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The Peptidic GHS-R Antagonist [D-Lys]GHRP-6 Markedly Improves Adiposity and Related Metabolic Abnormalities in a Mouse Model of Postmenopausal Obesity

Introduction

Menopause and ovariectomy are often accompanied by increases in body weight due to a lack of the effects of sex hormones. Estrogen deficiency typically predisposes to the accumulation of visceral, rather than subcutaneous fat. An increase in body weight can be further potentiated by consumption of a high-energy, usually high-fat (HF) diet [START_REF] Brown | Central effects of estradiol in the regulation of food intake, body weight, and adiposity[END_REF][START_REF] Shi | Sex differences in the regulation of body weight[END_REF][START_REF] Tena-Sempere | Roles of ghrelin and leptin in the control of reproductive function[END_REF]. Similar to humans, ovariectomized (OVX) rodents fed HF diets develop obesity due to the lack of estrogen and the excess of consumed fat, and thus, these animals can serve as a model for commonly observed postmenopausal human obesity. In a previous study by our group, OVX mice fed HF diet were extremely prone to diet-induced obesity (DIO), which resulted in hyperleptinemia, hyperinsulinemia, hyperglycemia, and resistance to centrally administered leptin. Estrogen supplementation normalized central resistance to exogenous leptin and reduced the fat/body weight ratio and leptin and glucose levels [START_REF] Matyšková | Estradiol Supplementation Helps Overcome Central Leptin Resistance of Ovariectomized Mice on a High Fat Diet[END_REF].

Recently, OVX rats were shown to have increased circulating levels of the orexigenic gut peptide ghrelin, which positively correlated with transient hyperphagia and resulted in permanent weight gain. This orexigenic action of ghrelin in OVX rats was decreased by estrogen replacement [START_REF] Clegg | Estradiol-dependent decrease in the orexigenic potency of ghrelin in female rats[END_REF]. The pivotal role of ghrelin in OVX-related weight gain was further supported by the finding that ghrelin receptor (GHS-R, growth hormone secretagogue receptor)-null mice were resistant to OVX-induced increases in food intake and body weight [START_REF] Clegg | Estradiol-dependent decrease in the orexigenic potency of ghrelin in female rats[END_REF]. An important role of ghrelin in body weight regulation was previously documented based on the phenotype of both ghrelinand ghrelin-receptor null, i.e., Ghrl-/-and Ghsr-/-, mice who did not develop DIO when fed an HF diet from an early age [START_REF] Wortley | Absence of ghrelin protects against early-onset obesity[END_REF][START_REF] Zigman | Mice lacking ghrelin receptors resist the development of dietinduced obesity[END_REF].

On the contrary, chronic ghrelin treatment in lean male mice decreased the expression of uncoupling protein 1 (UCP1) in brown adipose tissue [START_REF] Tsubone | Ghrelin regulates adiposity in white adipose tissue and UCP1 mRNA expression in brown adipose tissue in mice[END_REF] which points to a possible reduction of energy expenditure.

Inhibition of ghrelin action thus represents a promising approach for the treatment of obesity. Numerous non-peptide peptidomimetic ghrelin antagonists and inverse agonists have been developed and tested as promising anti-obesity agents [START_REF] Asakawa | Antagonism of ghrelin receptor reduces food intake and body weight gain in mice[END_REF][START_REF] Castañeda | Ghrelin in the regulation of body weight and metabolism[END_REF][START_REF] Chollet | Ghrelin--a novel generation of antiobesity drug: design, pharmacomodulation and biological activity of ghrelin analogues[END_REF][START_REF] Esler | Small-molecule ghrelin receptor antagonists improve glucose tolerance, suppress appetite, and promote weight loss[END_REF][START_REF] Moulin | Recent developments in ghrelin receptor ligands[END_REF][START_REF] Nogueiras | Growth hormone secretagogue (ghrelin-) receptors--a complex drug target for the regulation of body weight[END_REF]. Most of these substances are based either on the first synthetic peptidic ghrelin antagonist [D-Lys 3 ]GHRP-6 (His-DTrp-DLys-Trp-DPhe-Lys-NH 2 ) [START_REF] Smith | A nonpeptidyl growth hormone secretagogue[END_REF] or ghrelin inverse agonists SPa ([D-Arg 1 , D-Phe 5 , D-Trp 7,9 , Leu 11 ]substance P) [START_REF] Cheng | Inhibition of L-692,429-stimulated rat growth hormone release by a weak substance P antagonist: L-756,867[END_REF].

We hypothesized that ovariectomized mice with diet-induced obesity might be particularly sensitive to the inhibition of ghrelin action. Thus, we tested the effects of seven days of [DLys 3 ]GHRP-6 or SPa administration on food intake, body fat content and metabolic and hormonal parameters in obese OVX female mice on an HF diet.

