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Título da dissertação: Efeito da selecção genética na expressão e actividade das enzimas 
reguladoras do metabolismo intermediário, da estrutura muscular e da função testicular: do 
Oryctolagus cuniculus algirus ao Oryctolagus cuniculus cuniculus. 
 

Resumo 
O objectivo deste trabalho é a identificação da actividade e da expressão genética de 
enzimas reguladoras do metabolismo intermediário. O efeito da restrição alimentar na 
expressão proteica do músculo e na actividade angiogénica testicular também é abordada. 
São utilizadas duas raças de coelhos: Oryctolagus cuniculus algirus, o coelho bravo (WR) e 
uma raça de carne de alta produtividade, Oryctolagus cuniculus cuniculus (coelho 
NeoZelandês-NZ). Os grupos experimentais foram sujeitos a restrição alimentar (30% da 
alimentação ad libitum) durante 30 dias, resultando numa perda de peso de 17.7% nos NZ 
(n=11) e 21.7% nos WR (n=10). Os grupos controlo foram alimentados ad libitum (NZ, n=10; 
WR, n=9). Um grupo com restrição mais acentuada (NZHR-34.7%perda de peso) foi 
utilizado no estudo da angiogénese testicular. Os resultados das actividades das enzimas 
sugerem que os NZ apresentam um melhor controlo da glicemia e uma maior 
disponibilidade energética dos substratos através das acções das enzimas HK, PFK e PK. 
Os resultados do metabolismo proteico mostram que o grupo WR apresenta um nível de 
actividade inferior na desaminação do glutamato. Apesar dos WR apresentarem um nível 
superior do mRNA da HL, foram encontrados níveis semelhantes dos NEFA em ambos os 
grupos. Este perfil enzimático do metabolismo proteico e lipídico pode explicar os melhores 
desempenhos da raça NZ. Os nossos resultados mostram que o nível do mRNA pode não 
ser indicador fiável da actividade das respectivas enzimas. Das hormonas estudadas 
verifica-se que a insulina desempenha um papel na homeostase da glicemia, o T3 e o IGF-1 
parecem desempenhar funções importantes na produtividade aumentada da raça NZ, com o 
T3 a intervir nos mecanismos de poupanças energéticas nos animais em restrição e o IGF-1 
com a conhecida função anabólica no metabolismo proteico. Os nossos resultados relativos 
à expressão proteica do músculo permitiram-nos identificar níveis diferentes de proteínas 
com funções metabólicos/fisiológicos (enolase e PQ) e estruturais (MHC, MLC, actina) 
relevantes, tal como também a expressão de proteínas menos conhecidas (LIM e α-crystallin 
chain B). Este estudo também verificou que diversas proteínas musculares podem ser 
usadas como marcadores válidos para a perda de peso. O estudo da angiogénese testicular 
revelou um aumento na área microvascular do testículo e na mitogénese de BAEC nos 
coelhos NZHR. Apesar de não haver diferenças na concentração de DNA testicular entre os 
grupos, a restrição alimentar diminuiu os níveis de RNA e de proteína face aos controlo. 
Nenhuma diferença foi observada entre os grupos na % de túbulos seminíferos com células 
espermáticas e nem na área ocupada pelos túbulos seminíferos. No entanto, a testosterona 
sérica foi marcadamente inferior no grupo NZHR comparado com NZC e NZR. Estes 
resultados sugerem que a angiogénese pode desempenhar um papel na disfunção testicular 
causada pela subnutrição e na preservação das funções reprodutivas em coelhos sujeitos a 
restrição alimentar. 
 
Palavras-chave: coelhos, restrição alimentar, metabolismo intermediário, expressão 
proteica, angiogénese testicular 
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Título da dissertação em Inglês: Effects of genetic selection on the expression and activity 
of intermediate metabolism regulatory enzymes, muscle structure and testicular function: 
from the Oryctolagus cuniculus algirus to the Oryctolagus cuniculus cuniculus 

 
Abstract 

The aim of this work is the identification of intermediate metabolism enzyme gene expression 
and activity enhancing the improvement of meat production due to genetic selection. The 
effect of food restriction in muscle protein expression and on testicular angiogenic activity will 
also be studied. Two different breeds of rabbits were used: Oryctolagus cuniculus algirus, a 
wild rabbit breed and a highly meat selected breed, Oryctolagus cuniculus cuniculus (New 
Zealand breed). In order to achieve these objectives both groups were subjected to a 
restricted diet (30% of ad libitum feeding) during 30 days, resulting in a 17.7% weight loss in 
the NZ rabbit (n=11) and 21.7% in the WR (n=10). Control groups were fed ad libitum (NZ, 
n=10; WR, n=9). A more restricted group was used (NZHR-34.7% weight loss) in the 
testicular angiogenic study. Our results regarding the enzymes activities, suggest that NZ 
rabbits have a better glycemia control and greater energetic substrate availability through 
HK, PFK and PK actions. The nitrogen metabolism results show that WR group has a lower 
activity level in the deamination of glutamate. Although the WR group showed a higher 
mRNA HL, similar NEFA levels were found in both experimental groups. This enzyme profile 
concerning nitrogen and lipid metabolism can explain better performances shown by the NZ 
breed. Our results show that mRNA transcriptions may not be reliable indicators of 
respective enzyme activity. The hormone results show that apart from insulin with a role in 
glycemia homeostasis, T3 and IGF-1 seem to play a relevant role in the enhanced 
productivity in the NZ breed, with T3 intervening in the energy saving mechanisms of the 
restricted diet animals and IGF-1 with the known protein anabolic function. Our muscle 
protein expression results showed differential expression levels of several proteins with 
relevant metabolic/physiological (enolase, PK) and structural (MHC, MLC, Actin) roles, as 
well as others less familiar such as LIM protein and α-crystallin chain B. This study also 
indicates that several muscle proteins can be used as valid markers for weight loss. The 
work on testicular angiogenesis showed an increase in testicular microvascular area and 
mitogenesis of BAEC in NZHR rabbits. Despite no change in testicular DNA concentration 
among groups, feed restriction decreased both RNA and protein over control. No treatment 
differences in the % of seminiferous tubules filled with sperm cells, as well as the area 
occupied by seminiferous tubules were observed. Nevertheless, serum testosterone was 
markedly less in group NZHR compared to NZC and NZR. These results suggest that 
angiogenesis may play a role in overcoming testicular nutritional impairment and 
preservation of reproductive function in rabbits subjected to food restriction.  
 

