration of h palm-PrRP31 to free-fed rats decreased food intake
ndependent of the route of palm-PrRP31 delivery. In all cases,

e observed food intake reduction; however, the degree of food
ntake decrease was partially dependent on the route of adminis-
ration and on the dose of h palm-PrRP31 together with single or
epeated administration. The route of administration was impor-
ant for the minimal dose of h palm-PrRP31 necessary to achieve a
ignificant effect on food intake, especially after s.c. administra-
ion. At the dose of 1 mg/kg of h palm-PrRP31 injected s.c., we
id not see any significant effect on food intake (data not shown).
his may  relate to the speed at which h palm-PrRP31 is released
rom the subcutis, optionally with other unknown factors. Never-
heless, we have clearly demonstrated that palmitoylation of the
eptide enabled crossing the blood–brain barrier and stabilization

n plasma even in rats. However, the new specific conditions should
e found for s.c. administration of palm-PrRP to improve its prac-
ical use and to decrease its concentration on i.v. level.

Takayanagi et al. [47] observed that PrRP regulated meal size
ather than meal frequency. This is in agreement with our results.
ime curves of food intake showed a similar shape in controls
injected with vehicle) and rats injected with h palm-PrRP31. There
as no difference among curves after different routes of applica-

ion, suggesting that meal frequency (meal intake during the night
nd day) was not changed by the medication.

. Conclusions

We  can conclude that palm-PrRP influenced food intake even in
ree fed rats. Not surprisingly, the maximal effect was  achieved after
he intravenous application even though two orders of magnitude
ower dose was used compared to both two other applications. We
elieve that palm-PrRP could have a potential as an antiobesity drug
hen its s.c. application would be improved.
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Obesity is a risk factor that worsens cardiovascular events leading to higher morbidity and mortality.
However, the exact mechanisms of relation between obesity and cardiovascular events are unclear.
Nevertheless, it has been demonstrated that pharmacological therapy for obesity has great potential to
improve some cardiovascular problems. Therefore, it is important to determine the common mecha-
nisms regulating both food intake and blood pressure. Several hormones produced by peripheral tissues
work together with neuropeptides involved in the regulation of both food intake and blood pressure.
Anorexigenic (food intake lowering) hormones such as leptin, glucagon-like peptide-1 and cholecysto-
kinin cooperate with a-melanocyte-stimulating hormone, cocaine- and amphetamine-regulated peptide
as well as prolactin-releasing peptide. Curiously their collective actions result in increased sympathetic
activity, especially in the kidney, which could be one of the factors responsible for the blood pressure
increases seen in obesity. On the other hand, orexigenic (food intake enhancing) peptides, especially
ghrelin released from the stomach and acting in the brain, cooperates with orexins, neuropeptide Y,
melanin-concentrating hormone and galanin, which leads to decreased sympathetic activity and blood
pressure. This paradox should be intensively studied in the future. Moreover, it is important to know that
the hypothalamus together with the brainstem seem to be major structures in the regulation of food
intake and blood pressure. Thus, the above mentioned regions might be essential brain components in
the transmission of peripheral signals to the central effects. In this short review, we summarize the
current information on cardiovascular effects of food intake regulating peptides.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Obesity is a serious medical problem worldwide, and its prev-
alence is increasing and taking on pandemic proportions (Arora and
Anubhuti, 2006; Aizawa-Abe et al., 2000; Kent et al., 2001). Obesity
causes or worsens many health problems including type 2 diabetes,
hypertension, coronary heart disease, osteoarthritis, respiratory
problems and several types of cancer including breast, endome-
trium, prostate and large intestine (Baltatzi et al., 2008). Unfortu-
nately, efficient therapy remains scarce (Sweeting et al., 2015). In
particular, high blood pressure is related to obesity not only in
middle-age subjects but also in very elderly ones (Matsumura et al.,
2001a). Despite the fact that obesity-related hypertension is a very
serious health problem (Van�e�ckov�a et al., 2014), no clear evidence
yet exists as to which occurs first, obesity or hypertension, because
both diseases can also exist separately. Pharmacological therapy for
obesity has been shown to have great potential to improve or
prevent some cardiovascular risks and diseases such as prediabetes
(Gadde et al., 2011), type 2 diabetes (Kim et al., 2014), hypertension
or hypertriglyceridemia (Gadde et al., 2011; Torgerson et al., 2004).
To prevent these health problems, it is important to determine the
mechanisms that regulate both food intake and blood pressure (BP)
(Rahmouni, 2014).

The regulation of food intake is a complex process involving
mutual integration of signals from both the central nervous system
Fig. 1. The schema of interrelationship between central and peripheral factors regulating o
inhibitory effects. PVN e paraventricular nucleus, LHA e lateral hypothalamic area, ARC e a
TRH e thyrotropin-releasing hormone, PrRP e prolactin-releasing peptide, MCH - melanin-c
cocaine- and amphetamine-regulated transcript peptide, POMC - pro-opiomelanocortin, CC
(CNS) and from the periphery (Fig. 1). Circulating hormones and
nutrients act mainly in the hypothalamus and brainstem to trans-
mit peripheral metabolic signals to the brain. The hypothalamus is a
brain center where an action of a large number of peptides and
neurotransmitters is integrated tomediate regulation of short-term
and long-term dietary intake. One of the major regions of the hy-
pothalamus involved in feeding and satiety is the arcuate nucleus
(ARC) (Sobrino Crespo et al., 2014). The ARC acts as a feeding control
center and integrates most of the peripheral hormonal signals
including leptin, insulin and ghrelin. The ARC contains populations
of neurons, the so called “primary neurons.” These neurons express
neuropeptides that increase appetite (orexigenic neuropeptides),
such as neuropeptide Y (NPY) and agouti-related peptide (AgRP), as
well as neuropeptides that reduce appetite, (anorexigenic neuro-
peptides), including a-melanocyte-stimulating hormone (a-MSH)
and cocaine- and amphetamine-regulated transcript (CART) pep-
tide. These neurons send axonal projections to other hypothalamic
areas, the paraventricular nucleus (PVN), ventromedial nucleus
(VMN) and lateral hypothalamic area (LHA) to the second order
neurons that conduct the related impulses to the thalamus (Arora
and Anubhuti, 2006). Another key brain area involved in regu-
lating food intake is brainstem (Yu and Kim, 2012). Short-term
signals derived from the gastrointestinal tract, such as cholecysto-
kinin (CCK), primarily relay to the solitary tract nucleus (NTS)
through the sensory vagus nerve, the major neuronal link between
f food intake. The solid lines indicate a stimulatory effects and dotted lines indicate an
rcuate nucleus, NTS e solitary tract nucleus, CRH - corticotrophin-releasing hormone,
oncentrating hormone, NPY e neuropeptide Y, AgRP e agouti-related peptide, CART e

K e cholecystokinin, GLP-1 e glucagon-like peptide-1.
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the gut and the brain. NTS also receives neuronal projection from
the PVN and other hypothalamic areas, indicating that there is
communication between the hypothalamus and the brainstem.
Similar to hypothalamic neurons, NTS neurons produce glucagon-
like peptide-1 (GLP-1), NPY and pro-opiomelanocortin (POMC)
(Arora and Anubhuti, 2006; Sobrino Crespo et al., 2014; Yu and Kim,
2012).

There is no doubt that brain mechanisms can play a significant
role in both the regulation of food intake as well as short- and long-
term BP control. Thus, increasing evidence points to CNS activation
as a key contributor to the development of obesity and hyperten-
sion (DiBona, 2013; Hall et al., 2000, 2010). It is evident that the
hypothalamus is an essential component of the neural network of
central mechanisms controlling blood pressure and food intake.
Moreover, the hypothalamus acts as the interface between the
endocrine and nervous systems, coordinating and integrating
signal transduction in response to central and peripheral stimuli
(Hirooka et al., 2013). Increased sympathetic nerve activity (SNA) is
a characteristic feature of many animal models of obesity (Kassab
et al., 1995; Prior et al., 2010; Rahmouni et al., 2005). High SNA
has also been documented in human obesity (Grassi et al., 1995;
Vaz et al., 1997; Wofford et al., 2001) in which acute systemic
ganglionic blockade lowers BP and peripheral resistance more in
normotensive obese subjects than in leaner ones (Shibao et al.,
2007). Increased SNA was also observed in human essential hy-
pertension as well as heart failure (Hall et al., 2010; Wier et al.,
Table 1
Central effects of food intake regulating peptides on food intake, sympathetic activity an
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anorexigenic
leptin ↓ (Grill et al., 2002; Pelleymounter et al., 1995) ↑ (Simon
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↓ (Larsen et al., 2000; Nagelov�a et al., 2014;
Maletínsk�a et al., 2008; Kristensen et al., 1998)
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cholecystokinin ↓ (Washington et al., 2015) ↓ (Sfrant
2011)

corticotrophin-
releasing factor

↓ (Arase et al., 1988; Uehara et al., 1998) ↑ (Arase

prolactin-releasing
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↓ (Maletínsk�a et al., 2015; Holubova et al., 2016;
Mikul�a�skov�a et al., 2016)
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melanin-concentrating
hormone

↑ (Mihalic et al., 2012; Qu et al., 1996; Della-Zuana
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galanin ↑ (Saar et al., 2011; Kyrkouli et al., 2006)
/ (Smith et al., 1994)
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[increase, Ydecrease.
2009).
Several peptides participating in the regulation of appetite or

feeding behavior seem to also take part in cardiovascular and
sympathetic regulations (Table 1). All of these peptides regulate
sympathetic nervous system activity, influence blood pressure by
interacting together and may play a key role in the association
between obesity and hypertension (Elmquist et al., 1999; Schwartz
et al., 1999). This short review will summarize current information
on cardiovascular effects of peptides regulating food intake.
Attentionwill be focused on anorexigenic peptides, e.g., leptin, GLP-
1, a-MSH, CART peptide, CCK, corticotrophin-releasing factor (CRF)
and prolactin-releasing peptide (PrRP), as well as on orexigenic
peptides, e.g., ghrelin, orexins, NPY, galanin and melanin-
concentrating hormone (MCH).

2. Anorexigenic peptides

2.1. Leptin

Leptin, a circulating 16-kDa hormone secreted by adipocytes
seems to be the key factor in linking obesity to hypertension or
other cardiovascular diseases. Together with orexigenic ghrelin,
leptin transmits peripheral metabolic information to the brain and
converts it to cardiovascular and sympathetic information
(Matsumura et al., 2003). Leptin circulates in plasma and crosses
the blood brain barrier (BBB) via a saturable receptor-mediated
d blood pressure in particular animal studies.

etic activity Blood pressure

ds et al., 2014; Rahmouni and Morgan, 2007;
ra et al., 2000a)

↑ (Simonds et al., 2014; Shek et al.,
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transport system to enter into the CNS (Morris and Rui, 2009).
Through its signaling receptor, leptin suppresses appetite and in-
creases energy expenditure by activating the sympathetic nervous
system (SNS), which leads to a decrease in food intake and body
weight (Grill et al., 2002). Serum levels of leptin correlate with total
fat mass (Baltatzi et al., 2008; Maffei et al., 1995). Evidence that
leptin is a powerful controller of energy balance comes from ob/ob
mice with a mutation of the leptin gene (ob). The mutation leads to
the absence of circulating leptin and causes hyperphagia and
obesity, which can be normalized by the administration of leptin
(Pelleymounter et al., 1995).

Most of obese individuals show increased food intake despite
high circulating leptin levels, pointing to a state of leptin resistance
characterized by reduced responsiveness to appetite and weight
gain suppressing effects (de Git and Adan, 2015). Several mecha-
nisms have been proposed to explain leptin resistance, namely
defective leptin transport across the BBB (El-Haschimi et al., 2000)
and attenuation of central leptin signaling (Reed et al., 2010; Van
Heek et al., 1997). However, the mechanisms that lead to leptin
resistance are still unclear and should be further investigated.
Hyperleptinemia and leptin resistance could be the cause of
chronically elevated SNS in obesity via activation of leptin receptors
in hypothalamus and brainstem (Hall et al., 2010; Canale et al.,
2013).

Receptors for leptin are widely distributed in the brain. A major
target of leptin in the CNS is ARC located at the basal hypothalamus,
where leptin binds to the leptin receptors of two neuron pop-
ulations. One population of neurons synthesizes and releases two
orexigenic peptides e NPYand AgRP. Leptin reduces the expression
of these two neuropeptides. The other population of neurons syn-
thesizes the anorexigenic peptide a-MSH, which is derived from
POMC, and also CART peptide (J�equier, 2002; Simonds et al., 2014).
Leptin induces the m-RNA expressions of POMC and CART peptide.
Thus the leptin-induced increase in sympathetic activity results
from both the suppression of orexigenic and the induction of
anorexigenic neuropeptides. Some studies have demonstrated that
leptin signaling is necessary to produce an obesity-induced in-
crease in blood pressure. Simonds et al. found in diet-induced
obese (DIO) mice that increasing levels of leptin lead to an in-
crease in heart rate (HR) and BP (Simonds et al., 2014).

