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Abstract 

Leucine injections directly into the brain decrease food intake whereas supplementation of 

this amino acid in a diet has a negligible effect on food intake. We sought to investigate why 

orally supplemented leucine is ineffective as an anorexigen. We found that mice consuming 

leucine exhibited increased cFos immunoreactivity in the ARC and PVN of hypothalamus, 

areas controlling energy balance. However, real time- PCR analysis of the hypothalamic 

tissue in mice that were exposed to oral leucine showed changes in expression of genes 

involved in the regulation of energy balance as well as those mediating feeding reward 

(TMEM18, MC4R, CRH, FTO, SLC6A15, DOR). This suggests that leucine consumption 

affects activity of not only brain pathways that control calorie intake, but also those that 

mediate eating for pleasure. Hence the lack of feeding response to leucine supplementation in 

a diet may stem from the simultaneous action of this amino acid at brain circuit promoting 

reward and energy homeostasis.  
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Introduction 

Overeating has become a vast problem in the modern society and has received special 

attention from media as well as from the scientific community and pharmaceutical companies. 

Overeating seems to be dependent mostly on the abundance of food that people have access 

to, combined with the poor inherent body homeostasis control mechanisms that would reduce 

appetite in the obesogenic environment. "Functional foods", i.e., those rich in specific 

components (such as certain nutrients or water), have been developed and used as a means to 

decrease consumption. In general, diet supplementation is often recommended as an 

alternative or complementary approach to regular dieting or pharmacological interventions. 

The purpose is usually to reduce hunger and increase satiety. One group of substances utilized 

for this purpose is amino acids which are added to special dietary beverages or meal 

substituting bars. However, their effectiveness has been questioned. It is important to note that 

laboratory animal studies, typically performed to assess in depth the effect of dietary 

components on various physiological and behavioral parameters, including food intake and 

body weight, have also produced mixed data on the value of amino acid supplementation to 

control food intake. These studies typically utilize dietary branched-chain amino acids 

(BCAA), such as leucine, isoleucine and valine, as they largely escape first-pass metabolism 

(1). Among those, leucine has been under special scrutiny as this amino acid crosses the 

blood-brain barrier faster than others (2). 

Several rodent studies have shown the impact of leucine on body weight and food intake. 

Leucine injected directly into the mediobasal hypothalamus (MBH) - omitting the 

paravenricular nucleus of hypothalamus (PVN) - in rats reduces food intake by decreasing the 

meal size by 50 % and the frequency of meals (3). However, it is unclear whether leucine 

intake, rather than injected leucine, influences the regulation of food intake and body weight. 

Studies on mice (4) show that animals on a high-fat diet and getting leucine in water for 14-15 

weeks do not exhibit a significant change in body weight or in the amount of consumed food. 

Similar results were obtained by another group of researchers (5) who reported that mice fed 

for 2 weeks chow containing 5% leucine did not exhibit a different body weight or 

consumption profile. On the other hand, high-fat chow-fed mice that got 1.5% leucine in 

water for 10 weeks had a significant decrease in fat mass in comparison to the control group 

(6). Inconclusiveness of the results tends to point out that when leucine is administered orally, 

some crucial factors counteract anorexigenic effects seen with e.g., mediobasally-infused 

leucine. 

In the current project, we hypothesized that this counteracting effect of leucine stems from 

leucine's simultaneous action at brain circuits that promote satiety and those that mediate 

feeding reward. Therefore, using real-time PCR, we examined whether intake of leucine 

changes central expression of genes regulating energy homeostasis and reward. We also 

employed immunohistostaining for cFos, the protein product of the immediate-early gene, and 

studied whether leucine consumption affects the number of cFos immunoreactive (thus, 

"activated") nuclear profiles in two hypothalamic sites known to control energy balance (7).   
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Materials and Methods 

Experiment 1: Does leucine consumption affect cFos IR in the hypothalamic 

paraventricular nucleus (PVN) and arcuate nucleus (ARC)? 

Animals.  

The mice used in the study were males C57BL/6J mice (Scanbur, Sweden). Their weight at 

the beginning of the experiment was 23.5 ± 0.15 g.  

The mice had been exposed to leucine to avoid neophobia. Before the experimental trials, 

they had a 3 day-long wash-out phase to ensure cFos immunoreactivity would not be affected 

by earlier leucine exposure. The night before the study the animals were food- and water-

deprived for 16 h. To study the effects of leucine intake on cFos immunoreactivity, the 

animals were randomly divided into 3 groups: leucine group (n=6) - 1.5% leucine solution 

was administered for 15 minutes, water group (n=5) - water was administered for 15 minutes, 

deprived group (n=5) - no fluid was given. Chow (Lactamin,Sweden) (a standard, solid 

nutrient composition, caloric value = 3.6 kcal/gram) was not returned to cages to avoid 

induction of cFos immunoreactivity by chows consumption.  

