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ABBREVIATIONS  

 

ANOVA – Analysis of Variance 

ARC  – Nucleus Arcuatus     

E2 – 17β-estradiol 

ELISA  – Enzyme Linked Immunosorbent Assay  

DIO – Diet-induced obesity 

HF diet – High fat diet 

ICV  – Intracerebroventricular  

OVX mice – Ovariectomized mice 

RIA  – Radioimmunoassay  

SC  – Subcutaneous 

SEM  – Standard Error of Mean 

SPa  – [D-Arg1, D-Phe5, D-Trp7,9, Leu11]substance P 

St diet – Standard diet 
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SUMMARY  

  

The thesis is focused on the effect of leptin and ghrelin receptor antagonists on food 

intake and metabolic parameters in ovariectomized (OVX) female mice on a high fat (HF) 

diet. 

In the first part of the thesis, diet-induced obesity was introduced in two strains of mice 

(NMRI and C57BL/6). Diet-induced obesity resulted from overconsumption of a HF diet 

containing 60 % of fat; a standard (St) diet contained only 9 % of fat. The strain C57BL/6 was 

more susceptible to a HF diet than the NMRI strain and was chosen for further experiments 

on food intake. 

In the second part of the thesis, OVX C57BL/6 female mice on a HF diet were introduced 

as a model of common obesity in women after menopause and overconsumption of high 

caloric food. OVX mice on a HF diet accumulated more than 4 times higher amount of the 

white adipose tissue compared to those on a St diet, had significantly elevated glucose, insulin 

and leptin levels and attenuated sensitivity to effect of centrally administered leptin, 

an adipokine that decreases food intake. Central leptin sensitivity and metabolic syndrome 

parameters were improved after 4 weeks of estradiol treatment. 

Because both ovariectomy and HF diet result in enhanced sensitivity to ghrelin, the 

hormone produced predominantly by the stomach that stimulates appetite, in the third part of 

the thesis, we hypothesized that ghrelin receptor antagonists could suppress enhanced 

sensitivity to ghrelin resulted in obesity. It means that ghrelin receptor antagonists could serve 

as anti-obesity agents especially at estrogen deficiency. In our study, we showed that a long-

term subcutaneous administration of ghrelin receptor antagonist [D-Lys3]GHRP-6 

significantly decreased body weight, food intake, white adipose mass and leptin, insulin and 

glucose levels especially in OVX mice fed a HF diet. 
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SOUHRN 

  

Dizertační práce je zaměřena na účinky leptinu a antagonistů receptoru ghrelinu na příjem 

potravy a metabolické parametry u ovariektomovaných (OVX) myších samic na vysokotučné 

(HF) dietě.  
V první části dizertační práce byl zaveden model obezity vyvolané HF dietou u dvou 

různých myších kmenů (NMRI a C57BL/6). Obezita vyvolaná HF dietou se u myší vyvinula 

v důsledku dlouhodobého krmení HF dietou obsahující 60 % tuku; standardní (St) dieta 

obsahovala pouze 9 % tuku. Jako vhodný kmen pro další pokusy na příjem potravy pak 

sloužil pouze kmen C57BL/6, který je náchylnější k obezitě než linie NMRI. 

V druhé části práce byl zaveden model OVX myších samic z kmene C57BL/6 na HF 

dietě. Tento model je podobný obezitě u žen po menopauze, která je navíc podporována 

vysokokalorickou stravou. OVX myši na HF dietě akumulovaly 4krát více bílé tukové tkáně 
než OVX myši na St dietě, měly významně zvýšené hladiny glukosy, inzulinu a leptinu 

a sníženou citlivost na účinky leptinu, adipokinu snižujícího příjem potravy, podávaného 

do mozku ve srovnání s OVX myšmi na St dietě. Podání estradiolu po dobu 4 týdnů zlepšilo 

centrální citlivost k leptinu a parametry metabolického syndromu.  