The effect of leptin administration on arterial pressure seems to
depend on whether it is acute or chronic. Acute injection of leptin
has little effect on BP; however, chronic increases in plasma leptin,
comparable with those found in severe obesity, can raise BP (Hall
et al., 2010). This BP increase can be erased by combined a- and
b-adrenergic blockade, suggesting that SNA is involved in this
process (Carlyle et al., 2002). Intravenous injection of leptin in rats
increases SNA in the brown adipose tissue, kidney, adrenal gland,
and hindlimb without significant change in blood pressure
(Rahmouni and Morgan, 2007). One can assume that potential
depressor actions may compensate the acute pressor actions of
leptin. On the other hand, chronic intravenous or carotid artery
infusion of leptin increases arterial pressure in Sprague-Dawley rats
(Shek et al., 1998). Moreover, unlike intravenous administration,
intracerebroventricular (ICV) injection of leptin activates lumbar
and renal sympathetic nerve activity which leads to an increase in
blood pressure in conscious animals (Matsumura et al., 2000a).

2.2. a-Melanocyte-stimulating hormone

Anorexigenic a-MSH is a 13-amino acid peptide that together
with corticotrophin, belongs to the melanocortin family and is
cleaved from the POMC precursor. Five melanocortin receptor
subtypes (MC1R to MC5R) have been identified and most show
tissue-specific expression patterns. It has been demonstrated that
MC3R andMC4R are primarily expressed in the brain (Baltatzi et al.,
2008; Schwartz et al., 1999), and the stimulation of MC4R leads to a
decrease in appetite. It is known that MC4R knock-out mice are
hyperphagic and obese (Huszar et al., 1997; Parker and Bloom,
2012). MC4R has a central role in food intake regulation. MC4R
defects lead to a severe clinical phenotype with lack of satiety and
early-onset severe obesity (for recent review, see (Fani et al., 2014)).
Several studies have shown that ICV administration of a-MSH and
other MC3/4R agonists inhibits feeding in fasted rats and sup-
presses the fasting- and NPY-induced hyperphagia in leptin-
deficient and AgRP KO mice (Fan et al., 1997).

While a-MSH has no effect on BPwhen injected intravenously, it
increases BP after ICV administration. Matsumura et al. found that
ICV-administered a-MSH acts at the central MC4R, activates sym-
pathetic outflow and leads to an increase in arterial pressure and
renal SNA in conscious rabbits. In conscious unrestrained rats, the
acute ICV administration of a-MSH increased mean arterial pres-
sure (MAP) and HR; however, chronic infusion decreased MAP,
physical activity and food intake (Hill and Dunbar, 2002). Moreover,
an increase in BP of approximately 20 mm Hg was demonstrated
after injection of a-MSH into a lateral cerebral ventricle inwild type
mice but not in MC4R�/- knock-out ones (Ni et al., 2006).

As orexigenic AgRP is an endogenous MC3R and MC4R antago-
nist, a-MSH may interact with AgRP in the brain, regulating the
sympathetic nervous system and blood pressure as well as appetite
or feeding behavior. ICV administration of AgRP increased food
intake in satiated rats and eliminated the anorectic effect of co-
administered a-MSH (Dinulescu and Cone, 2000; Rosenfeld et al.,
1998). On the other hand, several studies have assumed that the
sustained orexigenic action of AgRP may not be mediated through
MC4R antagonism (Kim et al., 2002; Marsh et al., 1999; Hagan et al.,
2000).

AgRP influences cardiovascular function, but the mechanisms
are still unclear. The cardiovascular effects of AgRP might be exer-
ted through the inhibition of SNA. Recently, Yasuda et al. showed
that acute administration of AgRP in the third cerebral ventricle
decreased brown adipose tissue sympathetic activity (Yasuda et al.,
2004). AgRP in the CNS produces chronic reduction of MAP and HR
despite marked increases in food intake and weight gain. Because
AgRP is a potent antagonist of MC3/4R, the above hemodynamic
changes can be related to antagonism of hypothalamic MC3/4R
(Tallam et al., 2004).

2.3. Glucagon-like peptide-1

GLP-1 is an incretin hormone primarily synthesized by enter-
oendocrine L-cells in the small and large intestine and less by the
pancreas and hypothalamus (Baltatzi et al., 2008; Elliott et al.,
1993). GLP-1 is a 30-amino acid peptide derived from the tran-
scription product of the proglucagon gene and exists in two bio-
logically active forms, GLP-1(7e37) and GLP-1(7e36) amide
(Gardiner et al., 2010a). GLP-1 is released aftermeal ingestion and is
responsible for approximately 60% of the total insulin secretion
from the pancreas (Nishizawa et al., 2013). GLP-1 is involved in
some peripheral functions, such as glucose homeostasis, delay of
gastric emptying, insulin secretion or intestinal growth, as well as
in the regulation of food intake due to its central effect (Small and
Bloom, 2004). Therefore, GLP-1 is a promising target for the
treatment of type 2 diabetes and obesity (Cariou, 2012; Kanoski
et al., 2011). The long-lasting GLP-1 receptor agonists exendin-4
and liraglutide decrease food intake and body weight in humans
and in animal models (Kanoski et al., 2011). Some studies have
suggested that anorectic effects of GLP-1 might be mediated
through NPY signaling because GLP-1 inhibited NPY-induced
feeding (Kalra et al., 1999; Turton et al., 1996). ICV-administered



B. Mikul�a�skov�a et al. / Molecular and Cellular Endocrinology 436 (2016) 78e9282
GLP-1 receptor antagonist, exendin (9e39), increased feeding in
leptin-pretreated animals and prevented the anorectic and weight-
reducing effects of ICV leptin administration. These data suggest
that the GLP-1 pathway might be one of the targets for the
anorectic effect of leptin (Goldstone et al., 1997). Neither diabetes
nor obesity is associated with a significant change in serum GLP-1
levels in humans (Calanna et al., 2013). However, GLP-1 is secreted
from human pancreatic islets, with enhanced secretion from islets
from obese individuals (Linnemann et al., 2015).

GLP-1 has important cardiovascular effects. Significant pressor
effects of exogenous GLP-1 have been reported in many studies of
rodents (Gardiner et al., 2010a; Yamamoto et al., 2002). However,
data from human studies or studies of large animals indicate that
GLP-1 receptor activation does not result in BP elevations (Goodwill
et al., 2014). Conversely, chronic administration of GLP-1 agonists
may reduce blood pressure, glomerular hyperfiltration, albumin-
uria and hepatic steatosis. In patients with type 2 diabetes, GLP-1
receptor agonists have been associated with resting HR accelera-
tion and decreased systolic BP relative to placebo (Robinson et al.,
2013). Moreover, GLP-1 can improve endothelial function in dia-
betes (Nystr€om et al., 2004). Current evidence indicates that GLP-1
also has positive inotropic and chronotropic effects on the heart
(Poudyal, 2015). GLP-1 administration reduced infarction size in
animal models of myocardial infarction (Dokken et al., 2011) and
improved post-infarction myocardial function. The same effects
were observed in diabetic patients, in whom GLP-1 agonists
reduced the risk of heart failure, stroke and myocardial infarction
(Velez et al., 2015). However, the explanation for why GLP-1 may
play such a physiological role in the cardiovascular system is still
not exactly known.

2.4. Cocaine- and amphetamine-regulated transcript

CARTwas described as mRNA induced in rat striatum after acute
administration of cocaine or amphetamine (Douglass et al., 1995).
The amino acid sequence of CART peptide is conserved among
species, similarly between rats and humans, with 95% identity
(Kuhar et al., 2000; Lau and Herzog, 2014). ProCART of rat and
mouse is identical, consists of 102 amino acids and is processed to
two main active CART peptides, i.e. to CART(55e102) and
CART(61e102). Human proCART lacks sequence 27e39 of the
mouse and rat proCART (Larsen et al., 2000). CART peptide is a
neuropeptide with a powerful anorexigenic effect (Nagelov�a et al.,
2014; Maletínsk�a et al., 2008). ICV injection of CART peptide
inhibited food intake and completely blocked NPY-induced feeding
responses in rats while antiserum against CART peptide enhanced
feeding (Larsen et al., 2000; Kristensen et al., 1998). The receptor for
CART peptide is still unknown (Maletínsk�a et al., 2007; Maixnerov�a
et al., 2007). CART knock-out mice displayed increased body weight
at the age of 40 weeks, without any difference in food intake, and
impaired glucose-stimulated insulin secretion (Wierup et al.,
2005).

A great quantity of CART was detected in hypothalamic nuclei
but also in the medulla oblongata, particularly in the NTS and area
postrema. These regions of the medulla are the most important
cardiovascular centers of the brain (Koylu et al., 1998). It has been
reported that CART peptide participates in central cardiovascular
and sympathetic regulations probably by its direct endothelium-
dependent constriction via the endothelin signaling pathway (Iliff
et al., 2008). The authors used the rat with a closed cranial win-
dow to determine the in-vivo effects of CART peptide on pial arte-
riolar diameter. Intravenous administration of CART peptide
produced a significant pressor effect and constriction of pial arte-
rioles. The pressor response to systemic CART peptide was blocked
by endothelin A (ETA) receptor antagonist BQ-123 as well as the
inhibitor of the endothelin-converting enzyme, phosphoramidon.
These results demonstrated that CART peptide constricts cerebral
vessels in vivo through its effects on the endothelin system, spe-
cifically via activation of ETA receptors (Iliff et al., 2008). This sup-
ports the notion that CART peptide plays a physiologic role in
cerebrovascular regulation. Furthermore, CART peptide may be one
of the neuronal signals linking obesity and hypertension. CART
neurons are stimulated by leptin, and this leads to activation of SNA
resulting in an increase in arterial pressure (Matsumura et al.,
2001b). This pathway of BP regulation from leptin to CART pep-
tide seems to contribute to leptin's central pressor effect
(Matsumura et al., 2003).

Results from recent animal studies suggest that CART peptide is
involved in a number of physiological processes by direct excitation
of neurons along the sympathetic neural axis involved in cardio-
vascular regulation (Matsumura et al., 2001b). However, its func-
tion as a factor in the development of hypertension remains
controversial. ICV CART peptide administration increases BP,
plasma norepinephrine and glucose concentration in conscious
rabbits (Matsumura et al., 2001b). This is consistent with obser-
vations that intracisternally administered natural CART peptides
increase HR and BP dose dependently in anesthetized Sprague-
Dawley rats. However, intrathecal or intravenous administration
of these peptides had little or no effect on HR and BP (Hwang et al.,
2004).

2.5. Cholecystokinin

Gut hormone CCK is secreted by the I cells of the small intestine
and is responsible for stimulating digestion of fat and protein and
also acts as a hunger suppressant. CCK is present in numerous
bioactive forms such as CCK-58, CCK-33, CCK-8, all derived from the
same gene product. The most frequent form in the organism is
octapeptide CCK-8 (Reeve et al., 1994). CCK interacts with the CCK1
receptor distributed mainly in the gastrointestinal tract and the
CCK2 receptor locatedmostly in the brain (Washington et al., 2015).
In lean individuals, the increase of postprandial CCK levels is high
and fast resulting in earlier satiety, while in obese individuals,
postprandial CCK levels remain increase for longer (Zwirska-
Korczala et al., 2007).

CCK and leptin are well known to participate in cardiovascular
regulation via a vagally mediated tri-synaptic central reflex. These
gut hormones induce renal and splanchnic sympathoinhibition,
thereby promoting vasodilation in the renal and splanchnic
vascular beds (Sfrantzis et al., 2015; How et al., 2013). The role of
impaired sympathoinhibitory signals from the gut in the develop-
ment of obesity-related hypertension seems important in the eti-
ology of high BP, although it remains to be determined whether
peripheral or central mechanisms are responsible (How et al., 2011;
Sartor, 2013). How and coworkers indicated that attenuation of
CCK-induced sympathoinhibitory mechanisms in obese, hyper-
tensive animals may result from impaired signaling pathways in
the brainstem, within the reflex circuit between vagal afferents and
presympathetic rostral ventrolateral medulla neurons (How et al.,
2011, 2014). Moreover, it has been reported that CCK relaxes the
mesenteric arteries of spontaneously hypertensive rats and de-
creases BP via the CCK1 receptor (Saita and Verberne, 2003).

2.6. Corticotrophin-releasing factor

CRF is a 41-amino acid mammalian neurohormone (Vale et al.,
1981), which is expressed in the endocrine hypothalamus in PVN,
cerebral cortex, cerebellum and the amygdalar-hippocampal com-
plex, i.e., in the areas that are important for stress adaptation,
learning and memory (Bittencourt and Sawchenko, 2000).



B. Mikul�a�skov�a et al. / Molecular and Cellular Endocrinology 436 (2016) 78e92 83
Furthermore, CRF potently inhibits food intake and stimulates en-
ergy expenditure via the SNS (Richard et al., 2000). ICV adminis-
tration of CRF reduced food intake (Arase et al., 1988) and dose
dependently increased SNA to interscapular brown adipose tissue
(IBAT) in rats (Arase et al., 1988; Correia et al., 2001a). CRF acts
through interaction with two distinct receptor subtypes, CRF1 and
CRF2 (Turnbull and Rivier, 1997), where CRF2 receptor is primarily
involved in the feeding-suppressive and thermogenic response to
CRF and CRF-related peptides (Martinez et al., 1998).

It is known that leptin increases hypothalamic CRF, and the
hypothalamic CRF might be an important mediator of the anorectic
action of leptin (Uehara et al., 1998). ICV-administered leptin
stimulates CRF expression in PVN (Schwartz et al., 1996). Leptin-
dependent sympathetic activation of IBAT is dependent on CRF
receptor activation. Interestingly, the acute pressor effect of intra-
venously administered leptin is not blocked by the CRF receptor
antagonist (Correia et al., 2001a). These data implicate CRF as a
mediator of the sympathoexcitatory effect of leptin on thermogenic
tissue, but cardiovascular actions of leptin are not dependent on
CRF.