Materials and Methods

Synthesis of GHS-R1a antagonists

Peptides D-Lys 3 ]GHRP-6 (His-DTrp-DLys-Trp-DPhe-Lys-NH 2 ) and SPa ( [D-Arg 1 , D-Phe 5 , D-Trp 7,9 , Leu 11 ]substance P, DArg-Pro-Lys-Pro-DPhe-Gln-DTrp-Phe-DTrp-Leu-Leu-NH 2 ) were assembled in a solid-phase ABI433A synthesizer (Applied Biosystems, Foster City, CA, USA) by stepwise coupling of the corresponding Fmoc-amino acids to the growing chain on Rink amide resin (1% DVB, 200-400 mesh, 0.65 mmol/g, IRIS, Biotech GmbH, Marktredwitz, Germany). Fully protected peptide resins were synthesized, and peptides were purified and analyzed according to a standard procedure [START_REF] Maixnerová | Structure-activity relationship of CART (cocaine-and amphetamine-regulated transcript) peptide fragments[END_REF].

Experimental animals

All experiments followed the ethical guidelines for animal experiments and the Czech Republic law No. 246/1992 and were approved by the Committee for experiments with laboratory animals of the Academy of Sciences of the Czech Republic.

Inbred C57BL/6 female mice (AnLab, Prague, Czech Republic) were housed at a temperature of 23°C under a daily cycle of 12 hours light and dark (light from 6:00 a.m.) with free access to water and food pellets (St-1, Mlýn Kocanda, Jesenice, Czech Republic). All mice were bilaterally ovariectomized at the age of five weeks [START_REF] Matyšková | Estradiol Supplementation Helps Overcome Central Leptin Resistance of Ovariectomized Mice on a High Fat Diet[END_REF].

Acute effect of GHS-R antagonists on food intake

Fifteen-week-old ovariectomized mice were placed into separate cages for one week.

Before experiments, mice were fasted for 17 h with free access to water and then were injected subcutaneously (SC) with 0.2 ml of saline, [D-Lys 3 ]GHRP-6 or SPa (dissolved in saline) in a dose ranging from 1-10 mg/kg (n=6-8 mice per group). Fifteen minutes after the injection, mice were given pre-weighed food pellets. Food intake was followed for 5 h; the pellets were weighed at 30 min intervals and then replaced with fresh ones, and cumulative food intake was registered. Animals had free access to water during the experiments.

Behavioral studies

Open-field locomotor activity

Locomotor activity was measured using the VideoMot system (TSE Systems, Bad Homburg, Germany). Fed fifteen-week-old ovariectomized mice were placed individually into a cylindrical open field, and their exploratory activity, i.e., number of rearings, was monitored for 10 min. Testing started 15 min after SC injection of [D-Lys 3 ]GHRP-6 (10 mg/kg) or SPa (10 mg/kg), as described in feeding experiments (n=6 mice/group).

Hot-plate analgesic test

Analgesia was measured by a hot-plate analgesia meter (TSE Systems, Bad Homburg, Germany) set at 53ºC after completion of the locomotor activity test. The endpoint was the latency to jump, after which the animals were immediately removed from the plate.

Measurement of pharmacokinetics in the blood serum

Fifteen-week-old ovariectomized mice were SC injected with [D-Lys 3 ]GHRP-6 or SPa, at a dose of 10 mg/kg or with saline and sacrificed 10, 40, 130, 310 or 480 min after injection (n=3). Their blood was collected, and blood sera were isolated and stored at -20˚C. Peptides were extracted using an acetonitrile precipitation as described in [START_REF] Hatziieremia | A liquid chromatographic/tandem mass spectroscopic method for quantification of the cyclic peptide melanotan-II. Plasma and brain tissue concentrations following administration in mice[END_REF] and then subjected to an LC-MS system consisting of an HPLC Alliance (Waters, USA) and a Q-TOF-Micro hybrid mass spectrometer (Waters, USA). Chromatographic separation was carried out with a Discovery HS C18 column (Supelco, USA), with a particle size of 5 µm and a column size of 5 x 2.1 mm ID that was equipped with a guard column of 2 x 2.1 mm ID and packed with the same sorbent.

The mobile phase A consisted of 0.1% HCOOH in water, and the mobile phase B contained 0.1% HCOOH in acetonitrile. For the separation of analytes, a gradient from 100% A to 100% B over 3 min was used at a flow rate of 200 µl/min. MS conditions were as follows: ES+, capillary 2700 V, sample cone 42 V, extraction cone 1.0 V, source temperature 100 °C, desolvation temperature 250 °C, cone gas flow 10 l/h N 2 , desolvation gas flow 250 l/h N 2 .

Effect of seven days of GHS-R antagonist administration on food intake and metabolic parameters in obese and lean ovariectomized mice with or without estrogen supplementation

At 8 weeks of age, ovariectomized mice were divided into a standard (St) diet-fed group (the energy content of the St-1 diet was 3.4 kcal/g, containing 25, 9, and 66% of calories from protein, fat, and carbohydrate, respectively (St-1, Mlýn Kocanda, Jesenice, Czech Republic)) and an HF diet-fed group (the energy content of the HF diet was 5.3 kcal/g, containing 13, 60, and 27% of calories from protein, fat, and carbohydrate, respectively). The HF diet consisted of 40% standard St-1 diet, 34% powdered cow milk for human neonates, 25% lard, and 1% corn starch w/w [START_REF] Kopecký | Reduction of dietary obesity in aP2-Ucp transgenic mice: physiology and adipose tissue distribution[END_REF]. Food intake and body weight were monitored weekly from 9 to 27 weeks of age. Mice resistant to the HF diet were withdrawn from the experiment (approximately 10% of mice).