Protože ovariektomie a HF dieta zvyšují citlivost ke ghrelinu, hormonu produkovaného 

zejména žaludkem, který zvyšuje chuť k jídlu, ve třetí části práce jsme vyslovili hypotézu, 

že antagonisté receptoru ghrelinu by mohli potlačit zvýšenou citlivost na účinek ghrelinu 

vedoucí k obezitě. To znamená, že antagonisté receptoru ghrelinu by mohli sloužit jako 

potenciální antiobezitika především při estrogenové deficitě. V naší studii dlouhodobé 

podkožní podání antagonisty receptoru ghrelinu [D-Lys3]GHRP-6 významně snížilo tělesnou 

hmotnost, příjem potravy, množství bílé tukové tkáně a hladiny leptinu, inzulinu a glukosy 

u OVX myší na HF dietě. 
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1. INTRODUCTION  

 

Obesity is defined as increased adipose mass resulting from a chronic imbalance between 

energy intake and expenditure. It is a major health issue both in developed and developing 

countries. Obesity is associated with various diseases such as high incidence of type 

II diabetes, cardiovascular disease, increased risk of many forms of cancer and reproductive 

and metabolic disorders [1]. Obesity is most commonly caused by a combination of excessive 

dietary calories, lack of physical activity, and genetic susceptibility. Only one anti-obesity 

medication is currently approved in the Czech Republic: orlistat, which reduces intestinal fat 

absorption by inhibiting pancreatic lipase [2]. 

Leptin and ghrelin are two hormones that have been recognized to have a major influence 

on energy balance. Leptin, predominantly produced by white adipose tissue, is a mediator of 

long-term regulation of energy balance, suppressing food intake and thereby inducing weight 

loss. Ghrelin, predominantly produced by the stomach, on the other hand, is a fast-acting 

hormone, seemingly playing a role in meal initiation; it increases appetite. Leptin and ghrelin 

act as functional antagonists at maintenance of energy homeostasis in the hypothalamus. The 

arcuate nucleus (ARC) of the hypothalamus is the main site of leptin and ghrelin action in the 

food intake regulation. In the ARC, leptin attenuated the expression of neuropeptides that 

increase food intake and ghrelin stimulates them, which resulted in decrease in food intake 

[3]. 

In rodents, lack of leptin (ob/ob mice) or its receptor (db/db mice, fa/fa rats) resulted in 

severe obesity. In contrast, the majority of obese humans have enhanced circulating leptin 

levels. This points to leptin resistance characterized by an increased circulating leptin and 

a decreased response to exogenous leptin. The causes of leptin resistance remain unclear. 

Transport of leptin through the blood-brain-barrier might be disrupted or leptin intracellular 

signaling could be impaired [4, 5]. 

In females, changing states of reproductive function are accompanied by eating disorders 

and obesity. For example ovariectomy, which almost completely eliminates circulating 

estradiol (E2), disrupts the hypothalamic-pituitary-gonadal axis and causes an increase 

of feeding and body adiposity. E2 supplementation normalized both feeding and body weight 

in ovariectomized (OVX) rodents [6]. Moreover, E2 administered subcutaneously to OVX 

female rats enhanced central leptin anorexigenic action [7]. 
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Weight gain in OVX rats was recently linked to orexigenic ghrelin. OVX female rats 

were shown to be more sensitive to the effect of ghrelin than intact females. It was confirmed 

by the fact that E2 treatment attenuated the orexigenic action of ghrelin [8]. It makes ghrelin 

or its receptor a suitable target for treatment of obesity in non-cycling obese females. Ghrelin 

antagonists and/or inverse agonists seem to be promising compounds in anti-obesity 

treatment. The ghrelin receptor (GHS-R1a) shows one of the strongest constitutive activities, 

which means that GHS-R1a has its own spontaneous activity without the support of any 

ligand. An inverse agonist of GHS-R1a tends to block the constitutive activity of the receptor 

and could prevent or suppress appetite between meals. An antagonist does not have an effect 

on the constitutive activity itself, only reduces the action of an agonist [9]. The most known 

ghrelin receptor antagonists are [D-Lys3]GHRP-6 and [D-Arg1, D-Phe5, D-Trp7,9, 

Leu11]substance P (SPa, Table 1) [9]. SPa appeared to act rather as a GHS-R1a inverse 

agonist than antagonist [9]. 

 

            Table 1. Amino acid sequences of GHS-R1a antagonist and inverse agonist  

Analogue  Sequence 

[D-Lys3]GHRP-6 His-D-Trp-D-Lys-Trp-D-Phe-Lys-NH2 

SPa D-Arg-Pro-Lys-Pro-D-Phe-Gln-D-Trp-Phe-D-Trp-Leu-Leu-NH2 
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2. AIMS OF THE STUDY  

 

• Characterization of obesity model in mice: Diet-induced obesity 

 Diet-induced obesity in mice represents a suitable model for the study of obesity in 

humans. These mice become obese after overconsumption of high fat food. One of the 

aims of this thesis was to introduce a model of diet-induced obesity in mice, characterize 

it and choose a suitable strain of mice for further food intake experiments in vivo.   