CRF is known as the major physiological regulator of pituitary
adrenocorticotropic hormone (ACTH) secretion. CRFmay play a role
in blood pressure regulation through the ACTH-cortisol pathway,
but its contribution seems to be little except in the case of Cushing
syndrome (Correia et al., 2001a). It has been demonstrated that
ACTH levels were higher in children and adolescents with meta-
bolic syndrome (Sen et al., 2008), in which ACTH increased with
body weight, systolic and diastolic BP as well as fasting glucose. The
relation to cortisol production was weak because there was a cor-
relation only with systolic BP.

2.7. Prolactin-releasing peptide

The anorexigenic neuropeptide PrRP exists in two biologically
active isoforms with either 31 (PrRP31) or 20 (PrRP20) amino acids
sharing C-terminal part of the molecule important for biological
activity. PrRP was initially isolated from the hypothalamus as a
ligand for the human orphan G-protein-coupled receptor GPR10
(Hinuma et al., 1998) as a possible regulator of prolactin secretion
from anterior pituitary cells. Later, its prolactin-releasing ability
was questioned (Jarry et al., 2000; Dodd and Luckman, 2013), and it
was established that PrRP has other physiological functions,
including food intake regulation (Lawrence et al., 2000) and energy
expenditure (Takayanagi et al., 2008). PrRP receptor knock-out
mice showed significantly higher body weight at 15 weeks of age
compared to wild-type mice, and this late-onset obesity was much
more pronounced in female mice, which also exhibited a significant
decrease in energy expenditure (Bjursell et al., 2007). Similarly,
PrRP-deficient mice displayed late-onset obesity, increased food
intake and attenuated responses to the anorexigenic signals
cholecystokinin and leptin (Takayanagi et al., 2008).

Our studies indicated strong anorexigenic, body weight-
reducing (Maletínsk�a et al., 2015) and glucose tolerance-
improving effects of lipidized analogs of PrRP after peripheral
administration to rodents (Holubova et al., 2016). In the previous
study, we demonstrated that peripherally administered palmitoy-
lated PrRP influenced food intake even in free-fed rats
(Mikul�a�skov�a et al., 2016).

Recent studies have suggested that PrRP is involved in the
central control of BP, although the neuronal pathway for the PrRP
effect on the cardiovascular system has not been revealed (Horiuchi
et al., 2002; Samson et al., 2000). Satoh et al. found 125I-PrRP
binding sites in the rat brain and pituitary as it was expected and
moreover high affinity binding sites in heart (Satoh et al., 2000).
Some studies noted that PrRP might regulate the cardiovascular
system via the sympathetic nervous system by stimulating
corticotrophin-releasing hormone (CRH) neurons in the PVN.
While the elevations of BP and HR elicited by PrRP administration
were not inhibited by a vasopressin antagonist, they were
completely suppressed by treatment with CRH (Yamada et al.,
2009). ICV administration of PrRP increased the arterial blood
pressure in conscious and unrestrained rats (Samson et al., 2000).
Moreover, microinjection of PrRP into themost caudal ventrolateral
medulla oblongata, recognized as the caudal pressor area, elicited
dose-dependent increases in MAP, HR, and SNA (Horiuchi et al.,
2002). Konyi et al. revealed that PrRP had a direct, dose-
dependent positive inotropic effect in the intact rat heart (K�onyi
et al., 2010). Based on these data, PrRP is thought to play a role in
the regulation of cardiovascular homeostasis.

3. Orexigenic peptides

3.1. Ghrelin

Ghrelin, an endogenous ligand of the growth hormone secre-
tagogue receptor (GHS-R), is a linear 28-amino acid peptidewith an
n-octanoyl group on its serin3 residue (Sobrino Crespo et al., 2014)
that is important for its biological activity (Patterson et al., 2011).
Ghrelin is predominantly produced by the stomach and is the only
known orexigenic hormone produced in the periphery (Nass et al.,
2011). Ghrelin directly acts in the brain to enhance both the
expression and secretion of NPY and AgRP in the ARC of the hy-
pothalamus (Sobrino Crespo et al., 2014; Patterson et al., 2011; Nass
et al., 2011). It has been demonstrated that ghrelin and its agonists
acutely stimulate feeding and chronically induce adiposity in ro-
dents (Tsch€op et al., 2000; Holubov�a et al., 2013; Wren et al., 2001).
On the other hand, ghrelin receptor antagonists decrease food
intake, body weight and adipose tissue mass when repeatedly
injected into DIO mice (Holubov�a et al., 2014). Recent studies
showed that in humans, circulating ghrelin levels rise before a meal
and are suppressed post-prandially (Tsch€op et al., 2001a). Ghrelin
seems to act as a hunger signal initiating the onset of meals
(Patterson et al., 2011). Calorie restriction and cachexia increase
plasma ghrelin concentrations, while most obese individuals
exhibit lower circulating ghrelin and disrupted meal-related fluc-
tuations compared to lean individuals (Tsch€op et al., 2001b).

Ghrelin is known to participate in cardiovascular and sympa-
thetic regulation. The evidence of ghrelin activity in BP regulation is
supported by high levels of GHS-R, the ghrelin receptor, in the
heart, kidney and blood vessels (Müller et al., 2015; Mao et al.,
2016). A recent study reported that the concentration of circu-
lating ghrelin decreased in hypertensive individuals (P€oykk€o et al.,
2003). Many studies have investigated the ability of ghrelin to
decrease blood pressure. For instance, the acute ability to decrease
BP has been investigated in conscious rabbits with normal blood
pressure, when IV administration of ghrelin decreased blood
pressure without a significant change in renal SNA (Matsumura
et al., 2002a). In patients with heart failure, infusion of ghrelin
significantly decreased MAP without a significant change in HR;
moreover, ghrelin markedly increased cardiac index and stroke
volume index (Nagaya et al., 2001a). Similar hemodynamic effects
elicited by IV injection of human ghrelin have also been observed in
healthy men (Nagaya et al., 2001b).

The chronic effect of ghrelin on BP was investigated in Dahl rats,
a model of salt-induced hypertension. In these rats, IP adminis-
tration of ghrelin twice a day for 3 weeks attenuated salt-induced
hypertension and cardiac hypertrophy, revealing ghrelin's long-
lasting antihypertensive and cardioprotective effects (Aoki et al.,
2013).

Ghrelin has direct vasodilatory effects, possibly through growth
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hormone- and nitric oxide-independent mechanisms (Okumura
et al., 2002). In contrast, some evidence suggests that central
ghrelin participates in the regulation of renal SNA and baroreceptor
reflex in conscious rabbits. ICV injection of ghrelin caused a sig-
nificant decrease in arterial pressure and suppressed renal SNA in
conscious rabbits. These data suggest that the depressor effect
induced by IV injection of ghrelin could be partly explained by
central inhibition of sympathetic outflow (Matsumura et al.,
2002a).

Ghrelin together with leptin transmits peripheral metabolic
information to the brain and converts it to cardiovascular and
sympathetic information (Matsumura et al., 2003). Both peptides,
ghrelin and leptin, are involved in the regulation of food intake, but
they are suggested to regulate the hypothalamic peptidergic system
of feeding behavior in opposite ways (Saladin et al., 1995; Shintani
et al., 2001). Moreover, it has been suggested that leptin and ghrelin
participate in regulating the cardiovascular system and SNS. ICV
administration of leptin activated SNS, increasing arterial pressure.
On the other hand, ICV administration of ghrelin suppressed the
SNS resulting in an arterial pressure decrease (Matsumura et al.,
2002a). Therefore, leptin and ghrelin may interact together and
participate not only in food intake regulation but also in central
cardiovascular and sympathetic regulations (Matsumura et al.,
2003).

3.2. Orexins

Orexins, also known as hypocretins, are secreted neuropeptides
implicated in the regulation of feeding, sleep, energy expenditure,
pain, cardiovascular function (Samson et al., 1999) and neuroen-
docrine regulation (Fernø et al., 2015). Orexin-A and orexin-B are
33- and 28-amino acid peptides, respectively, sharing a 46% iden-
tity. The orexins activate two closely related G-coupled receptors
known as orexin receptor-1 (OX1R) and orexin receptor-2 (OX2R).
OX1R is expressed widely in the hypothalamus, mostly in the
ventromedial hypothalamus, and in the brown adipose tissue in the
periphery. OX2R is expressed mainly in PVN and in the adrenal
medulla. In the hypothalamus, they project to cardiovascular cen-
ters in the hindbrain including NTS and nucleus ambiguus (Ciriello
et al., 2003). Furthermore, orexin knock-out mice have low basal
blood pressure (Kayaba et al., 2003). Murakami et al. showed that
orexin/ataxin-3 transgenic rats, which have a minimal number of
orexin neurons, showed decreased sympathetic nerve tone. This
strongly suggests an excitatory effect of orexin on the SNS
(Murakami et al., 2015). Central administration of orexins is also
associated with increased sympathetic activity (Rodgers et al.,
2002). Other studies have also described cardiovascular and sym-
pathetic responses to orexin administration. ICV-administered
orexin-A activates the sympathetic nervous system, resulting in
increased arterial pressure in conscious rabbits and rats. An acute
ICV administration of orexin-B also increased arterial pressure, but
this effect was weaker than that induced by orexin-A (Shirasaka
et al., 1999; Matsumura et al., 2001c). Finally, Lin et al. showed
that chronic ICV administration of orexin-A, but not orexin-B, eli-
cited a significant increase in systolic blood pressure (Lin et al.,
2002). Orexin-A seems to be more potent than orexin-B in pro-
ducing a pressor response.

3.3. Neuropeptide Y

NPY is a 36-amino acid peptide belonging to the family of
pancreatic polypeptides along with peptide YY (PYY) and pancre-
atic polypeptide (Baltatzi et al., 2008). NPY is one of the most
abundant peptides of the hypothalamus (Allen et al., 1983) and
plays an important role in several physiological functions including
feeding behavior and cardiovascular regulation (Pedrazzini, 2004;
Coelho et al., 2004). NPY is supposed to be a target of leptin ac-
tions in the brain. Administration of leptin inhibits hypothalamic
NPY expression and secretion (Schwartz et al., 1996). Moreover,
hyperphagia and obesity in leptin-deficient ob/ob mice are atten-
uated in animals lacking NPY expression (Erickson et al., 1996).
Another modulator of NPY expression and release in the hypo-
thalamus might be insulin. Administration of insulin to
streptozotocin-diabetic rats normalizes the increase in hypotha-
lamic NPY expression and reduces hyperphagia (McKibbin et al.,
1992). Some studies have shown that NPY is involved in the pro-
gression of various chronic diseases such as hypertension, diabetes,
and cardiovascular diseases (Baltatzi et al., 2008; Zhang et al., 2011,
2015). Six types of NPY receptors have been identified (Y1eY6). For
instance, Y1, Y2 and Y5 receptors are widely distributed in the
cardiovascular system and play important roles in the regulation of
the circulatory system in mammals (Brain and Cox, 2006). NPY
stimulates vasoconstriction by activating Y1 receptors (Gradin
et al., 2006), promotes angiogenesis (Lee et al., 2003) and vaso-
constriction by activating Y2 receptors (Chu et al., 2003), and in-
duces cardiomyocyte hypertrophy by Y1, Y2 and Y5 receptors
(Callanan et al., 2007). However, the effects of NPY on the central
cardiovascular regulation are still controversial. Fuxe et al.
demonstrated that ICV administration of NPY decreased blood
pressure in rats (Fuxe et al., 1990). In contrast, Vallejo and Lightman
injected NPY into the third ventricle of anesthetized rats and found
a dose-dependent increase in BP and HR (Vallejo and Lightman,
1986). Moreover, Matsumura et al. showed that ICV injection of
NPY acts on the central nervous system and decreases renal SNA,
resulting in decreased BP in conscious rabbits (Matsumura et al.,
2000b). These results are consistent with the previous study from
Egawa et al., which indicated that ICV-injected NPY in anesthetized
rats suppressed SNA to interscapular brown adipose tissue (Egawa
et al., 1991). Another study reported that long-term elevation of
plasma concentration of NPY could result in cardiac dysfunction
and cardiac hypertrophy in rats. This phenomenon, in part, could be
mediated by calcineurin and the p38 mitogen-activated protein
kinase signal pathway (Zhang et al., 2015). On the contrary, NPY
improved myocardial perfusion and function in a swine model of
hypercholesterolemia and chronic myocardial ischemia (Matyal
et al., 2012). Accordingly, more mechanistic information about
NPY-based drugs is required before we can determine their po-
tential to treat cardiac disease.

3.4. Galanin

Galanin, together with galanin-like peptide and alarin, is a
member of the galanin peptide family. All members of the galanin
peptide family are involved in the regulation of food intake and
metabolism as well as in the etiopathogenesis of obesity, insulin
resistance and hypertension (Fang et al., 2012).

Galanin is a 29-amino acid neuropeptide distributed widely
throughout CNS, peripheral nervous system and other tissues (Fang
et al., 2012; Tatemoto et al., 1983). Hypothalamic galanin neurons
were found in PVN, supraoptic nucleus and ARC (Bonnefond et al.,
1990). Galanin receptors GalR1-3 are widely distributed in the
brain. All these receptors are highly expressed in the hypothalamus
and hippocampus, and GalR1 and GalR2 are also distributed in the
cortex and amygdala (Parker and Bloom, 2012; Lang et al., 2007;
Waters and Krause, 2000).