The following four groups of mice were established at 24 weeks of age, when 17βestradiol-3-benzoate (E2) supplementation was initiated:

1. OVX/St: ovariectomized mice fed the St diet.

2. OVX/HF: ovariectomized mice fed the HF diet.

3. OVX/St + E2: ovariectomized mice fed the St diet with E2 supplementation. 4. OVX/HF + E2: ovariectomized mice fed the HF diet with E2 supplementation. Supplementation with E2 (8 µg/mouse, dissolved in sesame oil; Sigma, St. Louis, USA) was performed every four days for four weeks [START_REF] Clegg | Gonadal hormones determine sensitivity to central leptin and insulin[END_REF]. Synchronization of the estrous cycle was demonstrated from the cell phenotype of vaginal smears.

At the age of 27 weeks, mice were placed into separate cages with free access to food and water. The following week, mice were subjected to a 7-day food intake experiment. They were injected with [D-Lys 3 ]GHRP-6 or SPa at doses of 10 mg/kg (n=10) or saline twice a day (at 8:00 and 18:00) for seven days. Consumption of the St or HF diet and the weight of the mice were simultaneously followed.

Pair-fed mice were given the same amount of St or HF food consumed by the compound-treated mice on the previous day. After 7 days of treatment either with [D-Lys 3 ]GHRP-6 or SPa, mice were fasted overnight and sacrificed the following morning.

Their blood sera were isolated, and the white adipose tissue (subcutaneous, abdominal, and gonadal), the brown adipose tissue (BAT), the calf muscle and the liver of all mice were dissected, weighed, and stored at -70 o C. Fat to body weight ratio was calculated as a ratio of adipose tissue weight to body weight.

Determination of hormonal and biochemical parameters

Serum insulin and adiponectin concentrations were measured by RIA assays, and leptin and fibroblast growth factor 21 (FGF21) concentrations were determined by ELISA assays (Linco Research, St. Charles, MI, USA). Serum glucose levels were measured using a Glucocard glucometer (Arkray, Kyoto, Japan), and levels of βhydroxybutyrate were determined by an Optium Xceed glucometer (Abbot, Witney, UK) using β-ketone test strips. Serum triglyceride levels were measured by quantitative enzymatic reactions (Sigma, St. Louis, USA).

Determination of mRNA expression

Samples of adipose tissue (brown, subcutaneous, abdominal plus gonadal), liver and muscle were homogenized with a MagNA Lyser Instrument using MagNA Lyser Green Beads (Roche Diagnostics GmbH, Mannheim, Germany). Total RNA was extracted from the homogenized samples with a MagNA Pure instrument using a MagNA Pure Compact RNA Isolation (Tissue) kit (Roche Diagnostics GmbH, Mannheim, Germany).

The RNA concentration was determined from the absorbance at 260 nm (BioPhotometer, Eppendorf AG, Hamburg, Germany). The integrity of the RNA was checked by visualization of the 18S and 28S ribosomal bands on 1 % agarose gels with a GelRed TM Nucleic Acid GelStain. For reverse transcription to synthesize first-strand cDNA, 0.25 µg of total RNA was used with random primers, following the instructions of the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Determination of the mRNA expression of genes of interest (UCP1 in BAT; FGF21 in liver, muscle, subcutaneous and abdominal plus gonadal adipose tissue;

GLUT-1 in subcutaneous and abdominal plus gonadal adipose tissue; peroxisome proliferator-activated receptor alpha (PPAR-alpha) in liver) was performed using an ABI PRISM 7500 instrument (Applied Biosystems, Foster City, CA, USA) with TaqMan ® Universal PCR Master Mix, NO AmpErase ® UNG and specific TaqMan ® Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) and nuclease-free water (Fermentas Life Science, Vilnius, Lithuania). PCR amplifications were performed at least in duplicate in a total reaction volume of 25 μl. The PCR reactions were performed according to standard conditions (50°C for 2 min, 95° C for 10 min, followed by 40 cycles of 95° C for 15 s, 60° C for 1 min). The expression of beta-2-microglobulin (B2M) was used to compensate for variations in input RNA amounts and the efficiency of reverse transcription, and the modified formula 2 -Ct was used for calculation of relative gene expression.

Statistical analysis

The data are presented as means ± SEM for the number of animals indicated in the Figures and Tables. They were analyzed by a one-way ANOVA followed by a Tukey post-hoc test (metabolic parameters, behavioral study) or two-way ANOVA followed by a Bonferroni post-hoc test (food intake and body weight evaluation) using Graph-Pad Software (San Diego, CA, USA). P < 0.05 was considered statistically significant. In the acute food intake test, the ED 50 value was the dose required to obtain half of the response of the saline-treated group.