 

• Characterization of obesity model in female mice:  

 Ovariectomized mice on a high fat diet 

 Ovariectomized mice on a high fat diet represent a suitable model for the study of obesity 

in postmenopausal women with estrogen deficiency. One aim of the thesis was to study 

the effect of high fat diet and estradiol on metabolic parameters in ovariectomized mice. 

Furthermore, we hypothesized that sensitivity to leptin, the most known food intake 

regulator, could be disrupted by ovariectomy and/or high fat diet. Another aim was to 

study sensitivity to centrally administered leptin in ovariectomized mice with and without 

estradiol supplementation.  

 

• Study of the effect of ghrelin receptor antagonists on food intake in obese 

 ovariectomized mice  

 The effect of ghrelin, a hormone that stimulates appetite, is increased in ovariectomized 

mice. Ghrelin receptor antagonists or inverse agonists, which can suppress the effects of 

ghrelin, could attenuate food intake and body weight. We hypothesized that these 

compounds could be efficient in ovariectomized mice. The aim of the thesis was to study 

a short-term effect of ghrelin receptor antagonists and inverse agonist on food intake in 

intact female mice on a standard diet, moreover, to test the most efficient compounds for 

the short-term experiment on food intake in ovariectomized mice on a standard and high 

fat diet and finally, based on these results, to choose a suitable ghrelin receptor antagonist 

or inverse agonist for the long-term experiment on food intake and for the study of 

metabolic parameters of ovariectomized mice fed a standard or high fat diet with or 

without estradiol supplementation. 
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3. MATERIALS AND METHODS  

 

Experimental animals and diets 

Outbred NMRI (Bio Test, Konárovice, Czech Republic) and inbred C57BL/6 mice 

(Institute of Molecular Genetics, Prague, Czech Republic; Velaz, Koleč, Czech Republic and 

AnLab, Prague, Czech Republic) were housed at 22 ± 2 °C and a daily cycle of 12 h light and 

dark (light from 6:00 AM). They were provided water ad libitum and fed a standard (St) diet 

that contained 25, 9 and 66 % calories as protein, fat and carbohydrate, respectively. Its 

energy content was 3.4 kcal/g (St-1, Mlýn Kocanda, Jesenice, Czech Republic). All 

experiments followed the ethnical guidelines for animal experiments and the laws of the 

Czech Republic No. 246/1992. 

For diet-induced obesity (DIO) development, mice were fed a high fat (HF) diet that 

contained 13, 60 and 27 % calories as protein, fat and carbohydrate, respectively [10]. The HF 

diet was composed of 40% chow St-1 diet, 34% powdered cow milk for human neonates, 

25% lard (or sunflower oil), and 1% cornstarch. The energy content of the HF diet was 

5.3 kcal/g [10]. 

Food consumption and body weight of mice were monitored every week. 

 

Ovariectomy and 17β-estradiol-3-benzoate supplementation 

At 5 weeks of age, mice were anesthetized with an intraperitoneal injection of 

ketamine/xylazine (100 mg/kg ketamine, 16 mg/kg xylazine, Spofa, Prague, Czech Republic) 

and bilaterally ovariectomized according to Geary et al. [11]. 

17β-estradiol-3-benzoate (E2) was randomly subcutaneously (SC) administered to half of 

the OVX mice (8 µg/mouse, dissolved in sesame oil; Sigma, St. Louis, U.S.A.) every 4 days, 

one month before the food intake experiment [7]. 

 

Food intake experiments 

Food intake experiments were performed with 4 groups: 

1. OVX/St: OVX mice fed a St diet 

2. OVX/HF: OVX mice fed a HF diet 

3. OVX/St + E2: OVX mice fed a St diet with E2 supplementation 

4. OVX/HF + E2: OVX mice fed a HF diet with E2 supplementation 
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For leptin administration, at 18:00 PM freely fed mice were injected 

intracerebroventricularly (ICV) with 5 µl of saline or leptin at a dose of 5 µg/mouse 

(dissolved in saline). Mice were given St or HF diet weighed food pellets. The mice and 

pellets were weighed 12, 24 and 36 hours after ICV injection.  