Ninety minutes after the end of consummatory behavior (i.e., at the time corresponding to the 

maximum cFos immunoreactivity, as this maximum value occurs ca. 90 minutes after the 

actual neuronal activity has occurred), the animals were anaesthetized with pentobarbital 

(100mg/kg) and perfused transcardially with 0.9% saline solution and then with 4% 

paraformaldehyde (50mL). Brains were removed and post-fixed in 4% paraformaldehyde 

overnight as in (8). 

c-Fos immunohistochemistry.  

The brains were sliced to 60µm thick sections using the Leica VT 1000 S vibratome. 

The forebrain sections containing the PVN and ARC were incubated 10 minutes in 

10%methanol 3-4%hydrogen peroxide in TBS and then incubated in goat c-Fos (Vector lab) 

antibody diluted in a mixture of TBS, gelatin and Triton X-100 1:3000 overnight at 4˚C at 

constant agitation. The sections were incubated in the secondary antibody (rabbit anti-goat 

IgG) (Novastin) diluted in a mixture of TBS, gelatin and Triton X-100 1:400 for 75 minutes 

and then incubated in ABC  (Vectastain ABC kit PK-6100 standard) for 75 minutes. The 

staining was visualised with diaminobenzidine (DAB, Sigma Diagnostics, St. Louis) solution 

(0.05% DAB, 0.01% hydrogen peroxide, and 0.3% nickel sulfate) as in (9).  

 

The sections were transferred onto gelatinized slides and air-dried overnight. They were 

dehydrated in EtOH 70% for 5 minutes, 95% 5 minutes, 100% 10 minutes, soaked in xylene 

for 20 minutes and coverslipped in DPX (BDH, UK) as in (10).  

The sections were analyzed on the Leica MZ16F microscope. 
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Experiment 2: PCR studies 

Animals. 

Male C57BL/6J (Taconic, Denmark) mice were used in the study. Their weight at the 

beginning of the experiment was 25.3 ± 0.60g.  

The animals were randomly divided into 2 groups: leucine (n=8) - 1.5% leucine solution 

during 48 hours was given as the only liquid, water (n=8) - water during 48 hours was 

offered. The mice had free access to standard chow. 

The animals were sacrificed by cervical dislocation directly after the treatment. Hypothalami 

were isolated from the brain tissue as in (11). The samples were kept in RNA-later at 4˚C for 

2 hours and then stored at -20˚C. 
 

RNA purification for RT-PCR studies 

The hypothalami were homogenized by sonication in TRIzol (Invitrogen, Sweden) with 

sonifier (BransonUltrasonics Corp., Germany).The homogenate was centrifuged at 12.000 g 

for 10 min at 4˚C and separated from the excess of lipids and other cellular waste. Additional 

TRIzol was added to increase the volume of liquid. Chloroform was added, the samples were 

incubated for 5 min at room temperature and centrifuged at 12.000 g for 15 min at 4˚C. The 

aqueous phase was transferred to a new tube and RNA was precipitated with isopropanol. The 

sample was incubated at -20˚C for 2h and then centrifuged at 12.000 g for 10 min at 4˚C. The 

supernatant was removed. The pellet was washed with 75% EtOH 2 times. It was left to air 

dry and the RNA was dissolved in RNAse free water and 10x DNAse buffer and left to 

incubate for 15 min at 75˚C (12).  

DNA contamination was removed with DNAse I treatment overnight (16 hours) at 17˚C and 

the reaction was stopped by incubation for 15 min at 75˚C. Conformation of genomic DNA 

removal by the DNAse treatment was done by PCR, primer for mouse tub b5 513bp.  

Nanodrop ND-1000 Spectrophotometer (NanoDrop Technologies, USA) was used to 

determine RNA concentration. For cDNA synthesis, random hexamers were used as primers 

and they were processed with MMLV reverse transcriptase (GE, Sweden). The cDNA 

synthesis was confirmed with PCR (13). 