Results

3.Acute effects of GHS-R antagonists in lean mice

In the first part of this study, the acute anorexigenic effects of the ghrelin antagonist [D-Lys 3 ]GHRP-6 and the ghrelin inverse agonist SPa were determined in fifteen-weekold OVX/St mice using doses from 1 to 10 mg/kg, which were similar to those used by [START_REF] Asakawa | Antagonism of ghrelin receptor reduces food intake and body weight gain in mice[END_REF]. Both [D-Lys 3 ]GHRP-6 and SPa reduced food intake in fasted mice in a dose-dependent manner, with an ED 50 value in a range of mg/kg (Table 1). Analogously, short-term anorexigenic test was carried out also in OVX/HF mice (after 2 months on HF diet). The results were similar to that obtained with OVX/St groupa single dose of 10 mg/kg of [D-Lys 3 ]GHRP-6 or SPa totally inhibited food intake for 45 min, the decrease of food intake was significant for next 2-3 hours compared to relevant saline-treated group. Dose-response experiment showed that ED 50 for [D-Lys 3 ]GHRP-6 was 4,3±1,6 mg/kg at 45 min after administration to fasted OVX/HF mice.

Table 1 also 1). However, these effects lasted for only approximately 30 min and, therefore, could not have substantially influenced long-term food intake.

Effects of seven days of GHS-R antagonist administration in a OVX mice

After eighteen weeks of feeding on the HF diet, the body weight of OVX mice was about 60% higher than that of OVX mice fed the St diet (Fig. 1). Estrogen supplementation from 24 weeks of age reduced the body weight in OVX females on the HF diet, and it also tended to have this effect in mice on a standard diet, although the difference in this latter group did not reach statistical significance (Fig. 1).

Our preliminary study showed that use of a dose of 5 mg/kg of [D-Lys 3 ]GHRP-6 in one week experiment did not result in a significant lowering of food intake and body weight (results not shown). Therefore, a dose of 10 mg/kg injected SC two times per day was chosen for the seven-days administration.

Seven days of treatment with [D-Lys 3 ]GHRP-6 at a dose of 10 mg/kg of body weight reduced the average daily energy intake by 84 and 61% in the HF-and St-fed OVX mice, respectively, compared with the saline-treated controls (Fig. 2A) and significantly decreased body weight (Fig. 2C,B). In the HF-diet-fed OVX mice, seven days of treatment with [D-Lys 3 ]GHRP-6 markedly decreased the fat/body weight ratio, blood leptin, glucose, and insulin levels and HOMA index (Table 2). Pair-fed mice on the HF diet, which received the same amount of food as the [D-Lys 3 ]GHRP-6-treated mice, showed a loss of body weight similar to that of the [D-Lys 3 ]GHRP-6-treated animals. In the pair-fed mice, the fat/body weight ratio, glucose, insulin levels and HOMA index were also significantly decreased; decrease in leptin did not reach statistical significance (Table 2). β-hydroxybutyrate levels were significantly increased both in the [D-Lys 3 ]GHRP-6-treated and HF-fed mice and pair-fed mice, compared to the control group (Table 2). Adiponectin levels in OVX/HF mice both treated with [D-Lys 3 ]GHRP-6 and in pair-fed were increased, but insignificantly (Table 2).

In the St-diet-fed OVX mice without estrogen supplementation, a significant decrease in food intake (Fig. 2A) and body weight (Fig. 2B) after [D-Lys 3 ]GHRP-6 treatment was followed by decreased glucose level compared to saline-injected control mice (Table 2).

Similar effects were seen in pair-fed mice with St diet, where decrease in insulin level was significant and resulted in a significantly decreased HOMA index (Table 2). Both in [D-Lys 3 ]GHRP-6-treated and pair-fed OVX mice on St diet, increase in adiponectin was significant. Similarly to the effect observed in HF diet-fed mice, increased levels of βhydroxybutyrate were found after both [D-Lys 3 ]GHRP-6 treatment and pair feeding in mice on St diet (Table 2).

Estrogen supplementation to OVX mice both on the St and HF diets resulted in a decreased [D-Lys 3 ]GHRP-6 anorexigenic effect, with only a 17 and 18% decrease in energy intake after 7-day-treatment compared to saline treated group, respectively (Fig. 2D). Additionally, there was a less pronounced decrease in body weight when compared to the OVX mice that were not treated with estrogen (Fig. 2E,F) and no significant changes in the measured metabolic parameters were observed (Table 2).

Despite the promising anorexigenic effects of SPa observed in the acute short-term test and the longer blood half-life of SPa (Table 1), seven day application of SPa did not significantly affect food intake, body weight, or metabolic parameters (Fig. S1 and Table S1).

Expression of UCP1 in BAT

UCP1 mRNA levels in the BAT of OVX mice fed the St and HF diets after seven days of treatment with [D-Lys 3 ]GHRP-6 or pair-feeding are summarized in Fig. 3. UCP1 mRNA expression was significantly increased in mice treated with [D-Lys 3 ]GHRP-6 fed the St and HF diet, while in pair-fed mice, the UCP1 mRNA level significantly increased only in mice on the St diet.