In a short-term food intake experiment, peptidic and nonpeptidic GHS-R1a antagonists 

were tested in intact mice on the St diet. Compounds were administered SC to 17 hour fasted 

mice and their food intake was monitored over 5 hours. For long-term food intake experiment, 

the most potent GHS-R1a antagonists were used: peptidic GHS-R1a antagonist [D-

Lys3]GHRP-6 and inverse agonist SPa. Mice were administered SC with 0,1 – 0,2 ml/mouse 

of saline, [D-Lys3]GHRP-6 or SPa every day for 7 days twice a day. [D-Lys3]GHRP-6 and 

SPa were injected in a dose of 10 mg/kg (dissolved in saline). Mice were given St or HF diet 

weighed food pellets. The mice and pellets were weighed every day for 7 days twice a day. In 

the pair-feeding experiment, mice were given the food amount consumed by mice that were 

administered either [D-Lys3]GHRP-6 or SPa. Their food intake and body weight were 

monitored every day for 7 days twice a day.  

In the experiment with the centrally administered leptin, mice were sacrificed 36 hours 

after the leptin injection. In the GHS-R1a analogues experiment, mice were sacrificed 1 week 

after the food intake experiment, after 17 hours fast. Blood serum samples of mice were 

collected and some blood components in sera of mice were measured (leptin, insulin, glucose, 

adiponectin, triglycerides and resistin concentrations by RIA and ELISA kits). The white 

adipose tissue (subcutaneous, abdominal and gonadal) was dissected and weighed.  

The animals had free access to water during experiments. 

 

Statistical analysis 

The data are presented as means ± Standard Error of Mean (SEM). They were analyzed 

by one-way ANOVA (Analysis of Variance) followed by Tukey post hoc test or two-way 

ANOVA followed by Bonferroni post hoc test using Graph-Pad Software (San Diego, CA, 

USA). P-values < 0.05 were considered statistically significant. 
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4. RESULTS 

 

Characterization of obesity model in mice: Diet-induced obesity  

The results in this chapter were already published [12]. NMRI mice of both sexes on the 

HF diet did not show any significant alterations in their body weight during the development 

of DIO compared with their controls on the St diet. Overconsumption of HF food in NMRI 

mice of both sexes did not significantly affect the fat accumulation and metabolic parameters, 

only the serum glucose levels were significantly elevated in females NMRI. On the other 

hand, female C57BL/6 mice on the HF diet had significantly increased body weight compared 

with controls on the St diet, whereas male C57BL/6 mice did not differ in their body weight 

after overconsumption of HF food. Both males and females C57BL/6 on the HF diet 

excessively accumulated the white adipose tissue, had significantly elevated leptin and 

glucose levels in sera. In addition, females C57BL/6 had significantly enhanced insulin 

concentrations.  

 

Characterization of ovariectomized female mice on a high fat diet 

The results in this chapter were already published [13]. The model of OVX mice on a HF 

diet was introduced in C57BL/6 female mice. These mice became obese after 4 weeks on the 

HF diet and after 19 weeks accumulated more than 4 times the white adipose tissue compared 

with those on the St diet. Moreover, OVX mice on the HF diet had significantly elevated 

glucose, insulin and leptin levels in sera compared with OVX mice on the St diet; the serum 

resistin levels were significantly decreased after overconsumption of HF diet in OVX 

females. Adiponectin and triglycerides levels did not significantly alter after overconsumption 

of the HF diet in OVX mice. A 1-month-long E2 treatment in OVX mice on the HF diet 

decreased body weight, fat accumulation, glucose, leptin, adiponectin and resistin levels 

compared with OVX females without E2. 

 

Central administration of leptin in ovariectomized female mice 

The results in this chapter were already published [13]. OVX mice on the St diet had 

significantly decreased body weight after centrally administered leptin within 36 hours and 

food intake only after 36 hours compared with saline-treated group. E2 supplementation to 

OVX mice on the St diet increased sensitivity to centrally administered leptin.  
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OVX mice on the HF diet were insensitive to centrally administered leptin: their body 

weight and food intake were insignificantly lowered after leptin injection compared with 

saline-treated group. However, E2 supplementation to OVX mice on the HF diet restored 

central leptin sensitivity in terms of body weight and food intake.  

 

Effect of ghrelin receptor antagonists on food intake in ovariectomized mice 

OVX C57BL/6 females with E2 deficiency and E2 supplementation were used for the 

study of the effect of GHS-R1a antagonists on food intake. OVX mice on the HF diet had 

significantly increased body weight already after 1 week on the HF diet (Figure 1). A 1-

month-long E2 treatment in OVX mice on the HF diet significantly decreased body weight 

compared with those without E2 supplementation (Figure 1).  

15

25

35

45

55

10 15 20 25 30

OVX/St
OVX/HF

 

 

Figure 1. Body weight of OVX C57BL/6 female mice on the St and HF diet with E2 

supplementation and without E2. n = 40 animals per group. The data were analyzed by two-

way ANOVA (diet x week of age). *P < 0.05 and ***P < 0.001. 