Both acute and chronic increases in galanin levels in the CNS
increase food intake as well as the body weight of animals (Fang
et al., 2011). Galanin and its agonist have been shown to stimu-
late feeding in rats when injected into PVN, NTS or the brainstem
(Saar et al., 2011; Kyrkouli et al., 2006). In contrast, a separate study
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showed that three daily ICV injections of galaninwere ineffective in
producing an increase in food intake (measured as total 24 h intake)
and did not affect body weight (Smith et al., 1994).

The evidence suggests that galanin stimulates fat intake. Central
galanin and galanin preprotein concentrations, for example, have
been associated with elevated fat intake as well as with elevated
circulating triglycerides in Sprague-Dawley rats and humans
(Plaisier et al., 2009; Leibowitz et al., 2004). Injection of galanin into
PVN preferentially increases fat intake relative to NPY injection
(Nagase et al., 2002).

There is no doubt that galanin is involved in cardiovascular
regulation. An intracisternal injection of galanin induced weak hy-
potension and tachycardia, which were then blocked by galanin
antagonist M40 in rats (Díaz-Cabiale et al., 2005a). A recent study
demonstrated that exogenous galanin applied to the rostral ventro-
lateral medulla reduced sympathetic cardiovascular activity, pro-
ducing a hypotensive effect (Abbott and Pilowsky, 2009). In contrast,
intracisternally administered galanin fragment (GAL(1e15)) signifi-
cantly increased MAP and HR (Narv�aez et al., 1994).

Studies have documented interactions between NPY, specifically
through Y1R, and galanin. The intracisternal co-injection of galanin
and NPY or Y1R agonist increased MAP and HR in rats. Galanin
significantly decreased Y1R agonist binding in the NTS and this
effect was blocked by specific galanin antagonist M35 (Díaz-Cabiale
et al., 2006).

There is an interaction between the galanin receptor and the
adrenergic a2-receptor in central cardiovascular control. The
intracisternal co-injections of galanin and a2-receptor agonist
clonidine induced rapid and sustained vasopressor and tachycardic
responses in rats. However, co-injections of threshold doses of the
GAL(1e15) and clonidine did not elicit significant cardiovascular
changes (Díaz-Cabiale et al., 2000). Thus, the antagonistic effect of
GAL(1e15), but not galanin, on cardiovascular responses is medi-
ated by adrenergic a2-receptors.

The interaction between galanin (GAL(1e29)) or GAL(1e15) and
angiotensin II (Ang II) in central cardiovascular control was recently
investigated in rats. Results from this study indicate the existence of
a differential modulatory effect of Ang II with GAL(1e15) and
GAL(1e29) on central blood pressure response, which are depen-
dent on angiotensin type 1 receptor activity (Díaz-Cabiale et al.,
2005b).

There is a known interaction between galanin and 5-HT1A re-
ceptors (a subtype of 5-hydroxytryptamine, 5-HT receptor) occur-
ring in galanin's regulation of cardiovascular activity. The
intracisternal co-injection of galanin and 5-HT1A agonist revealed a
significant vasodepressor effect (Hedlund and Fuxe, 1996). Thus,
the mechanism of blood pressure control by galanin is complex and
needs further investigation.

3.5. Melanin-concentrating hormone

MCH is a cyclic 19-amino acid neuropeptide found in the CNS of
all vertebrates (Mihalic et al., 2012). MCH is highly expressed in the
lateral hypothalamus and the zona incerta, which are feeding
centers in the mammalian brain (Bittencourt et al., 1992). Some
studies have demonstrated that MCH has an orexigenic effect after
ICV injection in rodents (Qu et al., 1996) while obesity and insulin
resistance result from chronic MCH administration (Della-Zuana
et al., 2002) or MCH overexpression (Ludwig et al., 2001). More-
over, ablation of the prohormone precursor of MCH results in
hypophagia and leanness, increased energy expenditure and
resistance to diet-induced obesity (Shimada et al., 1998). Two G
protein-coupled receptors for MCH exist, MCHR1 and MCHR2
(Parker and Bloom, 2012). MCHR1 is widely expressed in the brain
(Saito et al., 2001) and involved in the neuronal regulation of food
intake; thus, it should be a novel target in the treatment of obesity
(Hervieu, 2003). MCHR1 antagonists were able to decrease body
weight (Mihalic et al., 2012) and food intake due to a reduction in
meal size (Kowalski et al., 2004). Another study showed MCHR1
antagonists had significant anti-obesity effects in DIO mice after
subchronic treatment (Sasmal et al., 2012).

MCH also stimulates the autonomic nervous system and may be
an important modulator of SNS activity. Chronic administration of
MCH induces bradycardia and reduces MAP. Moreover, acute ICV
infusion of MCH leads to a low HR (Messina and Overton, 2007).
Microinjection of MCH into the NTS elicits both a hypotensive and
bradycardic response (Brown et al., 2007). Tachycardia observed in
MCHR1 knock-out mice could be reversed by the blocking of
adrenergic receptors. Thus, the deficiency of central MCHR1 in-
creases sympathetic tone and/or decreases vagal tone relative to
wild-type mice (Astrand et al., 2004). Furthermore, intrathecal in-
jection of MCH caused dose-dependent hypotension, bradycardia,
and sympathoinhibition in urethane-anesthetized, vagotomized,
and artificially ventilated Sprague-Dawley rats (Egwuenu et al.,
2012). MCH agonists might be a promising tool in the treatment
of cardiovascular disorders such as hypertension and heart failure.
However, more investigations of neuronal network mechanisms
through which MCH evokes its effects are needed.

4. Other important hormones that regulate the food intake

In the last several years, a large number of hormones regulating
the food intake has been discovered, such as bombesin, oxy-
ntomodulin, obestatin, neurotensin, cerebellin1 etc.

Bombesin activates symphatetic system which is mediated, at
least in part, via activation of CRH neurons (Kent et al., 2001). Pe-
ripheral or central administration of bombesin decreases food
intake in rats and that is not blocked by vagotomy (Gibbs et al.,
1979). Oxyntomodulin is released postprandially from L-cells in
proportion to caloric intake. Infusion of oxyntomodulin reduces
food intake in humans (Bagger et al., 2015). Obestatin is gastroin-
testinal peptide derived from preproghrelin. Obestatin is reported
to inhibit food intake and it is also involved in blood pressure
regulation (Cowan et al., 2016) but its exact role in organism is up to
now controversial. Neurotensin is produced in the hypothalamus
and its microinjection to PVN cause decrease in food intake. Neu-
rotensin is suggested to participate in the pathway used by leptin in
CNS to inhibit food intake (Beck et al., 1998). Cerebellin1 highly
expressed in the hypothalamus is orexigenic peptide which might
mediate its effect via hypothalamic NPY (Gardiner et al., 2010b).
Other important peptides that are involved in regulation of food
intake are described in more details in the following paragraphs.

4.1. Amylin

Amylin or islet amyloid polypeptide is a 37-amino acid peptide
hormone produced in the pancreas and in the brain (Szab�o et al.,
2012). Amylin is co-released and co-stored with insulin from the
pancreatic b-cells in response to meals. It lowers blood glucose by
decreasing glucagon release and by inhibition of food intake and
gastric emptying (Lutz, 2013). Amylin has anorectic effect which
seems to be through both central and peripheral mechanism and
might be due to reduced expression of orexigenic neuropeptides in
the LH area (Lutz, 2013). Pramlintide, a synthetic amylin analogue,
is approved by the US Food and Drug Administration for use
adjunctive therapy for the treatment of diabetes mellitus (Ryan
et al., 2005). Amylin has also been associated with the develop-
ment of hypertension. Recent study has proposed that amylin may
interfere with endothelial vasodilation in rat arteries (Novials et al.,
2007).
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4.2. Glucagon-like peptide 2

Glucagon-like peptide 2 (GLP-2) is secreted in the circulation in
parallel with GLP-1 after a meal. It is a 33-amino acid proglucagon-
derived peptide secreted from enteroendocrine L cells. GLP-2 in-
creases the uptake of luminal nutrients such as sugars and lipids by
enhancing the activity and expression of nutrients transporter
(Drucker, 2005). Some recent studies showed that intraperitoneal
administration of GLP-2 reduced food intake in mice (Janssen et al.,
2013).
4.3. Nesfatin-1

Recently identified anorexigenic neuropeptide Nesfatin-1 is
secreted by peripheral tissues, central and peripheral nervous
system. This polypeptide consists of 82 amino acids and it is
involved in the regulation of energy homeostasis related with food
intake regulation (Ayada et al., 2015). Nesfatin-1 have been shown
to decreases food intake in rodents after peripheral or central
administration (Atsuchi et al., 2010), (Shimizu et al., 2009). More-
over, Maejima et al. revealed the involvement of the nesfatin-1 in
an oxytocin pathway in the PVN resulting in leptin-independent
melanocortin-mediated anorexia (Maejima et al., 2009). Thus,
nesfatin-1 is suggest to be a strong candidate for the treatment of
obesity (Saito et al., 2016). Nesfatin-1 has also been found to have
important effects on the cardiovascular system. It affects blood
pressure and heart rate, cardiomyocyte metabolism and viability,
modifies cardiac inotropism and lusitropism etc. (Feij�oo-Bandín
et al., 2016). Yilmaz et al. described the role of a centrally admin-
istered nesfatin-1 which elevated blood pressure and heart rate in
normotensive rats and partially reversed the hypotension evoked
Fig. 2. The possible mechanism by which food regulating peptides could modulate SNA and
modulation, which could through the BP specific set point in brainstem modulate sympathe
and dotted lines indicate an inhibitory effects. PVN e paraventricular nucleus, ARC e arcua
symphatetic nervous system, BP e blood pressure, MAP emean arterial pressure, SNA e sym
e neuropeptide Y, AgRP e agouti-related peptide, CART e cocaine- and amphetamine-regu
by severe hemorrhage. Furthermore ICV administration of nesfatin-
1 led to increase of plasma catecholamine, vasopressin and renin
levels in both normotensive and hypotensive rats (Yilmaz et al.,
2015).
4.4. Preptin, adropin, irisin

Recently discovered peptides preptin (with 34 amino acids),
adropin (with 43 amino acids) and irisin (with 112 amino acids)
play important role in regulation of energy input and expenditure
and maintain energy homeostasis and composition. Preptin is
synthesized mainly in pancreatic beta cells, and adropin principally
in the liver, brain, and peripheral tissues. Preptin and adropin
regulate carbohydrate, lipid and protein metabolism bymoderating
glucose-mediated insulin release (Aydin, 2014). Irisin is synthetized
primarily in the skeletal and heart muscle and has anti-obesitic and
anti-diabetic properties. Irisin is considered to be an indicator of
body mass. In lipid tissue irisin increases the amount of uncoupling
protein 1 and induces thermogenesis which causes energy expen-
diture and weight loss (Hofmann et al., 2014).
5. Conclusions

Several neuropeptides produced in the brain are involved in
food intake regulation and energy expenditure. It was demon-
strated that these compounds also cause cardiovascular effects that
could be mediated through the activation or inactivation of the SNS
(Fig. 2). We can hypothesize that peptides released from second
order neurons can modulate SNS activity in the hypothalamus. This
leads to activation of a specific BP set-point in the brainstem and
finally to the modulation of sympathetic outflow (Osborn, 2005). It
thus blood pressure. The activation of second order neurons in PVN increases the SNS
tic outflow leading to the MAP modulation. The solid lines indicate a stimulatory effects
te nucleus, NTS e solitary tract nucleus, RVLM e rostral ventrolateral medulla, SNS e

phatetic nervous activity, CCK e cholecystokinin, GLP-1 e glucagon-like peptide-1, NPY
lated transcript peptide, POMC - pro-opiomelanocortin.
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should be mentioned that anorexigenic peptides predominantly
lead to an increase in sympathetic nerve activity and thus to an
increase in BP. In contrast, orexigenic peptides have the opposite
effect. However, this is curious because one should expect that if
exists the connection between obesity and hypertension then
anorexigenic peptides should rather decrease BP. It is evident that
the relationship between food intake regulation and BP regulation
is not simple. Most of published results about the effect of food
intake regulating peptides and BP (mentioned above) were
received after the ICV injection of particular peptide. One example
for all, the ICV injection of PrRP leads to transient BP increase.
Contrary, when we injected lipidized PrRP intravenously, BP
dropped down (unpublished results).

An important mediator of obesity-induced SNS activation is
peripheral leptin. Animal studies have indicated that leptin acts in
the brain to induce sympathoexcitatory effects that are important
in obesity and may contribute to elevated BP. It is evident that
leptin is not active alone but rather in concert with other peptides.
Leptin activates neurons containing a-MSH and CART peptides,
resulting in increased sympathetic activity and blood pressure.
Cardiovascular action of a-MSH is mediated through MC4R, while
AgRP plays a role as an endogenous MC4R receptor antagonist. In
contrast, ghrelin and NPY in the brain suppress sympathetic ac-
tivity and decrease blood pressure. Depressor and sym-
pathoinhibitory effects of central NPY are inhibited by leptin.
Furthermore, central ghrelin modulates baroreflex control of renal
sympathetic nerve activity and heart rate. Thus, leptin and the
related peptides that participate in appetite and feeding behavior
seem to function together to regulate the cardiovascular system
and sympathetic nerve activity and may play a key role in the as-
sociation between obesity and hypertension.