Decreased food intake induced expression of FGF-21 in the liver and GLUT-1 in fat

The markedly decreased food intake resulting from [D-Lys 3 ]GHRP-6 treatment or pairfeeding was accompanied by an increase in ketone bodies in the OVX mice fed the HF and St diets. Recently, starvation-induced rise in ketone bodies was linked to induction of FGF21, a key mediator of hepatic lipid metabolism at fasting and ketogenic diet [START_REF] Badman | Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of hepatic lipid metabolism in ketotic states[END_REF][START_REF] Kharitonenkov | FGF-21 as a novel metabolic regulator[END_REF][START_REF] Reitman | FGF21: a missing link in the biology of fasting[END_REF]. This finding inspired us to measure FGF-21 level in blood and mRNA expression in the liver. In the salinetreated controls, similar FGF21 serum concentrations were detected regardless of diet and estrogen state (Fig. 4). In the OVX mice on the St diet, either with or without estrogen supplementation, neither [D-Lys 3 ]GHRP-6 treatment nor pair-feeding significantly affected the FGF21 level. In contrast, a twenty-fold increase in circulating FGF21 levels occurred in HF diet-fed OVX mice, both after [D-Lys 3 ]GHRP-6 treatment and in the corresponding pair-fed group (Fig. 4). The increase in secreted FGF21 after [D-Lys 3 ]GHRP-6 treatment or pair-feeding in OVX mice fed the HF diet resulted from significantly enhanced FGF21 expression in the liver (Fig. 5A). A significant increase in FGF21 expression was also found in the subcutaneous, but not the visceral, fat and muscle (Fig. 5B,C). Interestingly, pair-fed OVX mice on the HF diet also displayed very significantly enhanced FGF21 expression in their muscle, while this change was not observed in the [D-Lys 3 ]GHRP-6-treated animals (Fig. 5D).

PPAR-alpha expression in the liver was decreased insignificantly (Fig. 6C), and GLUT-1 expression following [D-Lys 3 ]GHRP-6 treatment was enhanced significantly in the abdominal, but not the subcutaneous, fat of the OVX mice on the HF diet (Fig. 6A,B).

Discussion

The obesity epidemic calls for novel pharmacologic treatment methods. This issue became even more urgent after rimonabant and sibutramine were withdrawn from the market. The inhibition of ghrelin action seems to represent a promising approach, as it attenuates food intake and subsequently improves other pathologies and metabolic parameters clustered within the so-called metabolic or insulin-resistance syndrome.

Here, we performed experiments with two peptides that antagonize ghrelin action in a model of postmenopausal obesity. Interestingly, the ghrelin inverse agonist SPa that exhibited similar dose-dependent acute anorexigenic effects and higher stability in the blood than [D-Lys 3 ]GHRP-6, did not exert a significant influence on food intake or body weight in the seven day-long study. High basal activity of the ghrelin receptor and its inhibition by inverse agonists, such as SPa, have been recently demonstrated through phosphorylation of c-AMP response element binding protein (CREB) in hypothalamic cells constitutively expressing the ghrelin receptor [START_REF] Petersen | In vivo characterization of high Basal signaling from the ghrelin receptor[END_REF]. SPa is considered to act as an inverse agonist with a low antagonist action [START_REF] Holst | Overlapping binding site for the endogenous agonist, smallmolecule agonists, and ago-allosteric modulators on the ghrelin receptor[END_REF]; however, in our study it did not prove to inactivate significantly the ghrelin receptor in a seven-day-long study. The reason for the SPa ineffectiveness in our study is not clear but might involve the non-selective activity of SPa, which binds not only to GHS-R but also to the neurokinin [START_REF] Djanani | Agonist function of the neurokinin receptor antagonist, [D-Arg1,D-Phe5,D-Trp7,9,Leu11]substance P, in monocytes[END_REF] and bombesin [START_REF] Mackinnon | Bombesin and substance P analogues differentially regulate G-protein coupling to the bombesin receptor. Direct evidence for biased agonism[END_REF] receptors.

On the other hand, we demonstrated here clear anorexigenic properties of [D-Lys 3 ]GHRP-6 both in an acute and a longer treatment, with the most significant effects being found in a mouse model of postmenopausal obesity/estrogen-deficiency with an HF diet.

A powerful long-term effect of the ghrelin antagonist [D-Lys 3 ]GHRP-6 in reducing food intake and body weight was accompanied by decreased blood glucose and increased the β-hydroxybutyrate level in OVX mice fed St and HF diets. OVX mice pair-fed HF diet exhibited significantly attenuated insulin levels and HOMA index similarly as [D-

Lys 3 ]GHRP-6-treated ones, suggesting that the most important mechanism of action of [D-Lys 3 ]GHRP-6 lies in the inhibition of food intake. In contrast, in the pair-fed OVX mice receiving the St diet, glucose, insulin and the HOMA index were reduced, and adiponectin levels were increased more significantly than in the [D-Lys 3 ]GHRP-6treated animals. Increased adiponectin levels may represent a mechanism that leads to improved glucose metabolism in these animals [START_REF] Ahima | Adipokines and the peripheral and neural control of energy balance[END_REF].