 

The GHS-R1a antagonists that were effective in a short-term food intake experiment 

were used in a long-term food intake experiment; these were [D-Lys3]GHRP-6 and SPa.  

The long-term administration of [D-Lys3]GHRP-6 was effective especially in OVX mice 

on the St and HF diet: it significantly decreased food intake and body weight compared with 

saline-treated group (Figure 2 and 3). Similarly, the pair-fed group of OVX mice fed the St 
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and HF diet, which consumed the same amount of food as those administered [D-

Lys3]GHRP-6, had significantly attenuated body weight compared with saline-treated group 

(Figure 3). In addition, the long-term administration of [D-Lys3]GHRP-6 improved most of 

the metabolic parameters especially in OVX mice on the HF diet: it significantly decreased 

the fat mass, serum levels of leptin, glucose and insulin (Table 2).  

The long-term administration of [D-Lys3]GHRP-6 to OVX mice on the St and HF diet 

with E2 supplementation significantly attenuated their food intake compared with saline-

treated group but body weight decreased significantly only in OVX mice fed the HF diet. 

However, [D-Lys3]GHRP-6 did not significantly affect the metabolic parameters of OVX 

mice fed the St and HF diet with E2 supplementation.  

In contrast to [D-Lys3]GHRP-6, the long-term administration of SPa did not significantly 

affect body weight, food intake and metabolic parameters of OVX mice on the St and HF diet 

with E2 supplementation and without E2 compared with the saline-treated group.  
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Figure 2. Cumulative food intake after SC administration of saline and [D-Lys3]GHRP-6 in 

OVX females on the St and HF diet. n = 10 animals per group. The data were analyzed by 

two-way ANOVA (compound x day of treatment). P < 0.001 from 1.5 day of [D-Lys3]GHRP-6 

administration in OVX/St and OVX/HF. 
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Figure 3. Change in body weight after SC administration of saline and [D-Lys3]GHRP-6 

and change in body weight of pair-fed group in: A) OVX females on the St diet, B) OVX 

females on the HF diet. n = 10 animals per group; 5 animals per group for pair-fed group. 

The data were analyzed by two-way ANOVA (saline, [D-Lys3]GHRP-6 or pair-fed group x 

day of treatment). *P < 0.05; **P < 0.01 and ***P < 0.001. 
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Table 2. Metabolic parameters after long-term SC administration of [D-Lys3]GHRP-6 

in 17 hours fasted: A) OVX females on the St diet, B) OVX females on the HF diet 

 

 Saline [D-Lys3]GHRP-6 Pair-fed 

Fat/body weight [%]      7.68 ± 1.47 6.16 ± 0.89     7.11 ± 0.48 

Leptin [ng/ml]    11.81 ± 5.46 3.72 ± 1.40     8.59 ± 1.28 

Glucose [mmol/l] 6.25 ± 0.77   4.51 ± 0.19 *  3.90 ± 0.39 ++ 

Insulin [ng/ml] 0.96 ± 0.27 0.38 ± 0.09 0.19 ± 0.01 + 

Adiponectin [µg/ml] 22.70 ± 1.80  28.25 ± 0.93 * 31.54 ± 2.20 ++ 

Triglycerides [mg/dl] 75.69 ± 5.84      62.97 ± 4.86    72.57 ± 5.22 

 

 

 Saline [D-Lys3]GHRP-6 Pair-fed 

Fat/body weight [%] 15.12 ± 0.37 11.92 ± 0.41 *** 13.08 ± 0.54 +++ 

Leptin [ng/ml] 54.97 ± 5,80 22.65 ± 3.25 ***   43.66 ± 4.12 

Glucose [mmol/l]   7.17 ± 0.28   4.15 ± 0.33 ***    3.78 ± 0.15 +++ 

Insulin [ng/ml]   2.48 ± 0.36   0.48 ± 0.10 ***    0.27 ± 0.06 +++ 

Adiponectin [µg/ml] 22.77 ± 0.91    24.43 ± 1.45   25.35 ± 1.97 

Triglycerides [mg/dl] 83.82 ± 4.14    69.97 ± 8.49   67.80 ± 5.84 

 

All values are expressed as the mean ± SEM. n = 10 animals per group; 5 animals per group 

for pair-fed group. The data were analyzed by one-way ANOVA. *P < 0.05; **P < 0.01 and 

***P < 0.001 ([D-Lys3]GHRP-6 versus saline). +P < 0.05; ++P < 0.01 and +++P < 0.001 (pair-

fed group versus saline). 