RT-PCR analysis 

Relative expression 

Levels of mRNAs housekeeping genes (HKGs) GAPDH, RPL19, H3b were determined for 

relative expression analysis. Concentration of the template was 5ng and less. Reactions were 

run with total 25µl volume (5µl template, 9.52µl H2O, 2.00µl 10xDNA polymerase buffer, 

0.2µl nM dNTP, 1.60µl MgCl2, 1.00µl DMSO (1:20), 0.50µl SYBR green (1:50000), 0.10µl 

primers, 0.08µl Taq polymerase (Bitools, Sweden)). Primers concentration was 5ng/µl 

(Thermo Scientific, Sweden).  The PCR program was started with denaturation at 95˚C for 3 

minutes and followed by 50 cycles of given procedure: denaturation 95˚C for 20 seconds, 

annealing each primer pair for 30 seconds, extension 72˚C for 30 seconds (14). The annealing 

temperatures for the used primers are given in Table 1. 

The data was analysed with Bio-Rad software, primer efficiency with use of LinRegPCR (15), 

Grubbs' test was used for elimination of outliers (16), Genorm was used to calculate the 

normalisation factor (17). GraphPad prism 5 was used to visualize the results (18). 
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Table 1. Real -time PCR primers for mice from Thermo Scientific. 

___________________________________________________________________________                  

Name   Annealing     Forward primer Reverse primer         

 temperature                                                                                                                                     

___________________________________________________________________________         

GAPDH           55˚C  gccttccgtgttcctacc        gcctgcttcaccaccttc              

RPL19           55˚C  aatcgccaatgccaactc ggaatggacagtcacagg            

H3b           55˚C  ccttgtgggtctgtttga cagttggatgtccttggg   

SLC6A15           58.2˚C  gcatcggaagaatttctgagc agcgacgaatgatgaacacc            

NPY           60.1˚C  cccttccatgtggtgatg gacaggcagactggtggc                   

Oxytocin R               58.2˚C  atggatctacatgctcttcac acgaaggtggaggagttg          

Oxytocin           60.1˚C  acgctgcttcggaccaag       gcgaaggcaggtagttctcc           

KappaR (KOR)         60.1˚C  caccttgctgatcccaaac ttcccaagtcaccgtcag                 

MUOpiodR (MOR)    60.1˚C  cctgccgctcttctctgg cggactcggtaggctgtaac             

DeltaR (DOR)           60.1˚C  gctggtggacatcaatcg gctggtggacatcaatcg             

FTOb            60.1˚C  gatgtcagagcgtcagagag   aaggtcatggagtgagtgc            

CRH           60.1˚C  taccaagggaggagaagagag     ggacgacagagccaccag                

MC4R           58.2˚C  cgctccagtaccataacatc     gaagaggacgcctgacac               

POMC           58.2˚C  gaacgccatcatcaagaac ctaagaggctagaggtcatc                   

TMEM18           60.1˚C  gctctgtgaatggcttatctg   ctctgtcacctcaaatctctaaag 
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Results 

The immunohistochemical staining for cFos (Fig.1) showed a significant change in the level 

of cFos immunoreactivity in the paraventricular nucleus (PVN) and arcuate nucleus (ARC). 

There was a significant decrease of the cFos expression level in the leucine group both in the 

PVN and ARC. 

 

                                                           

Fig. 1 Immunohistochemical staining for cFos in the PVN. 

There was also a significant decrease of the cFos expression level from leucine group to water 

group in the ARC, unlike the PVN (Fig. 2).    

                                                 

Fig.2 Changes in cFos immunoreactivity following the consumption of leucine-spiked water (leu), water 

alone (wat) or in the absence of fluid (depr). Animals had been water-deprived overnight prior to the 

experiment. *, p<0.05 in mice brain parts PVN and ARC. 

The RT-PCR analysis of the hypothalamic of mice used in the second experiment showed a 

significant increase in the leucine group, in the expression of food intake- and energy control- 

associated genes: TMEM18, SLC6A15, CRH, FTO, and an opioid receptor gene DOR.  One 

of the genes, MC4R, showed decrease in the expression in the leucine group compared to 

controls (Fig. 3). 
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Fig. 3. Changes in expression level of genes TMEM18, SLC6A15, CRH, FTO, DOR, MC4R in the murine 

hypothalamus in response to leucine supplementation. The significant changes are TMEM18 p=0.0005, 

SLC6A15 p=0.02, CRH p=0.024, FTO p=0.01, DOR p=0.01, MC4R p=0.016. 