Previous studies have found that estrogen suppresses food intake and activates STAT3 in the brain, similarly to leptin. The estrogen effects were found to be independent of leptin, and they were able to substitute for leptin anorexigenic effects in leptin-or leptin-receptor deficient mice [START_REF] Gao | Anorectic estrogen mimics leptin's effect on the rewiring of melanocortin cells and Stat3 signaling in obese animals[END_REF]. Similarly in our study, in marked diet-induced obesity, which is also considered to be a leptin-resistant state [START_REF] Matyšková | Estradiol Supplementation Helps Overcome Central Leptin Resistance of Ovariectomized Mice on a High Fat Diet[END_REF], four weeks of estrogen supplementation significantly decreased the body weight of OVX mice fed on HF diet and normalized metabolic parameters.

Ghrelin is considered to be a functional antagonist of leptin. Additionally, the orexigenic potency of ghrelin in female mice was shown to be reduced by estrogen [START_REF] Clegg | Estradiol-dependent decrease in the orexigenic potency of ghrelin in female rats[END_REF]. Similarly, in our study, it was found that the ghrelin antagonist [D-Lys 3 ]GHRP-6 was most effective under a state of combined estrogen deficiency and leptin resistance.

Brown adipose tissue contains numerous mitochondria with UCP1 located on mitochondrial membrane that play an important role in energy dissipation. In our study, in addition to decreasing food intake, [D-Lys 3 ]GHRP-6 significantly increased the mRNA expression of UCP1 in BAT in both the OVX/St and OVX/HF groups, suggesting enhanced energy dissipation (Fig. 3). This finding is in agreement with a study by [START_REF] Mano-Otagiri | Genetic suppression of ghrelin receptors activates brown adipocyte function and decreases fat storage in rats[END_REF], where transgenic rats expressing antisense GHS-R mRNA showed increased UCP1 expression in BAT compared with wild-type rats. Analogously, gastrectomy in mice, which was aimed at the elimination of the most abundant source of ghrelin, resulted in reduced expression of UCP1 in BAT [START_REF] Lindqvist | Ghrelin affects gastrectomy-induced decrease in UCP1 and beta3-AR mRNA expression in mice[END_REF]. On the contrary, chronic ghrelin treatment in lean male mice decreased the expression of UCP1 in brown adipose tissue [START_REF] Tsubone | Ghrelin regulates adiposity in white adipose tissue and UCP1 mRNA expression in brown adipose tissue in mice[END_REF].

The long-term anorexigenic action of [D-Lys 3 ]GHRP-6 led to an 84 or 61% decrease in the daily energy intake in the HF-and St-fed OVX mice, respectively, which was followed by a significant increase in the level of β-hydroxybutyrate. Recently, it was suggested that under fasting conditions and simultaneously with the synthesis of ketone bodies, PPARα is activated and directly induces the expression of fibroblast growth factor 21 (FGF21) [START_REF] Badman | Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of hepatic lipid metabolism in ketotic states[END_REF][START_REF] Cuevas-Ramos | The role of fibroblast growth factor 21 (FGF21) on energy balance, glucose and lipid metabolism[END_REF][START_REF] Dostálová | Fibroblast growth factor 21: a novel metabolic regulator with potential therapeutic properties in obesity/type 2 diabetes mellitus[END_REF], which was proposed as a "missing link" in the biology of fasting [START_REF] Reitman | FGF21: a missing link in the biology of fasting[END_REF].

FGF21 treatment has been recently shown to reduce body weight, body fat, blood glucose, insulin and lipid levels without affecting food intake in ob/ob mice and mice with DIO [START_REF] Coskun | Fibroblast growth factor 21 corrects obesity in mice[END_REF][START_REF] Xu | Fibroblast growth factor 21 reverses hepatic steatosis, increases energy expenditure, and improves insulin sensitivity in diet-induced obese mice[END_REF]. Finally, FGF21 induced upregulation of GLUT1 in adipose cells both in vitro and in vivo, but insulin-dependent GLUT4 was not affected [START_REF] Kharitonenkov | FGF-21 as a novel metabolic regulator[END_REF]. Therefore, we studied the changes in the circulating levels and mRNA expression of FGF21 to determine its possible role in the metabolic changes induced by [D-Lys 3 ]GHRP-6. In the OVX mice on the HF diet, we found a profound increase of liver FGF21 mRNA expression after [D-Lys 3 ]GHRP-6 administration and a twenty-fold increase of circulating FGF21 levels (Fig. 4). A similar increase in FGF21 was noted in the associated pair-fed group (Fig. 4,5). FGF21 was shown to be induced not only by fasting but also by a ketogenic diet [START_REF] Badman | Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of hepatic lipid metabolism in ketotic states[END_REF]. [D-Lys 3 ]GHRP-6 treatment or pair-feeding resulted in reduced consumption of the HF diet which subsequently contributed to the ketogenic state. This explains why in the [D-Lys 3 ]GHRP-6-treated OVX mice fed the St diet, FGF21 production was not increased despite a significant increase in ketone bodies. These findings suggest that a combination of decreased food intake and the more ketogenic HF diet induced massive expression and secretion of FGF21.