A) 

B) 
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5. DISCUSSION 

 

In our first study [12], the HF diet containing 60 % of fat was introduced in outbred NMRI 

and inbred C57BL/6 male and female mice. Overconsumption of HF diet did not significantly 

alter body weight and metabolic parameters in outbred NMRI of both sexes [12], similarly as it 

was shown previously in female NMRI mice [14]. Inbred C57BL/6 mouse strain is widely used 

for the development of DIO [15, 16].  In contrast to NMRI mice, in our study especially females 

C57BL/6 were susceptible to the HF diet: their body weight was significantly enhanced, mice 

excessively accumulated the white adipose tissue and had significantly increased leptin, glucose 

and insulin levels compared with their controls on the St diet [12]. We therefore consider female 

C57BL/6 mice useful for the study of obesity and leptin resistance. 

In our following study [13], C57BL/6 OVX mice on the HF diet were used as a model 

of DIO at estrogen deficiency. This model of mice represents a model of DIO during E2 

deficiency. OVX mice on the St and HF diet were either supplemented with E2 or treated with 

a vehicle. OVX females with E2 deficiency were extremely susceptible to the HF diet: they 

accumulated more than 4 times the white adipose tissue and had some of metabolic disturbances: 

elevated glucose, insulin and leptin levels compared with those on the St diet [13]. E2 treatment 

of OVX mice fed the HF diet lowered their fat mass and improved glucose, insulin and leptin 

levels to those of OVX mice on the St diet similar to the observations of Bryzgalova et al. [17]. 

In this study, E2 supplementation significantly decreased both adiponectin and resistin levels in 

OVX females on the HF diet, probably due to a decrease in white adipose tissue resulting from 

E2 treatment [13]. Similarly, E2 treatment attenuated both adiponectin and resistin levels in old 

female mice with low estrogen levels [17]. 

In this study, E2 supplementation to OVX mice on the St diet increased sensitivity to 

centrally administered leptin [13]. Analogously, a 1-month-long SC or ICV E2 administration 

increased sensitivity to leptin of OVX rats [7]. Moreover, E2 supplementation normalized the 

decreased expression of leptin receptors in the brain of OVX rats [7]. 

In contrast to OVX mice on the St diet, those on the HF diet had decreased sensitivity to 

centrally administered leptin [13]. We suggest that OVX mice on the HF diet are insensitive to 

central leptin because of a lack of circulating E2 and overconsumption of HF food. 

E2 supplementation restored sensitivity to central leptin [13]. The finding that E2 treatment 
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normalized expression of leptin receptors in the brain of OVX rats [7] could explain the increased 

leptin sensitivity in OVX mice on the HF diet. We showed for the first time that central 

insensitivity to leptin in OVX females on the HF diet was restored by E2 supplementation. 

In the last part of the thesis, in a long term experiment we demonstrated a powerful action of 

ghrelin receptor antagonist [D-Lys3]GHRP-6 on lowering food intake and body weight and 

improved most of the metabolic parameters especially in OVX mice on the HF diet (Figure 2, 

Figure 3B and Table 2B) that could serve as a model of estrogen deficient postmenopausal 

females with overconsumption of high fat food. The effect of [D-Lys3]GHRP-6 was massive in 

OVX mice on the HF diet compared with that in OVX mice fed the St diet and OVX mice with 

E2 supplementation on the St and HF diet. These results support our hypothesis that ghrelin 

receptor antagonists could act in estrogen deficient females with DIO. The pair-fed group of 

OVX mice on the HF diet, which were given the food amount consumed by mice that were 

administered [D-Lys3]GHRP-6, showed a significant decrease in body weight (Figure 3B) and 

similar attenuated parameters of metabolic syndrome as after [D-Lys3]GHRP-6 repeated 

administration (Table 2B). It seems that the primary effect of [D-Lys3]GHRP-6 was appetite 

attenuating and other beneficial metabolic changes followed. Contrary to the [D-Lys3]GHRP-6, 

the effect of ghrelin receptor inverse agonist SPa was found nonsignificant in a long term 

experiment. This might be because SPa is considered to act nonselectively: apart from the GHS-

R1a it bounds to the neurokinin-1 receptor [18] and bombesin receptor [19].  