Currently, several peptides that regulate food intake have been
studied as potential drugs in obesity treatment. Over the last
several years, our understanding of the signaling pathways acting
within the hypothalamus to regulate food intake has dramatically
increased. It is evident that some brain regions may not only be
involved in food intake regulation but could also play an important
role in blood pressure regulation. Generally, the PVN remains a
predominant site within the hypothalamus at which signals from
the periphery are transformed into the central mechanisms
involved in the food intake regulation and subsequently in BW
changes. Recently we have demonstrated that PrRP could be one of
the signals mentioned (for review see (Kune�s et al., 2016)). It is
important to note that lipidization of PrRP and other peptides is a
prerequisite for their effect in the brain after peripheral adminis-
tration (Maletínsk�a et al., 2015). However, the interconnection be-
tween the pathways involved in food intake regulation and BP
regulation is not completely known. It is evident that central
sympathetic nervous system is common denominator in this pro-
cess (Van�e�ckov�a et al., 2014). As demonstrated in Fig. 2, we hy-
pothesized that neurons in hypothalamic PVN could integrate
signals for food intake regulation with those for BP regulation. PVN
activation leads to enhanced central drive to sympathetic premotor
neurons in RVLM (Osborn, 2005). Although this scheme is very
simplified, we believe that could serve as a starting point to un-
derstand these very complicated regulatory mechanisms. More-
over, further research is needed to enable a more precise
identification of the hypothalamic signaling mechanisms of food
intake regulating peptides that might be considered as therapeutic
targets for obesity treatment and maybe even for influencing blood
pressure as well.
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Abstract

Analogs of anorexigenic neuropeptides, such as prolactin-releasing peptide (PrRP), have a

potential as new anti-obesity drugs. In our previous study, palmitic acid attached to the N-

terminus of PrRP enabled its central anorexigenic effects after peripheral administration. In

this study, two linkers, γ-glutamic acid at Lys11 and a short, modified polyethylene glycol at

the N-terminal Ser and/or Lys11, were applied for the palmitoylation of PrRP31 to improve its

bioavailability. These analogs had a high affinity and activation ability to the PrRP receptor

GPR10 and the neuropeptide FF2 receptor, as well as short-term anorexigenic effect similar

to PrRP palmitoylated at the N-terminus. Two-week treatment with analogs that were palmi-

toylated through linkers to Lys11 (analogs 1 and 2), but not with analog modified both at the

N-terminus and Lys11 (analog 3) decreased body and liver weights, insulin, leptin, triglycer-

ide, cholesterol and free fatty acid plasma levels in a mouse model of diet-induced obesity.

Moreover, the expression of uncoupling protein-1 was increased in brown fat suggesting an

increase in energy expenditure. In addition, treatment with analogs 1 and 2 but not analog 3

significantly decreased urinary concentrations of 1-methylnicotinamide and its oxidation

products N-methyl-2-pyridone-5-carboxamide and N-methyl-4-pyridone-3-carboxamide, as

shown by NMR-based metabolomics. This observation confirmed the previously reported

increase in nicotinamide derivatives in obesity and type 2 diabetes mellitus and the effective-

ness of analogs 1 and 2 in the treatment of these disorders.
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Introduction

The identification of new substances with targeted anti-obesity potencies is needed, as several

anti-obesity drugs, namely derivatives of neurotransmitters, have been withdrawn from the

market because of significant side effects. Analogs of anorexigenic peptides seem to be a better

alternative for the development of new anti-obesity drugs. Liraglutide, a glucagon-like peptide-1

(GLP-1) analog acylated with palmitic acid that was originally developed as a type-2 diabetes

mellitus (T2DM) drug, has recently been approved in the U.S.A for obesity treatment (Sax-
enda). In addition to GLP-1, pancreatic polypeptide (PP) and peptide YY (PYY)—peptides of

gut origin affecting the gastrointestinal tract—have central anorexigenic effects (gut-brain pep-

tides) and have been evaluated as possible treatments for obesity. Several brain anorexigenic

neuropeptides such as α-melanocyte stimulating hormone (α-MSH), cocaine- and amphet-

amine-regulated transcript (CART) peptide or prolactin releasing peptide (PrRP) originate in

the brain where they also have anorexic actions. An α-MSH analog modified with a fatty acid

has been shown to be a stable substance with strong anorexigenic effect [1]. However, its

adverse effects on skin led to the termination of further research [2]. Furthermore, the CART

peptide receptor has not yet been identified, which makes it pharmacologically less desired [3].

PrRP seems to be a good candidate for anti-obesity drug development. Its anorexigenic

effect after central administration has been proven [4], while its prolactin-secreting properties

were not confirmed by later studies [5, 6]. However, the original name remained unchanged.

PrRP binds with a similar affinity to its receptor GPR10 and also to another G-protein coupled

receptor NPFF2, whose primary endogenous ligand is neuropeptide FF [7]. Mice with an inac-

tivated PrRP gene or GPR10 receptor are obese, which supports the anorexigenic properties of

PrRP [8, 9].

According to the results of our recent study, peripheral administration of PrRP modified by

an addition of myristoyl or palmitoyl acid showed similar central anorexigenic effect as PrRP.

Furthermore, its long-lasting and sustained anorexigenic properties had beneficial effect on

obesity-related metabolic disturbances, and it exhibited prolonged stability in blood [10]. Con-

sequently, palm-PrRP31 was used as the basis for the further development of anorexigenic sub-

stances. Moreover, analogs of palm-PrRP in which the C-terminal Phe was replaced with a

non-coded aromatic acid showed high binding affinity for both GPR10 and NPFF2, as well as

anorexigenic properties that were similar to the palm-PrRP31 consisting of natural amino

acids [11].

Metabolomics, which focuses on the characterization of all significant metabolites present

in a biological sample, can provide insight into the mechanisms of different pathological pro-

cesses as well as the therapeutic actions [12]. Therefore, it may serve as a useful tool for the

assessment of the effects of different therapeutic interventions [13, 14]. A NMR-based metabo-

lomic approach was also successfully applied in our previous study exploring the effects of

treatment with metformin, vildagliptin and a combination of both in a mouse model of diet-

induced obesity (DIO) [15].

In this study, we aimed to explore the biological effects of several new lipidized PrRP ana-

logs with improved solubility and bioavailability due to changes in the position of the fatty

acid attached to the peptide. PrRP was acylated with palmitic acid through a linker that was sit-

uated at amino acid 11, originally Arg, modified for Lys, as well both position 11 and at the N-

terminus. We examined whether the location of the fatty acid(s) affected the affinity for the

receptor and the anorexigenic effect of the acylated PrRP, as well as the effects of these analogs

on food intake, body weight (BW) and metabolic parameters in DIO mice after repeated

peripheral administration. Moreover, NMR-based metabolomics of mouse urine was applied

to evaluate the complex responses to these interventions.

Effects of palmitoylated prolactin-releasing peptide analogs in DIO mice
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Material and methods

Peptide synthesis and iodination

Human PrRP analogs (see Table 1 for structures) and 1DMe (D-YL(N-Me)FQPQRF-NH2), a

stable analog of NPFF, were synthesized and purified as described previously [10] using Fmoc

strategy. The peptide sequences were assembled in a solid-phase synthesizer Liberty Blue (CEM,

Mathews, NC, USA) by stepwise coupling of the corresponding Fmoc-amino acids to the grow-

ing chain on TENTA GEL S RAM resin (200–400 mesh, 0.25 mmol/g) (IRIS, Biotech GmbH,

Marktredwitz, Germany). Fully protected peptide resins were synthesized according to a stan-

dard procedure involving (i) cleavage of the Nα- Fmoc protecting group with 20% piperidine in

dimethylformamide (DMF), (ii) coupling, mediated by mixtures of coupling reagents diisopro-

pylcarbodiimide (DIC)/Oxyma in DMF. Lipidization of the PrRP analogs was performed as

shown in [16] on fully protected peptides on resine after the coupling of γ-Glu or 1,13-diamino-

4,7,10-trioxatridecan-succinamic acid (TTDS) as the last step. For Lys11, special protecting

group of side-chain, N-[1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl] (Dde) was used.

Cleavage of Dde was performed by 2% hydrazine monohydrate in N-Methyl-2-pyrrolidone.

On completion of syntheses, the deprotection and detachment of peptides from the resins

were carried out simultaneously, using a trifluoroacetic acid (TFA)/H2O/Triisopropylsilane

(TIS) (95:2.5:2.5) cleaving mixture. Each of the resins was washed with a dichloromethane and

the combined TFA filtrates were evaporated at room temperature. The precipitated residues

were triturated with tert-butyl-methylether, collected by suction and dried by lyophilization.

The peptides were purified by HPLC using a Waters instrument with Delta 600 pump, 2489

UV/VIS detector (Milford, MA, USA).

The purity and identity of all of the peptides were determined by analytical HPLC and by

using a MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Germany) (see S1 Table).

Molecular weight was determined by MALDI MS technique (Bruker Daltonics, Germany).

In HPLC analyses, retention time in minutes, separation on 25 x 0.46 cm column, 5 μm

(Vydac 218TP C18, Separations Group, Hesperia, USA), Waters Alliance instrument, detec-

tion at 220 nm. Gradient 2–80% of acetonitrile in 0.1% aqueous TFA, 25 min, 80–100% 2 min,

flow 1ml/min.

Human PrRP31 and 1DMe were iodinated at Tyr20 and D-Tyr1, respectively, with Na125I

(Izotop, Budapest, Hungary) as described previously [16].

Binding to intact plated cells and cell membranes

CHO-K1 cells expressing the GPR10 receptor (Thermo Fisher Scientific Inc., Waltham, MA,

USA) were grown according to the manufacturer’s instructions. Saturation and competitive

binding experiments were performed according to the methods of Motulsky and Neubig [17].

CHO-K1 cells were incubated with 0.5–5 nM 125I-hPrRP31 in the saturation experiments or

with 0.03 nM 125I-hPrRP31 and 10−11–10−5 M non-radioactive ligands in the competitive

Table 1. Structure of human PrRP31 and its analogs.

Analog Sequence

human PrRP31 SRTHRHSMEIRTPDINPAWYASRGIRPVGRF-NH2
analog 1 SRTHRHSMEI K (N-γ-E (N-palm)) TPDINPAWYASRGIRPVGRF-NH2
analog 2 SRTHRHSMEI K (N-TTDS(N-palm))TPDINPAWYASRGIRPVGRF-NH2
analog 3 (N-TTDS(N-palm)) S RTHRHS MEI K (N-TTDS(N-palm))TPDINPAWYASRGIRPVGRF-NH2

TTDS—1,13-diamino-4,7,10-trioxatridecan-succinamic acid

https://doi.org/10.1371/journal.pone.0183449.t001
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binding experiments. The experiments were performed on plated cells that were incubated for

60 min at 25˚C. Non-specific binding was determined using 10−5 M PrRP31. The binding

assays involving human NPFF2 receptor membranes obtained from Perkin Elmer were per-

formed as described in [18].

Beta-lactamase-dependent FRET assay

CHO-K1 cells overexpressing GPR10 were plated at 40,000 cells/well in 128 μl of assay

medium (DMEM containing 10% dialyzed FBS, 0.1 mM NEAA, 25 mM HEPES, 1% penicil-

lin/streptomycin, and 2 mM L-glutamine) in a 96-well plate and were incubated for 20 h at

37˚C/5% CO2. The assay was performed according to the manufacturer’s protocol [11]. The

plates were read using a Tecan Infinite M1000 fluorescent plate reader (Tecan Group Ltd.,

Männedorf, Switzerland) with a 405 nm excitation wavelength and a 460 nm or 530 nm emis-

sion wavelength via bottom read.

Acute food intake in fasted lean mice

All of the animal experiments followed the ethical guidelines for animal experiments and the

Act of the Czech Republic Nr. 246/1992 and were approved by the Committee for Experiments

with Laboratory Animals of the Academy of Sciences of the Czech Republic.

Male C57BL/6 mice from Charles Rivers Laboratories (Sulzfeld, Germany) were housed at

a temperature of 23˚C with a daily 12 h light/dark cycle (lights on at 6:00 am). The mice were

given ad libitum water and a standard rodent chow diet Ssniff1 R/M-H (Ssniff Spezialdiäten

GmbH, Soest, Germany) and housed until three months of age. The mice were fasted over-

night (17 h) prior to the food intake experiment and then subcutaneously (SC) injected with

200 μl of either saline or PrRP analogs at doses of 5 mg/kg (all dissolved in saline, n = 5–6).

Fifteen minutes after injection, the mice were given weighed food pellets. The pellets were

weighed every 30 min for at least 6 h, and the animals had free access to water during the

experiment. The results are expressed as grams of food consumed.

Fos immunohistochemistry

For c-Fos immunohistochemical processing, male mice with free access to water that had been

fasted overnight (n = 4) were SC injected with saline (Sal), or analog 1 at a dose of 5 mg/kg.

Ninety minutes after injection, the mice were deeply anesthetized with sodium pentobarbital

(50 mg/kg, intraperitoneally) and perfused transcardially. The brains were withdrawn, and c-

Fos immunoreactivity was determined as described in [19, 20].

For the immunohistochemical study, the c-Fos rabbit monoclonal antibody (Cell Signaling

Technology, #2250S) detecting total level of endogenous c-Fos protein was used in final dilu-

tion (1:2000) for 48 h (4˚C).