FGF21 expression in the liver is considered to be directed by PPAR-alpha activation [START_REF] Badman | Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of hepatic lipid metabolism in ketotic states[END_REF]. In this study, PPAR-alpha expression in the liver tended to be decreased rather than increased, suggesting that at least the mRNA expression levels of FGF21 could be increased without significantly enhancing the mRNA expression of PPAR-alpha. FGF21 was shown to mediate insulin-independent glucose uptake into adipose tissue via increased expression of GLUT-1 [START_REF] Badman | Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of hepatic lipid metabolism in ketotic states[END_REF]. Similarly in this study, the enhanced FGF21 production could directly contribute to an increase in GLUT-1 expression in abdominal fat of [D-Lys 3 ]GHRP-6-treated mice.

Conclusion

In conclusion, our study demonstrated a marked beneficial, primary anorexigenic effect of [D-Lys 3 ]GHRP-6 on obesity and metabolic parameters that was especially pronounced in an experimental model of postmenopausal obesity, using OVX mice with HF diet induced DIO. Our data support the hypothesis that ghrelin antagonists, such as [D-Lys 3 ]GHRP-6, could be especially efficient under conditions of obesity combined with estrogen deficiency. Ketonic states resulting from [D-Lys 3 ]GHRP-6-induced fasting and ketogenic HF diet increased substantially production of FGF21 that could also exert positive metabolic effects. Significance (one-way ANOVA) is *P<0.05 (SPa vs saline), + P < 0,05, ++ P < 0,01, (pair-fed vs saline)

Figure legends

  shows the times and values of the maximal blood concentrations of [D-Lys 3 ]GHRP-6 and SPa after a single subcutaneous administration at a dose of 10 mg/kg to fifteen-week-old OVX/St mice. [D-Lys 3 ]GHRP-6 had T max of 10 min and then dropped sharply, reaching a zero concentration at 130 min. SPa showed a longer halflife than [D-Lys 3 ]GHRP-6, with a T max of 40 min and complete disappearance at 310 min. To determine possible sedative or analgesic effects of the tested compounds that could affect food intake, open field activity and analgesia were measured after the administration of [D-Lys 3 ]GHRP-6 or SPa in fifteen-week-old OVX/St mice. Both peptides significantly reduced exploratory activity in the open field test and caused analgesia in the hot plate test (Table
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Table 1 Short-term experiments in 15-week-old OVX/St mice

 1 

	Compound Food intake	Pharmaco	kinetics	in serum	Behavioral	studies
		at 45 min				Open field	Hot plate
		ED 50	T max	C max	AUC	(% saline	(% saline
		(mg/kg)		(µg/ml)	(µg/ml/	treated	treated
					480min)	group)	group)
	[D-Lys 3 ]	4.9 ± 1.4	10 min	6.7	731	0	230
	GHRP-6						
	SPa	3.0 ± 1.6	40 min	4.4	903	0	144
	In pharmacokinetic and behavioral studies, both compounds were injected SC in a dose
	10 mg/kg. ED 50 is a dose required to attenuate 50% of response of saline-treated group
	at the time of maximal response (45 min after injection). T max -time at C max (maximal
	concentration of peptide in blood). AUC -area under curve (in concentration of peptide
	in blood as a function of time). In open field test, a number of rearings in 10 min after
	SC injection (dose 10 mg/kg) was measured and compared with a number of rearings of
	saline treated group (in %). In hot plate test, latency to jump was measured (after hot
	plate test) and compared with that of saline treated group (in %) (n=5).	

Table 2 Metabolic parameters after seven-days SC administration of [D-Lys 3 ]GHRP-6 in 17h fasted female mice