In conclusion, we suggest that ghrelin receptor antagonists, such as [D-Lys3]GHRP-6, could 

be especially useful at the condition of estrogen deficiency combined with overconsumption of 

high fat food. This state is represented not only in postmenopausal females with common obesity 

but also in obese men.  
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6. CONCLUSIONS 

 

  

• Female C57BL/6 mice on a high fat diet were prone to diet-induced obesity; they showed 

the most significant fat accumulation and significantly elevated leptin, glucose and insulin 

levels. Therefore diet-induced obesity in females C57BL/6 represents a suitable model to 

study metabolic syndrome resulted from obesity and leptin resistance. 

  

• Ovariectomized female mice on a high fat diet represent a suitable model for the study of 

diet induced obesity at estradiol deficiency such as the common obesity in 

postmenopausal women. Ovariectomized female mice with estradiol deficiency were 

extremely susceptible to a high fat diet and developed central leptin resistance. Estradiol 

supplementation lowered their body weight, fat mass, circulating levels of leptin, glucose 

and insulin and restored sensitivity to centrally administered leptin.  

 

• Mice that are leptin resistant due to overconsumption of high fat food as well as estradiol 

deficient due to ovariectomy were sensitive to ghrelin receptor antagonist, [D-

Lys3]GHRP-6. The long term administration of this antagonist lowered the body weight, 

food intake and improved most of the metabolic parameters in ovariectomized mice on 

the high fat diet. [D-Lys3]GHRP-6 could be especially efficient in postmenopausal 

females with common obesity and in obese men. 

 

 

 

 

 

 

 

 

 



 
 

20 

7. REFERENCES 

 

1. Halford JCG. Pharmacology of appetite suppression: Implication for the treatment of 

obesity. Curr Drug Targets 2001; 2: 353-370. 

2. Cawthorne MA. Opportunities and challenges for the development of pharmacological 

therapies for obesity treatment. Obes Rev 2007; 8: 131-136. 

3. Kojima M, Kangawa K. Drug insight: the functions of ghrelin and its potential as 

a multitherapeutic hormone. Nat Clin Pract Endocrinol Metab 2006; 2: 80-88. 

4. El-Haschimi K, Pierroz DD, Hileman SM, Bjørbaek C, Flier JS. Two defects contribute to 

hypothalamic leptin resistance in mice with diet-induced obesity. J Clin Invest 2000; 105: 

1827-1832. 

5. Banks WA, Farrell CL. Impaired transport of leptin across the blood-brain barrier in 

obesity is acquired and reversible. Am J Physiol 2003; 285: E10-E15. 

6. Asarian L, Geary N. Cyclic estradiol treatment normalizes body weight and restores 

physiological patterns of spontaneous feeding and sexual receptivity in ovariectomized 

rats. Horm Behav 2002; 42: 461-471. 

7. Clegg DJ, Brown LM, Woods SC, Benoit SC. Gonadal hormones determine sensitivity to 

central leptin and insulin. Diabetes 2006; 55: 978-987. 

8. Clegg DJ, Brown LM, Zigman JM, Kemp CJ, Strader AD, Benoit SC, Woods SC, 

Mangiaracina M, Geary N. Estradiol-dependent decrease in the orexigenic potency of 

ghrelin in females rats. Diabetes 2007; 56: 1051-1058. 

9. Chollet C, Meyer K, Beck-Sickinger AG. Ghrelin – a novel generation of anti-obesity 

drug: design, pharmacomodulation and biological activity of ghrelin analogues. J Pept Sci 

2009; 15: 711-730. 

10. Kopecký J, Hodný Z, Rossmeisl M, Syrový I, Kozak LP. Reduction of dietary obesity in 

aP2-Ucp transgenic mice: physiology and adipose tissue distribution. Am J Physiol 1996; 

270: E768-E775. 

11. Geary N, Asarian L, Korach KS, Pfaff DW, Ogawa S. Deficits in E2-dependent control of 

feeding, weight gain, and cholecystokinin satiation in ER-α null mice. Endocrinology 

2001; 142: 4751-4757. 



 
 

21 

12. Matyšková R, Maletínská L, Maixnerová J, Pirník Z, Kiss A, Železná B. Comparison of 

the obesity phenotypes related to monosodium glutamate effect on arcuate nucleus and/or 

the high fat diet feeding in C57BL/6 mice. Physiol Res 2008; 57: 727-734. 

13. Matyšková R, Železná B, Maixnerová J, Koutová D, Haluzík M, Maletínská L. Estradiol 

supplementation helps overcome central leptin resistance of ovariectomized mice on a 

high fat diet. Horm Metab Res 2010; 42: 182-186. 

14. Huang X, Hansson M, Laurila E, Ahrén B, Groop L. Fat feeding impairs glycogen 

synthase activity in mice without effects on its gene expression. Metabolism 2003; 52: 

535-539. 