Long-term effects of lipidized PrRP analogs on body weights and

biochemical and metabolic parameters in mice with diet-induced obesity

Animals, diets and treatment. Inbred C57BL/6 male mice that were 3 weeks old were

obtained from Charles River Laboratories (Sulzfeld, Germany). The mice were housed under

controlled conditions at a constant temperature of 22 ± 2˚C, a relative humidity of 45–65%

and a fixed daylight cycle (6 am– 6 pm), with 5 mice per cage. The animals were provided

free access to water and the standard rodent chow diet Ssniff1 R/M-H (Ssniff Spezialdiäten

GmbH, Soest, Germany) containing 33%, 9% and 58% of calories from proteins, fats and car-

bohydrates, respectively.
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From 8 weeks of age, the mice were fed in house made high-fat (HF) diet to induce obesity.

The energy content of the HF diet was 5.3 kcal/g, with 13%, 60% and 27% of the calories

derived from proteins, fats and carbohydrates, respectively. The diet was composed of 40%

standard chow, 34% powdered cow-milk-based human baby formula, 25% lard, and 1% corn

starch w/w [10]. After twelve weeks of HF-diet feeding, two weeks of SC administration of lipi-

dized PrRP analogs was initiated while the mice were kept on the HF diet. The following

experimental groups were established: A. saline, B. 5 mg/kg of analog 1, C. 5 mg/kg of analog

2, and D. 5 mg/kg of analog 3 (n = 10). The compounds were dissolved in saline and adminis-

tered subcutaneously (into abdominal part) twice a day at a dosing volume of 0.15 ml. Food

intake and BW were monitored daily during the dosing period.

Urine collection for NMR-based metabolomics. Urine samples for NMR-based metabo-

lomics were collected prior to the start of the interventions and at the end of the experiment.

For overnight urine collection (from 5 pm to 8 am), the mice were housed in individual meta-

bolic cages (Tecniplast, Buguggiate, Italy) without access to food. Samples were collected with

the addition of NaN3 and stored at -80˚C until NMR analysis.

Blood sampling for biochemical analyses and tissue dissection. At the end of the experi-

ment, the mice were sacrificed by decapitation. The trunk blood was collected, and the blood

plasma was separated and stored at -20˚C. The visceral adipose tissues (VAT) (from abdominal

part), subcutaneous adipose tissues (SCAT) (all adipose tissue depots under the skin), perirenal

adipose tissues, interscapular brown adipose tissues (BAT), and livers of all of the mice were

dissected, weighed, flash-frozen in liquid nitrogen, and stored at -70˚C for later extraction of

RNA.

Determination of hormonal and biochemical parameters. The plasma insulin concen-

trations were measured using an RIA assay (Millipore, St. Charles, MI, USA), and the leptin

concentrations were determined by ELISA (Millipore, St. Charles, MI, USA). The blood glu-

cose levels were measured using a Glucocard glucometer (Arkray, Kyoto, Japan). The plasma

triglyceride levels were measured using a quantitative enzymatic reaction (Sigma, St. Louis,

MO, USA), and the free fatty acids (FFA) levels were determined using a colorimetric assay

(Roche, Mannheim, Germany). Cholesterol was determined by colorimetric assay (Erba

Lachema, Brno, Czech Republic). All measurements were performed according to the manu-

facturer’s instructions.

Rate of insulin resistance was expressed by homeostatic model assessment (HOMA) calcu-

lated as (fasting glucose level, mmol/l) x (fasting insulin level, pmol/l) divided by 22.5 [21].

Determination of mRNA expression. The mRNA expression of the genes of interest was

determined in samples from the mice treated with analogs 1 and 2 only. Samples of adipose tis-

sues (subcutaneous, visceral, and brown) and livers were processed as described in [22]. The

mRNA expression of the genes of interest (Fasn, Lpl, Lep, and Adipoq in SCAT and VAT;

Fasn, Lpl, Pck1, Srebf, Cpt1a and Cpt1b in liver; Ucp1 in BAT) was determined using an ABI

PRISM 7500 instrument (Applied Biosystems, Foster City, CA, USA). The expression of beta-

2-microglobulin (B2m) was determined for adjustments for variations in the amounts of input

RNA and normalization of the efficiency of reverse transcription (Fasn–Fatty Acid Synthase,

Lpl–Lipoprotein Lipase, Lep–Leptin, Adipoq–adiponectin, Pck1 –Phosphoenolpyruvate Car-

boxykinase 1, Srebf–Sterol Regulatory Element-Binding transcription Factor, CPT1a/b–Carni-

tine Palmitoyltransferase 1a/b, and Ucp1 –Uncoupling Protein 1).

Analysis of binding data and statistics

Data are presented as the means ± SEM. The competitive binding curves were plotted using

GraphPad software (San Diego, CA, USA), and the best fits were compared for single-binding-
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site models (IC50 values were obtained from nonlinear regression analysis). Inhibition con-

stants (Ki) were calculated from the IC50 values using the Cheng-Prusoff equation [23]. The

concentration of the radioligand was 0.1 nM for cell membranes of CHO-K1 cells overexpres-

sing NPFF2 and 0.03 nM for CHO-K1 cells overexpressing GPR10. The Kd calculated from the

saturation experiments was 1.06 ± 0.36 nM for CHO-K1 cells with GPR10 and 0.72 ± 0.12 nM

for membranes with NPFF2 [10].

The results from the lactamase assay were analyzed using nonlinear regression by log ago-

nist vs. response using GraphPad software. EC50 was calculated as the concentration of the

peptide that yielded 50% of the maximal effect.

Statistical analysis of the DIO model was performed using unpaired t-tests or repeated mea-

sures ANOVA with a Bonferroni’s post hoc test as indicated in the figure and table legends. The

differences between the control and treated groups were considered significant at P< 0.05.

Where error bars are not visible in the figures, the standard error was within the symbol size.

NMR-based metabolomics

NMR experiments. The urine samples were thawed at room temperature and centrifuged

at 13 684 x g for 5 min prior to the NMR experiments. A 200-μl aliquot of supernatant was

diluted with 340 μl of H2O mixed with 60 μl of phosphate buffer (1.5 M KH2PO4 in D2O con-

taining 2 mM NaN3 and 0.1% trimethylsilyl propionic acid (TSP), pH 7.4) and transferred to a

5-mm NMR tube. The NMR data were acquired with a 600 MHz Bruker Avance III spectrom-

eter (Bruker BioSpin, Rheinstetten, Germany) equipped with a 5-mm TCI cryogenic probe

head. All of the experiments were performed at 300 K. Automatic tuning, matching, shimming

and adjusting of the 90˚ pulse length were performed for each sample.

As mouse urine naturally contains urinary proteins, the NMR spectra were acquired using

a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with water presaturation (Bruker pulse

sequence cpmgpr1d) to eliminate the strong protein background [24]. The following parame-

ters were applied: presaturation during relaxation delay (4 s) using a 25-Hz saturation pulse

centered on water resonance; number of scans (NS) = 64; number of data points (TD) = 64k;

spectral width (SW) = 20 ppm; echo time = 0.3 ms; and loop for T2 filter = 126. For better

metabolite identification, a short J-resolved experiment with presaturation (NS = 2,

SW = 16 ppm, TD = 8k, number of increments = 40, SW = 78.125 Hz in the indirect dimen-

sion, and relaxation delay = 2 s) was executed for all samples. Additional two-dimensional
1H-1H correlation spectroscopy (COSY) and 1H-13C heteronuclear multiple-quantum correla-

tion (HMQC) experiments (Bruker pulse sequences cosygpprqf and hmqcphpr) were per-

formed for selected samples.

The acquired data were processed using Topspin 3.2 software (Bruker BioSpin, Rheinstet-

ten, Germany). Line broadening of 0.3 Hz was applied on free induction decays (FIDs) prior

to Fourier transformation. The spectra were automatically phased, baseline corrected and ref-

erenced to the signal of TSP (0.00 ppm).

Evaluation of NMR data. The assignment of individual metabolites was achieved by com-

paring the proton spectra with the spectra of pure metabolites using Chenomx NMR Suite 7.6

(Chenomx Inc., Edmonton, AB, Canada), the HMDB database and previously published meta-

bolomic data [25, 26]. The identification of metabolites was supported through J-resolved and

COSY experiments and, if possible, confirmed using carbon chemical shifts extracted from the

HMQC spectra.

For quantitation of individual metabolites, the CPMG spectra were uniformly binned in the

range of 0.10–10.00 ppm to 0.01-ppm intervals using AMIX software (Bruker BioSpin, Rhein-

stetten, Germany). This procedure reduced the dimensionality of the data, eliminated
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chemical shift variations and thus simplified the reproducible automatic quantification.

Regions corresponding to water (4.60–4.90 ppm) and urea (5.60–6.00 ppm) were removed

prior to analysis. As the dilutions of the original urine samples differed (due to the differences

in water intake during urine collection), all of the spectra were normalized to the total spectral

area (TSA). For each identified metabolite, one representative signal was chosen and then

quantified as the sum of appropriate adjacent 0.01-ppm bins to cover the whole signal width.

The metabolite concentration was expressed as the TSA-normalized intensity of the respective

signal. For selection of an appropriate statistical method (parametric or non-parametric) the

Lilliefors test of normality was performed. Because its results showed a normal distribution of

the vast majority of data, normalized signal intensities were then subjected to the unequal vari-

ance unpaired t-test to determine the statistical significance of the detected changes in metabo-

lite levels. Metabolite alterations with a P < 0.05 were considered statistically significant.

Statistical analysis was performed using Matlab software (“MATLAB version 8.6 (R2015b).

Natick, Massachusetts: The MathWorks Inc., 2015.,” n.d.).

Finally, the intensities of the significantly altered metabolites were subjected to Pearson’s

correlation with the set of biometric and metabolic parameters acquired at the end of the

experiment. Statistically significant correlations (P< 0.05) in which the absolute value of the

correlation coefficient was higher than 0.5 were indicative of a potential relationship between

that particular metabolite and obesity.

Results

Peptide synthesis and iodination

The structures of PrRP31 and its analogs that were used in this study are shown in Table 1. All

of the peptide sequences were assembled on solid phase support, and the purity of the peptides

was higher than 95%. Three palmitoylated analogs of PrRP31 were prepared by the attachment

of palmitic acid through a linker (γ-glutamic acid (analog 1) or 1,13-diamino-4,7,10-trioxatri-

decan-succinamic acid (TTDS) (analog 2)) to the side chain amino group of Lys11. In addition,

analog 3 has a second attached palmitic acid through the TTDS linker at the N-terminal Ser.

Rat PrRP31, human PrRP31 and 1DMe were iodinated at Tyr20 and D-Tyr1, respectively,

using IODO-GENTM as described previously [27].

Competitive binding and beta-lactamase assays of PrRP analogs

The human PrRP31 or lipidized PrRP analogs competed with human 125I-PrRP for binding to

CHO-K1 cells overexpressing human GPR10 or NPFF2 with a Ki in the nanomolar range, as

shown in Table 2 and S1 Data. The Ki value for the stable analog 1DMe in the competitive

Table 2. Biological properties of PrRP31 analogs.

Analog 125I-human PrRP31

binding to human

GPR10

%

binding

human

PrRP31

125I-1DMe binding to

human NPFF2

% binding

human

PrRP31

Activation of bla reporter gene in GPR10

overexpressing cells

Food intake in

fasted mice

(5mg/kg SC)

Ki [nM] Ki [nM] EC50 [pM] [% saline-treated

group

(45min)]

saline 100.0 ± 4.5

human

PrRP31

4.58 ± 0.66 100 50.0 ± 24.3 100 243 ± 50 96.3 ± 8.5

analog 1 5.01 ± 1.03 91 39.1 ± 23.1 128 46 ± 12 14.2 ± 3.3

analog 2 3.79 ± 0.47 121 6.6 ± 3.3 761 83 ± 18 15.2 ± 5.4

analog 3 32.40 ± 3.57 14 8.6 ± 1.9 580 284 ± 54 27.6 ± 6.5

https://doi.org/10.1371/journal.pone.0183449.t002
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binding assay using 125I-1DMe and membranes of CHO-K1 cells overexpressing human

NPFF2 was 1.80 ± 0.54 nM. The PrRP analogs with fatty acids showed an affinity for GPR10

that was comparable to the natural peptide PrRP31. The lipidized PrRP analogs competed

with 125I-1DMe and had a similar Ki to the unlabeled 1DMe. Thus, palmitoylated PrRP31

showed a very high affinity for both the GPR10 and NPFF2 receptors.

In competitive binding, Ki was calculated using Cheng-Prusoff equation. EC50 is the con-

centration of peptide at 50% of maximal effect. Food intake was analyzed at 45 min after SC

injection of an analog when the maximal effect is observed and is expressed in percentage of

saline-treated group consumption. The data represent the means ± SEM of at least three sepa-

rate experiments.

Activation of the beta-lactamase reporter gene by natural PrRP31 or PrRP analogs in

CHO-K1 cells overexpressing GPR10 revealed the agonistic characteristics of the PrRP ana-

logs, with an EC50 in the sub-nanomolar range (Table 2, S1 Data). Similar to the results of the

binding assays, we found that the lipidized analogs were more effective at activating GPR10

than the natural peptide.

Acute food intake in fasted lean mice

The results of the food intake experiments after SC injection of the fasted lean mice at the time of

the highest effect (45 min after injection) are shown in Table 2 and S1 Data. As expected, the food

intake of the mice SC injected with natural PrRP31 was not affected (Table 2, S1 Data). However,

in accordance with the high affinity for the GPR10 and NPFF2 receptors observed in the binding

assay (Table 2, S1 Data), the palmitoylated PrRP31 analogs significantly decreased food intake.

Analogs 1 and 2 had stronger anorexigenic effects compared to analog 3 (Table 2, S1 Data).