The rest of the genes used in the RT-PCR analysis showed no significant difference in 

expression comparing the control and the leucine group. 
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Discussion 

Immunohistochemical staining was crucial in order to determine which areas of the brain 

would show response to the administration of 1.5% leucine solution. The purpose was to 

examine whether ingestion of leucine in water had a different effect on cFos 

immunoreactivity than intake of water alone or no fluid intake. It was expected that the 

increased activity would occur in the hypothalamus as it is one of the areas responsible for the 

energy control (19).  cFos immunoreactivity was measured because cFos is a marker 

determining the level of neuronal activity in response to any stimulation, process or event 

involving neurons, including food intake (20).  The immunohistochemical staining of 

different proteins is often used to determine a change in response to diet manipulation (21, 22, 

23, 24, 25). The experiment showed that cFos immunoreactivity was evident in the PVN and 

ARC independently of the treatment. However, a significant change in cFos immunoreactivity 

in the leucine-supplemented and fluid-deprived group was observed in both sites. Also, the 

change in leucine-supplemented and plain water group was significant in the ARC. All the 

changes have the same direction and show a strong influence of the leucine supplementation 

on the cFos response. 

cFos immunostaining is not a selective method and cannot answer the question of which 

genes are activated and which molecules are synthesised in response to leucine intake. The 

staining method can only show whether neuronal activity is affected by a given stimulus (26). 

Changes in cFos levels indicate, however, that a particular area in the brain responds to, e.g., 

leucine treatment, and that hence this area should be studied further to define molecular 

phenotypes of affected. Our cFos experiment revealed the hypothalamic sites are sensitive to 

leucine.  

The expression of studied genes: TMEM18, CRH, SLC6A15, FTO, DOR, MC4R reveals that 

there is a link between leucine consumption and multiple aspects of energy homeostasis 

regulation, including food intake, hunger, satiety and reward. The function of these genes has 

been determined in earlier studies (27, 28, 29, 30, 31, 32, 33). DOR has important role in 

feeding reward, MC4R and CRH promote satiety responses and SLC6A15 may act as an 

amino acid transporter. TMEM18 and FTO may function as mediators of energy balance and, 

especially FTO, may play a role in development-related processes. Those studies are 

interesting but they have not given all the answers of their importance to food intake related 

subjects. By examining the expression of genes in question we cannot get a simple answer on 

how to regulate homeostasis and reward by diet supplementation. The problem lies in that we 

do not know the exact function of all the genes in the organism and the regulative processes 

are complicated and involve many bodily mechanisms apart from gene expression. Lots of 

basic studies need to be done on the mechanisms and the correlations between them. 

The comparison of the data obtained in the studies where leucine was injected directly into 

MBH resulting with reduction of food intake (3) versus those where leucine was 

supplemented orally and had no anorexigenic effect (4,5) indicates that the difference in the 

observed feeding response likely stems from how the leucine-derived signalling is relayed 

from the digestive system to the brain. Our RT-PCR studies of gene expression in the 

hypothalamus in response to the oral leucine supplementation showed that the expression 

levels of genes controlling both feeding for energy and reward were affected, likely 

counteracting each other's effects. That can explain why no significant overall change in food 

intake was observed when leucine was administered orally. The genes found to be affected 

were MC4R, TMEM18, CRH, FTO, DOR, SLC6A15.  



 10 

As shown before, influence of leucine injected directly into the brain caused significant 

increase of POMC gene expression in the ARC (3). In our studies the level of POMC gene 

expression was also measured but showed no significant change. The difference was mainly 

the lack of signalling pathway from the digestive system to the brain in the first case. This 

shows that the hypothalamic response is altered by the route of leucine's administration. It 

would be of great interest to search more in that direction and compare more genes and their 

activity depending on the way leucine was administered. This could give us information on 

possibilities to design more effective ways of diet supplementation. Since gene expression 

does not provide a definitive answer regarding the peptidergic activity within signalling 

pathways, it would be also of interest to measure the level of peptides coded by the affected 

genes.  

Although many studies on food intake and food supplementation have been carried out, we do 

not understand all the mechanisms regulating it. The organism seems to be capable of 

"disregarding" supplementation strategies aimed at reducing calorie intake. As it has already 

been described, our molecular background geared toward conserving energy does not serve us 

well in the environment of free access to high-calorie foods and minimised the physical effort 

to gain it (33). Our environmental changes have been occurring a lot faster than any 

evolutionary adaptations to food abundance could take place.  

The studies showed that leucine diet supplementation increases the c-Fos activity in the ARC 

and PVN of the hypothalamus controlling energy balance. Another effect of leucine's oral 

administration was the simultaneous change in expression of TMEM18, MR4C, CRH, FTO, 

SLC6A15 and DOR genes which indicates counteracting effects of leucine on activating 

central pathways responsible for the regulation of feeding for reward and those promoting 

satiety. 
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