 2 

	Group/treatment Fat/body weight	Leptin	Glucose	Insulin	HOMA	Adiponectin	Triglycerides	ß-hydroxy-
										butyrate
			[%]	[ng/ml]	[mmol/l]	[ng/ml]		[μg/ml]	[mg/dl]	[mmol/l]
	A/ OVX/St								
	Saline	7,68 ± 1,47	11,81 ± 5,46	6,25 ± 0,77	0,96 ± 0,27	51,48 ± 19,01	22,70 ± 1,80	75,69 ± 5,84	1,29±0.18
	[D-Lys	3 ]GHRP-6	6,16 ± 0,89	3,72 ± 1,40	4,51 ± 0,19 *	0,38 ± 0,09	13,75 ± 3,58	28,25 ± 0,93 *	62,97 ± 4,86	5,05±0.47 **
	pair-fed	7,11 ± 0,48	8,59 ± 1,28	3,90 ± 0,39 ++	0,19 ± 0,01 +	5,53 ± 0,47 + 31,54 ± 2,20 ++ 72,57 ± 5,22 6,63±0.46 ***
	B/ OVX/HF								
	Saline	15,12 ± 0,37	54,97 ± 5,80	7,17 ± 0,28	2,48 ± 0,36	137,82 ± 22,70	22,77 ± 0,91	83,82 ± 4,14	0,83±0.07
	[D-Lys	3 ]GHRP-6 11,92 ± 0,41 *** 22,65 ± 3,25 *** 4,15 ± 0,33 *** 0,48 ± 0,10 *** 15,67 ± 4,09 *** 24,43 ± 1,45	69,97 ± 8,49	3,56±0.21 *
	pair-fed	13,08 ± 0,54 +++ 43,66 ± 4,12 3,78 ± 0,15 +++ 0,27 ± 0,06 +++ 8,05 ± 1,79 +++ 25,35 ± 1,97	67,80 ± 5,84 6,95±0.44 ***
	C/ OVX/St+E2								
	Saline	2,80 ± 0,45	3,22 ± 1,13	5,26 ± 0,31	0,20 ± 0,06	8,15 ± 2,99	14,47 ± 1,86	79,88 ± 11,80	0,90±0.18
	[D-Lys	3 ]GHRP-6	2,25 ± 0,17	0,51 ± 0,07 *	4,91 ± 0,41	0,08 ± 0,01	2,81 ± 0,47	16,03 ± 2,65	76,69 ± 7,58	1,65±0.03
	pair-fed	1,89 ± 0,62	1,50 ± 0,26	4,70 ± 0,34	0,13 ± 0,03	4,78 ± 1,08	16,88 ± 3,72	56,03 ± 2,76	1,45±0.24
	D/ OVX/HF+E2								
	Saline	8,10 ± 0,58	6,63 ± 1,04	4,95 ± 0,22	0,46 ± 0,05	17,80 ± 2,48	8,14 ± 0,72	86,42 ± 6,24	1,62±0.16

Table S1 Metabolic parameters after seven-days SC administration of SPa in 17h fasted female mice

 S1 

	Group/treatment Fat/body weight	Leptin	Glucose Insulin	Adiponectin	Triglycerides
		[%]	[ng/ml]	[mmol/l] [ng/ml]	[μg/ml]	[mg/dl]
	A/ OVX/St				
	Saline	7,68 ± 1,47	11,81 ± 5,46 6,25 ± 0,77	22,70 ± 1,80	75,69 ± 5,84
				0,96 ±	
				0,27	
	SPa	6,37 ± 0,53	4,97 ± 0,74 5,44 ± 0,55	29,52 ± 1,13 *	67,62 ± 4,67
				0,49 ±	
				0,12	
	pair-fed	7,68 ± 0,52	7,94 ± 1,41 5,46 ± 0,61 0,27	32,10 ± 2,13 ++ 73,15 ± 7,40
				± 0,03	
				+	
	B/ OVX/HF				
	Saline	15,12 ± 0,37	54,97 ± 5,80 7,17 ± 0,28 2,48 ±	22,77 ± 0,91	83,82 ± 4,14
				0,36	
	SPa	13,89 ± 0,54	40,90 ± 6,72 5,75 ± 0,56 1,96 ±	23,49 ± 0,53	64,45 ± 2,87
				0,27	
	pair-fed	13,72 ± 0,56	59,35 ± 7,71 7,12 ± 0,45 1,58 ±	24,77 ± 2,68	76,92 ± 9,32
				0,41	
	C/ OVX/St+E2				
	Saline	2,80 ± 0,45	3,22 ± 1,13 5,26 ± 0,31 0,20 ±	14,47 ± 1,86	79,88 ± 11,80
				0,06	
	SPa	2,52 ± 0,41	1,75 ± 0,66 5,20 ± 0,32 0,21 ±	19,06 ± 3,67	75,76 ± 5,40
				0,05	
	pair-fed	3,64 ± 0,40	1,97 ± 0,38 4,90 ± 0,29 0,68 ±	11,22 ± 2,09	56,67 ± 2,48
				0,29	
	D/ OVX/HF+E2				
	Saline	8,10 ± 0,58	6,63 ± 1,04 4,95 ± 0,22 0,46	8,14 ± 0,72	86,42 ± 6,24
				± 0,05	
	SPa	7,97 ± 0,83	6,10 ± 2,38 5,43 ± 0,35 0,34	8,59 ± 2,78	68,33 ± 7,61
				± 0,06	
	pair-fed	8,31 ± 0,95	9,11 ± 1,50 5,62 ± 0,31 1,19	12,80 ± 1,83 56,44 ± 2,23 ++
				± 0,27	
				++	
	All values are expressed as mean±SEM (n=10 per group, in pair-fed group, n=5).
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Highlights:



Estrogen deficient mice on high fat diet developed metabolic syndrome features.



Ghrelin antagonist [D-Lys 3 ]GHRP-6 improved metabolic parameters in these mice.



Circulating FGF21 levels were markedly increased.