Fos immunohistochemistry

The central effects of peripherally administered analog 1 were confirmed by a significant

increase in c-Fos immunoreactivity in the hypothalamic arcuate nucleus (Arc), the paraventri-

cular nucleus (PVN) and dorsomedial (DMN) nucleus, which are involved in the regulation of

food intake (Fig 1).

Long-term effects of lipidized PrRP analogs on body weights and

biochemical and metabolic parameters in DIO mice

Impact of the treatments on food intake, body weight and body composition of DIO

mice. Two weeks of SC treatment with PrRP analog 2 significantly reduced food intake com-

pared to the saline-treated control group (Fig 2A, S1 Data). Although the reduction in food

intake after treatment with analog 1 did not reach statistical significance, the BW-reducing

effects of the compound were surprisingly comparable to analog 2 (Fig 2B, S1 Data). At the

end of the experiment, the average BW of the mice treated with analogs 1 and 2 decreased by

12% and 11.75%, respectively. Analog 3 did not have any significant effects on food intake or

BW, but there was a trend toward a decrease in both parameters.

Treatment with analog 1 significantly reduced the weights of the SCAT and perirenal adi-

pose tissue, and administration of analog 2 reduced the weight of the perirenal adipose tissue.

Importantly, both compounds reduced the liver weights. Analog 3 did not have any significant

effects on body composition in the DIO mice (Table 3, S1 Data).

Impact of the treatments on the metabolic parameters in the blood of DIO mice. All of

the lipidized PrRP analogs tended to decrease fasting glucose levels after long-term SC admin-

istration. Analogs 1 and 2 significantly decreased plasma levels of insulin, HOMA index, tri-

glycerides, cholesterol, free fatty acids and leptin (Table 4, S1 Data).
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Fig 1. Effect of analog 1 on neuronal activity in food intake-regulating areas in mouse brain. The representative

photographs of Fos immunostained cells in coronal section of PVN (A, D), Arc (B, E) and DMN (C, F) ninety minutes after

SC application of saline (A-C) and analog 1 in dose of 5 mg/kg (D-F) in overnight fasted mice. The graph represents the

means of Fos-immunostained cells in coronal sections (n = 3 sections per mice) of PVN, Arc and DMN analyzed via one-

way ANOVA followed by Tukey´s HSD post-hoc test and expressed as mean ± S.E.M. (n = 4 mice per group). * P < 0.05

and ** P < 0.01 vs Sal. The scale bar represents 50 μm. PVN–paraventricular hypothalamic nucleus, Arc–arcuate

hypothalamic nucleus, DMN–dorsomedial hypothalamic nucleus, 3v –third brain ventricle, Sal–saline.

https://doi.org/10.1371/journal.pone.0183449.g001
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Impact of the treatments on the mRNA expression of genes involved in lipid and glu-

cose metabolism and on the mRNA expression of the energy expenditure marker Ucp1.

Long-term treatment with analog 1 reduced the mRNA expression of Fasn in SCAT and VAT

and Srebf in the liver. Treatment with analog 2 decreased the mRNA expression of Fasn in

Fig 2. Cumulative food intake (A) and body weights (B) of DIO mice during the treatment with lipidized

PrRP analogs. The data are presented as the mean ± SEM. Statistical analysis was performed using the

repeated measures ANOVA with the Bonferroni´s post hoc test. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. the

HF diet-fed group treated with saline.

https://doi.org/10.1371/journal.pone.0183449.g002
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VAT, Pck1 in liver and increased the mRNA expression of Lpl in both SCAT and VAT. Treat-

ment with both of the compounds significantly decreased the mRNA expression of Lep in

SCAT and VAT, which was in accordance with the decreased plasma leptin levels and adipose

tissue reduction. Expression of adiponectin in VAT tended to increase and was increased after

treatment with analogs 1 and 2, respectively. Furthermore, both compounds increased the

mRNA expression of Ucp1 in BAT (Fig 3, S1 Data).

NMR-based metabolomics

We were able to unambiguously identify 43 metabolites, and the representative signals for

each of them are highlighted in Fig 4. A comparison of the urine spectra of the treated mice

with the untreated controls on a HF diet revealed significant changes in 12 metabolites includ-

ing the group of short-chain fatty acids (SCFA) derivatives after a two-week dosing period.

The results are summarized using box-plots in Fig 5 and S2 Data.

Treatment with analogs 1 and 2 attenuated the levels of three metabolites of the nicotin-

amide pathway: 1-methylnicotinamide (MNA), N-methyl-2-pyridone-5-carboxamide (2-PY)

and N-methyl-4-pyridone-3-carboxamide (4-PY). On the contrary, administration of analog 3

raised the concentration of 4-PY. The anti-obesity treatment elevated the intensity of the sig-

nals resonating at 0.85–0.91 ppm, and the increase was significant for analogs 1 and 3. The J-

resolved experiment showed an overlap of several doublets and triplets in this region, corre-

sponding to hexanoylglycine and various SCFA derivatives (e.g., hydroxy- and keto-derivatives

of butyrate, valerate or caproate). A portion of these metabolite resonates were also in the

region of 1.58-1.65 ppm where a comparable increase in signal intensity was observed. Unfor-

tunately, the strong signal overlap made the assignment of the metabolites in the above-

Table 3. Adipose tissue and liver weights in DIO mice at the end of the experiment.

Treatment SCAT

[% of BW]

VAT

[% of BW]

Perirenal AT

[% of BW]

Total AT

[% of BW]

Liver

[g]

saline 8.00 ± 0.24 4.15 ± 0.37 3.26 ± 0.13 15.85 ± 1.65 1.60 ± 0.10

analog 1 7.06 ± 0.29 * 4.37 ± 0.28 2.72 ± 0.11 ** 14.59 ± 0.32 1.27 ± 0.05 **

analog 2 8.33 ± 0.42 4.29 ± 0.36 2.73 ± 0.17 * 15.70 ± 0.53 1.31 ± 0.06 *

analog 3 7.85 ± 0.39 4.74 ± 0.29 3.09 ± 0.16 16.13 ± 0.38 1.58 ± 0.09

The data are presented as the mean ± SEM. Statistical analysis was performed using the unpaired t-test.

* P < 0.05

** P < 0.01 vs. the control group treated with saline. SCAT–subcutaneous adipose tissue, VAT–visceral adipose tissue.

https://doi.org/10.1371/journal.pone.0183449.t003

Table 4. Metabolic parameters in blood of DIO mice at the end of the experiment.

Treatment Glucose

[mmol/l]

Insulin

[ng/ml]

HOMA

index

FFA

[mmol/l]

Triglycerides

[mg/ml]

T Chol

[mmol/l]

Leptin

[ng/ml]

saline 8.22 ± 0.59 3.42 ± 0.26 215.53 ± 1.18 0.69 ± 0.04 0.66 ± 0.03 4.90 ± 0.13 44.42 ± 2.67

analog 1 7.12 ± 0.36 1.57 ± 0.14 *** 85.70 ± 0.39 *** 0.54 ± 0.03 ** 0.44 ± 0.03 *** 4.26 ± 0.22 * 22.67 ± 2.72 ***

analog 2 7.26 ± 0.31 1.55 ± 0.27 *** 86.27 ± 0.64 *** 0.52 ± 0.02 ** 0.44 ± 0.04 *** 3.96 ± 0.26 ** 23.64 ± 3.54 ***

analog 3 7.91 ± 0.46 2.69 ± 0.30 163.13 ± 1.06 *** 0.62 ± 0.03 0.63 ± 0.05 4.86 ± 0.17 40.30 ± 5.57

The data are presented as the mean ± SEM. Statistical analysis was performed using the unpaired t-test.

* P < 0.05

** P < 0.01

*** P < 0.001 vs. the control group treated with saline. FFA–free fatty acids, T Chol–total cholesterol, HOMA–homeostatic assessments treatment

https://doi.org/10.1371/journal.pone.0183449.t004
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mentioned regions impossible Therefore, these metabolites were evaluated collectively as

SCFA derivatives. All three types of anti-obesity therapy increased the urinary concentrations

of the multiplet at 1.34 ppm, which was formed by the overlapping lactate doublet and

Fig 3. Long-term effects of lipidized PrRP analogs on mRNA expression of genes involved in lipid and glucose metabolism in

adipose tissues and livers and on mRNA expression of energy expenditure marker Ucp1 in DIO mice. A. Fasn in SCAT, B. Lpl in

SCAT, C. Lep in SCAT, D. Fasn in VAT, E. Lpl in VAT, F. Lep in VAT, G. Adipoq in VAT, H. Pck1 in liver, I. Srebf in liver, J. Ucp1 in BAT. The

data are presented as the mean ± SEM. Statistical analysis was performed using the unpaired t-test. * P < 0.05, ** P < 0.01, *** P < 0.001

vs. the HF diet-fed group treated with saline.

https://doi.org/10.1371/journal.pone.0183449.g003
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2-hydroxyisovalerate singlet. Thus, the contribution of these metabolites to the common bin

intensity cannot be independently evaluated. Treatment with analog 1 resulted in a significant

increase in the concentration of creatinine. The glucose and taurine levels tended to decrease

after therapy. A significant reduction in glucose levels was observed after treatment with analogs

1 and 3, and the taurine concentration was significantly attenuated by administration of analog

1 only. Treatment with analog 3 resulted in growing concentrations of dimethylamine, allantoin

and phenylacetylglycine (PAG), and analogs 1 and 2 had no impact on these metabolites.

The significant changes in the metabolites were subsequently correlated with all of the bio-

metric and metabolic parameters, which are listed in Tables 3 and 4 and S1 Data. Table 5, S2

Table and S2 Data summarizes their correlation coefficients with those parameters in which

strong correlations were detected: BW; weights of the liver, as well as the subcutaneous, perire-

nal and total adipose tissues; and plasma levels of insulin, leptin, FFAs, and triglycerides.

The ellipses in a correlation matrix represent the level of correlation. Perir–perirenal adi-

pose tissue, Total–total adipose tissue, Ins–insulin, Lep–leptin, TG–triglycerides, BW–body

weight, SCAT subcutaneous adipose tissue, FFA–free fatty acids, HOMA–homeostatic assess-

ments treatment, Ucp1 –uncoupling protein 1.

The relevant metabolites formed two subgroups according to the signs of the correlation

coefficients: the metabolites of nicotinamide (MNA, 2-PY, 4-PY) and taurine showed all

Fig 4. The representative 1H NMR spectrum of DIO mouse urine. 1. Hexanoylglycine, 2. 2-Oxovalerate, 3. N-isovalerylglycine, 4. Lactate, 5.

2-Hydroxyisobutyrate, 6. Putrescine, 7. Vinylacetylglycine, 8. Acetate, 9. N-acetyls of aminoacids derivatives, 10. N-carbamoyl-β-alanine, 11.

Succinate, 12. 2-Oxoglutarate, 13. Citrate, 14. Methylamine, 15. Dimethylamine, 16. Trimethylamine, 17. N,N-dimethylglycine, 18. Creatine, 19.

Creatinine, 20. cis-Aconitate, 21. Ethanolamine, 22. Carnitine, 23. Betaine, 24. Taurine, 25. Glycine, 26. Ascorbate, 27. 1-Methylnicotinamide,

28. Glucose, 29. Galactose, 30. Allantoin, 31. Urea, 32. Orotic acid, 33. trans-Aconitate, 34. Fumarate, 35. N-methyl-2-pyridone-5-carboxamide,

36. N-methyl-4-pyridone-3-carboxamide, 37. N-phenylacetylglycine, 38. 3-Indoxylsulfate, 39. Hippurate, 40. Guanine, 41. Formate, 42.

Nicotinamide N-oxide, 43. Trigonelline.

https://doi.org/10.1371/journal.pone.0183449.g004
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Fig 5. Urinary levels of metabolites significantly changed by the treatment with lipidized PrRP analogs. Statistical analysis was

performed using the unpaired t-test. * P < 0.05, ** P < 0.01 vs. the HF diet-fed group treated with saline.

https://doi.org/10.1371/journal.pone.0183449.g005
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positive correlations; and all of the correlations of the SCFA derivatives, 2-hydroxyisobutyrate

and lactate were all negative. MNA was strongly correlated with all nine of the evaluated

parameters except plasma leptin, and 2-PY and 4-PY were strongly correlated with BW, perire-

nal fat weight, and plasma levels of insulin and triglycerides. Taurine was correlated with the

concentrations of leptin and triglyceride and with the mass of total and perirenal fat. On the

contrary, the SCFA derivatives 2-hydroxyisobutyrate and lactate had strongly negative correla-

tions with the weight of perirenal fat and the leptin concentrations. The other metabolites that

were significantly affected by the anti-obesity treatment, e.g., dimethylamine (DMA), allan-

toin, PAG, glucose, and creatinine, did not show any strong correlations with the acquired bio-

metric or metabolic parameters.

Discussion

PrRP and its receptor may represent a new promising target for obesity treatment [28]. Our

previous studies have demonstrated that the lipidization of PrRP enables its central anorexi-

genic effects after peripheral administration in both acute and chronic experiments [10, 29].

Data from experimental rodent models also confirmed that the GPR10 and/or NPFF2 recep-

tors are suitable targets for the treatment of obesity [4, 7].

In this study, we explored the biological properties of newly designed analogs of PrRP31

that were palmitoylated through a linker of gamma-glutamic acid or short, modified polyethyl-

ene glycol at position 11, as well as an analog with two palmitoyls, one at the N-terminus and

one at position 11. The choice of position for lipidization was based on our previous study in

which PrRP20 myristoylated at the N-terminus showed a similar biological potency to PrRP31

palmitoylated at the N-terminus [10]. PrRP31 and PrRP20 share an identical C-terminus [30].