15. Lin S, Thomas TC, Storlien LH, Huang XF. Development of high fat diet-induced obesity 

and leptin resistance in C57Bl/6J mice. Int J Obes 2000; 24: 639-646. 

16. Thupari JN, Kim EK, Moran TH, Ronnett GV, Kuhajda FP. Chronic C57 treatment of 

diet-induced obese mice increases fat oxidation and reduces food intake to reduce adipose 

mass. Am J Physiol Endocrinol Metab 2004; 287: E97-E104. 

17. Bryzgalova G, Lundholm L, Portwood N, Gustafsson J-A, Khan A, Efendic S, Dahlman-

Wright K. Mechanism of antidiabetogenic and body weight-lowering effects of estrogen 

in high-fat diet-fed mice. Am J Physiol Endocrinol Metab 2008; 295: E904-E912. 

18. Djanani A, Kaneider N, Sturn D, Wiedermann C. Agonist function of the neurokinin 

receptor antagonist, [D-Arg1,D-Phe5,D-Trp7,9,Leu11]substance P, in monocytes. Regul 

Pept 2003; 115: 123-129. 

19. MacKinnon A, Waters C, Jodrell D, Haslett C, Sethi T. Bombesin and substance P 

analogues differentially regulate G-protein coupling to the bombesin receptor. Direct 

evidence for biased agonism. J Biol Chem 2001; 276: 28083-28091. 

 

 

 

 

 

 

 

 



 
 

22 

8. LIST OF ORIGINAL ARTICLES  

 

 Publications related to the thesis – with IF 

1. Matyšková R, Maletínská L, Maixnerová J, Pirnik Z, Kiss A, Železná B. Comparison of 

the obesity phenotypes related to monosodium glutamate effect on arcuate nucleus and/or 

the high fat diet feeding in C57BL/6 mice. Physiol Res 2008; 57: 727-734. IF = 1.430 

(2009) 

2. Matyšková R, Železná B, Maixnerová J, Koutová D, Haluzík M, Maletínská L. Estradiol 

supplementation helps overcome central leptin resistance of ovariectomized mice on 

a high fat diet. Horm Metab Res 2010; 42: 182-186. IF = 2.686 (2009) 

 

 

 Publications related to the thesis – without IF 

1. Matyšková R, Maixnerová J, Maletínská L. Epidemie obezity a regulace příjmu potravy. 

Vesmír 2008/6; 87: 410. 

 

 

 Publications with different objectives – with IF 

1. Maletínská L, Shamas Toma R*, Pirnik Z, Kiss A, Slaninová J, Haluzík M, Železná B. 

 Effect of cholecystokinin on feeding is attenuated in monosodium glutamate obese mice. 

 Regul Pept 2006; 136: 58-63. IF = 2.160 (2009) 

2. Maletínská L, Maixnerová J, Matyšková R, Haugvicová R, Šloncová E, Elbert T, 

Slaninová J, Železná B. Cocaine- and amphetamine-regulated transcript (CART) peptide 

specific binding in pheochromocytoma cells PC12. Eur J Pharmacol 2007; 559: 109-114. 

IF = 2.585 (2009) 

3. Maletínská L, Maixnerová J, Matyšková R, Haugvicová R, Pirnik Z, Kiss A, Železná B. 

Synergistic effect of CART (cocaine- and amphetamine-regulated transcript) peptide and 

cholecystokinin on food intake regulation in lean mice. BMC Neurosci 2008; 9: 101-110. 

 IF = 2.744 (2009) 

                                                 
*  Resha Matyšková born  Shamas Toma 



 
 

23 

4. Železná B, Maixnerová J, Matyšková R, Haugvicová R, Blokešová D, Maletínská L. 

Anorexigenic effect of cholecystokinin is lost but that of CART (Cocaine and 

Amphetamine Regulated Transcript) peptide is preserved in monosodium glutamate obese 

mice. Physiol Res 2009; 58: 717-723. IF = 1.430 (2009) 

5. Pirnik Z, Maixnerová J, Matyšková R, Koutová D, Železná B, Maletínská L, Kiss A. 

Effect of anorexinergic peptides, cholecystokinin (CCK) and cocaine and amphetamine 

regulated transcript (CART) peptide, on the activity of neurons in hypothalamic structures 

of C57Bl/6 mice involved in the food intake regulation. Peptides 2010; 31: 139-144. 

IF = 2.705 (2009) 

 

 

 

 

 

 

 

 

 

 
 

  

  

 

 

 

 

 

 

 

 

 

 