PrRP20 was found to be the minimal sequence necessary for the preservation of full in vivo
activity [31], and the use of palmitic acid for the lipidization of PrRP31 resulted in the most

potent analog of the tested series [10]. Therefore, in this study, the amino acid at position 11 of

PrRP31 (Lys substituted for the original Arg) was palmitoylated at the secondary amino group

through an amide bond, which should result in a biologically active analog. Moreover, the use

of a linker between the fatty acid and peptidic chain could enhance the solubility and possibly

the potency of these analogs, as shown for the lipidized glucagon-like peptide (GLP-1) analogs

[32].

In vitro and in vivo studies of the analogs

Two of three novel palmitoylated PrRP31 analogs in this study (analogs 1 and 2) exhibited

binding affinities and signaling properties in GPR10-expressing cells that were similar to

Table 5. Correlation of significantly changed metabolites with biometric and metabolic parameters.

Metabolite BW SCAT Perir Total Liver Ins Lep FFA TG HOMA Ucp1

MNA 0.76 0.54 0.63 0.60 0.60 0.61 0.46 0.52 0.51 0.57 -0.46

2-PY 0.58 0.38 0.52 0.34 0.48 0.58 0.37 0.36 0.51 0.56 -0.52

4-PY 0.63 0.34 0.52 0.48 0.49 0.53 0.49 0.43 0.65 0.54 -0.41

Taurine 0.44 0.49 0.54 0.59 0.22 0.36 0.58 0.30 0.50 0.49 -0.40

Hexanoylglycine + SCFAs derivatives -0.47 -0.39 -0.58 -0.41 -0.37 -0.48 -0.53 -0.37 -0.41 -0.54 0.27

Lactate + 2-hydroxyisobutyrate -0.48 -0.27 -0.50 -0.33 -0.30 -0.46 -0.36 -0.30 -0.22 -0.47 0.06

All correlation coefficients with absolute value� 0.5 and statistical significance (P < 0.05) are printed in bold. Perir–perirenal adipose tissue, Total–total

adipose tissue, Ins–insulin, Lep–leptin, TG–triglycerides.

https://doi.org/10.1371/journal.pone.0183449.t005
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natural PrRP31. In addition, all of these analogs also showed high binding affinity to the

anorexigenic NPFF2 receptor. Thus, in vitro experiments confirmed that a single palmitoyla-

tion of PrRP31 at position 11 resulted in an affinity for GPR10 that was comparable to those of

analogs palmitoylated at the N-terminus [10]. Finally, analogs 1 and 2 showed even higher ago-

nistic potency to GPR10 than natural PrRP31. However, the di-palmitoylated analog 3 exhib-

ited a decrease in binding affinity for and less activation of GPR10 compared to analog 1 and

2, pointing to a lower potency, but its affinity to NPFF2 receptor was comparable to that of

analog 1 and 2.

In our previous study, the peripheral administration of myristoylated and palmitoylated

PrRP analogs in fasted mice induced strong and long-lasting anorexigenic effects, as well as

neuronal activation in the areas of the brain that are involved in food intake regulation [10].

Here, we also demonstrate very significant anorexigenic effects of all three analogs after a sin-

gle subcutaneous injection to fasted mice. The central mode of action of this effect was again

supported by the increase in c-Fos immunoreactivity in the hypothalamic Arc, PVN and

DMN nuclei which are involved in food intake regulation [33].

We have demonstrated that natural PrRP administered peripherally had no effect on food

intake and body weight, but lipidized PrRP had strong anorexigenic effect [10]. In our recent

review we suggested that the effect of lipidized PrRP on food intake should be central [28]

because of several reasons. Based on an increase in c-Fos immunostaining in Arc, PVN, DMN

and NTS, possibly through stimulation of GPR10 and NPFF2 receptors located there [34, 35],

we can assume that lipidized PrRP crossed BBB (Fig 6). Moreover, the central neuronal activa-

tion of c-Fos after peripheral application of lipidized PrRP is also supported by the selective

activation of specific hypothalamic oxytocin and hypocretin neuronal subpopulations [36]

both involved in food intake inhibition as well as in energy expenditure. However, we cannot

exclude peripheral effects of peripherally administered lipidized PrRP, even we have not

observed any indications up to now. Similarly, we did not registered any effects of natural

PrRP on locomotor activity and analgesia in tests with mice [10].

The potential anti-obesity and glucose-lowering effects were then investigated by repeated

administration of three lipidized PrRP31 analogs in DIO mice, a model of obesity and pre-

diabetes [15]. A previous study has shown that two weeks of subcutaneous administration of

palmitoylated-PrRP31 and myristoylated-PrRP20 decreases food intake and body weight,

improves metabolic parameters, and attenuates lipogenesis in mice with DIO [10]. To com-

pare this recent study to our previous results, we used an identical experimental design. Ana-

logs 1 and 2 decreased body weight of the DIO mice to a similar extent as the N-palmitoylated

PrRP31, i.e. approximately by 12% of the original weight in two weeks. Surprisingly, analog 1

significantly lowered BW despite the fact that food intake after its administration was not sig-

nificantly lowered. The significant lowering of body fat was confirmed by the decrease in sub-

cutaneous and perirenal fat pad weights and the lowering of leptin levels, as well as by the

decrease in liver weight. Moreover, analogs 1 and 2 tended to decrease fasting glucose levels

and significantly lowered insulin, HOMA index, free fatty acid, cholesterol and triglyceride

levels after two weeks of treatment. The improvements in the above-mentioned metabolic

parameters and related HOMA index suggest stronger anti-obesity properties and glucose-

lowering potential compared with N-palmitoylated PrRP31 [10]. Finally, administration of

analog 3 (the di-palmitoylated analog) tended to decrease BW and improve metabolic parame-

ters, but the results did not reach significance.

The decrease in the adipose tissue mass after treatment with analogs 1 and 2 resulted in a

significant attenuation of the mRNA expression of leptin, which is in agreement with the

effects observed after administration of N-palmitoylated PrRP31 [10] and with that from pre-

vious studies with body weight lowering drugs [37]. Interestingly, analog 1 tended to increase
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mRNA expression of adiponectin in visceral fat while analog 2 significantly reduced it. Fur-

thermore, the possible lipolytic features of analog 2 were suggested by an increase in mRNA

expression of lipoprotein lipase, which is the major enzyme responsible for hydrolysis of tri-

glyceride molecules [38] in adipose tissue. Fatty acid synthase mRNA expression in adipose tis-

sue, which is one of most significant sites of lipogenesis, was significantly reduced after

treatment with both PrRP31 analogs. This fact, together with the attenuation of sterol regula-

tory element-binding protein mRNA expression in the liver, suggests that the effects of the

analogs were primarily the result of a decrease in de novo lipogenesis, which was similar to the

previously described effects of the N-palmitoylated PrRP31 analogs [10].

In addition, treatment with analogs 1 and 2 significantly increased mRNA levels of uncou-

pling protein 1 (Ucp-1) in brown adipose tissue of DIO mice. This result points to a possible

increase in energy expenditure and reveals a potential additional mechanism of anti-obesity

properties of these analogs. Furthermore, this finding is also in accordance with the knowledge

that PrRP receptor knockout mice exhibit decreases in energy expenditure [8].
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Physiological effects 
in periphery

Body weight
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Lipidized PrRP
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effects in periphery
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Lipogenesis
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Fig 6. Scheme of proposed mechanism of action of lipidized PrRP analogs - after peripheral injection, actin centrally. BBB blood brain barrier.

https://doi.org/10.1371/journal.pone.0183449.g006
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NMR-based metabolomics

Two weeks of treatment with analogs 1 and 2 significantly decreased urinary concentrations of

MNA and its oxidation products 2-PY and 4-PY compared with the untreated high fat diet-fed

group. An increase in these metabolites was previously reported to be associated with obesity

in a mouse model of DIO [25], as well as in a model of chemically induced obesity [39] and in

genetically obese db/dbmice [40]. An increase in the urinary levels of MNA metabolites indi-

cates peroxisome proliferation [41, 42], which is related to inflammation, obesity and meta-

bolic syndrome [43, 44]. Based on a comparison of the urinary changes associated with T2DM

in mice, rats and humans, MNA and 2-PY have been proposed as suitable biomarkers for

T2DM monitoring [40]. Analogously to our recent study using a DIO mouse model [15], we

observed an increase in 2-PY and 4-PY in urine from HF diet-fed mice, which was attenuated

by oral administration of the anti-diabetic drug vildagliptin alone or in combination with met-

formin. Similarly, subcutaneous treatment with liraglutide also decreased urinary levels of

2-PY and 4-PY in obese mice of the same DIO mouse model (unpublished results). Thus, the

treatment-induced decrease in MNA, 2-PY, and 4-PY observed in our current study is consis-

tent with all previously published results. Interestingly, analog 3 had only a negligible impact

on the BW and other biometric and metabolic parameters (see Fig 2 and Tables 3 and 4)

reflected in the urinary metabolic profiles. Treatment with analog 3 did not influence the levels

of MNA and 2-PY and conversely increased the level of 4-PY.

Administration of analog 1 significantly decreased taurine concentrations compared to

urine from untreated HF-diet-fed controls. Similar observations were made in the same DIO

mouse model after 2 weeks of subcutaneous liraglutide treatment (unpublished results) and 7

weeks of oral vildagliptine treatment [15]. Elevated urinary excretion of taurine is considered

to be an indicator of liver damage [45], which can be induced by inflammation related to lipid

β-oxidation and oxidative stress [46]. The depletion of urinary taurine after treatment with

PrRP palmitoylated 1 and 2 analogs could therefore indicate an improvement in liver steatosis

through inhibition of taurine synthesis.

A statistically significant increase in hexanoylglycine and unassigned acids, collectively

referred to as SCFA derivatives, was observed after treatment with analogs 1 and 3, and this

finding is in agreement with our previous studies. A reduction in the concentrations of these

metabolites was detected in urine from mice with chemically induced obesity [39]. The low

levels of SCFA derivatives in urine from mice with DIO increased after anti-diabetic therapy

with metformin, vildagliptin and a combination of the two [15], as well as after subcutaneous

treatment with liraglutide (unpublished results).

Acylglycines such as hexanoylglycine are formed from glycine and fatty acid residues,

which are produced during the β-oxidation process [47]. Conjugation with glycine then facili-

tates the detoxification of the respective acyl excess from the organism. Therefore, the therapy-

induced increase in hexanoylglycine concentrations in urine that was observed in our study

may suggest enhanced β-oxidation of fatty acids. The treatment resulted in overproduction of

SCFA derivatives generated during BCAA catabolism, which has been repeatedly associated

with obesity and the development of T2DM [48]. However, it is important to consider the fast-

ing state at the time of sample collection when discussing the concentration of BCAA catabo-

lites in urine [49].

Treatment with analog 3 elevated the concentrations of DMA, PAG, and allantoin, but

administration of analogs 1 and 2 had no impact on these metabolites. Moreover, none of

these metabolites correlated with any of the studied biometric and biochemical parameters.

Urinary levels of DMA and PAG may be associated with the activity of gut microflora. DMA

can be derived from dietary choline, which is broken down to monoamine, DMA and TMA
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by the gut microflora [50]. The increase in PAG levels may result from increased uptake of pre-

cursors produced by gut bacteria [51]. Allantoin, a degradation product of nucleotide metabo-

lism, has been reported to be a marker of oxidative stress. However, it can be produced in mice

not only through the oxidation of uric acid by reactive oxygen species but also via enzymatic

reactions with urate oxidase [52]. Therefore, the mechanism responsible for the increase in

allantoin levels in mice treated with analog 3 is not clear.

Conclusions

We explored the biological properties of newly designed analogs of PrRP31 that were palmi-

toylated through a linker of gamma-glutamic acid or a short modified polyethylene glycol at

position 11, as well as an analog with two palmitoyls, one at the N-terminus and one at posi-

tion 11. In vitro experiments confirmed that a single palmitoylation of PrRP31 at position 11

with any of used linkers resulted in a high affinity for the GPR10 and NPFF2 receptors, as well

as enhanced signaling. A single injection of the novel PrRP31 analogs palmitoylated at position

11 suggests that it has central effects, as shown by the neuronal activation and decrease in food

intake observed in mice. Moreover, 2 weeks of repeated administration of these analogs

revealed not only significant decrease in body weight but also improvement in multiple meta-

bolic parameters related to obesity and its related diseases.

However, we are aware of differences in possible mechanisms of particular analogs but fur-

ther studies are needed to reveal it. One possibility would be that the individual potencies of

applied PrRP31 analogs multiplied by its different ratio to simultaneously activate GPR10

receptors (localized in PVN and DMN) and NPFF2 receptors (localized in all hypothalamic

nuclei involved in food intake regulation except the PVN) may be responsible for different

shift in activation of neuronal network pathways accompanied with the food intake suppres-

sion and/or energy expenditure. Use of GPR10 and/or NPFF2 receptor knock-out mice would

be beneficial.

Furthermore, in this study we confirmed that 1-methylnicotinamide and its oxidation

products 2-PY and 4-PY are strongly associated with the development of obesity and T2DM

and possibly may serve as markers for efficacy of anti-obesity therapies. Taken together, our

data suggest that newly designed palmitoylated analogs of PrRP31 hold promising features

with respect to possible use in the treatment of obesity and its related metabolic complications.
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