 

Key words: Rabbits, food restriction, intermediate metabolism, protein expression, testicular 

angiogenesis 

  



xiv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 

 

Contents  
 

 

Chapter 1. General Introduction ............................................................................................. 1 

1.1. Introduction ................................................................................................................. 3 

1.2. Carbohydrate metabolism overview ............................................................................ 5 

1.2.1. Glycolysis ................................................................................................................ 6 

1.2.1.1. Hexokinase (EC 2.7.1.1) ...................................................................................... 6 

1.2.1.2. Phosphofructokinase (EC 2.7.1.11) ...................................................................... 7 

1.2.1.3. Pyruvate kinase (EC 2.7.1.40) .............................................................................. 7 

1.2.2. Glycogenolysis ........................................................................................................ 9 

1.2.2.1. Glycogen Phosphorylase (EC 2.4.1.1) ................................................................. 9 

1.2.3. Gluconeogenesis ................................................................................................... 10 

1.2.3.1. Pyruvate carboxylase (EC 6.4.1.1) ..................................................................... 10 

1.2.3.2. Phosphoenolpyruvate carboxykinase (EC 4.1.1.32) ........................................... 11 

1.2.3.3. Fructose 1.6-bisphosphatase (EC 3.1.3.11) ....................................................... 11 

1.2.3.4. Glucose-6-phosphatase (EC 3.1.3.9) ................................................................. 12 

1.2.4. Glycogenesis ......................................................................................................... 12 

1.2.4.1. Glycogen Synthase (EC 2.4.1.11) ...................................................................... 12 

1.3. Protein metabolism overview ..................................................................................... 13 

1.3.1. Glutamate Dehydrogenase (EC 1.4.1.3) ................................................................ 14 

1.3.2. Carbamoyl phosphate synthetase (EC 6.3.4.16) .................................................... 14 

1.4. Lipid metabolism overview ........................................................................................ 15 

1.4.1. Hepatic Lipase (EC 3.1.1.3) or Triacylglycerol Lipase ............................................ 16 

1.4.2. Lipoprotein Lipase (EC 3.1.1.34) ........................................................................... 17 

1.4.3. Acetyl-Coenzyme A Carboxylase (EC 6.4.1.2) ....................................................... 17 

1.4.4. Fatty acid synthase (EC 2.3.1.85) .......................................................................... 17 

1.5. Food restriction metabolism review ........................................................................... 18 

1.6. Hormones ................................................................................................................. 19 

1.6.1. Insulin .................................................................................................................... 20 

1.6.2. Cortisol .................................................................................................................. 20 



xvi 

 

1.6.3. Insulin-like growth factor-I ...................................................................................... 20 

1.6.4. Triiodothyronine ..................................................................................................... 21 

1.6.5. Testosterone .......................................................................................................... 21 

1.7. Food restriction and angiogenesis in the testes ......................................................... 21 

1.8. Food restriction and protein profiles in the gastrocnemius muscle ............................. 22 

Chapter 2. Genetic selection towards meat production and its effects on intermediate 
metabolism .......................................................................................................................... 23 

Abstract ............................................................................................................................... 25 

2.1. Introduction ............................................................................................................... 26 

2.2. Material and Methods ................................................................................................ 27 

2.2.1. Animals and tissues ............................................................................................... 27 

2.2.2. Sample processing ................................................................................................ 28 

2.2.3. Nitrogen and Energy determinations ...................................................................... 28 

2.2.4. Fat determination ................................................................................................... 28 

2.2.5. Enzyme assays ...................................................................................................... 28 

2.2.5.1. General procedures ............................................................................................ 28 

2.2.5.2. Glycogen Phosphorylase (EC 2.4.1.1) ................................................................ 29 

2.2.5.3. Hexokinase (EC 2.7.1.1) .................................................................................... 29 

2.2.5.4. Phosphofructokinase (EC 2.7.1.11) .................................................................... 29 

2.2.5.5. Pyruvate kinase (EC 2.7.1.40) ............................................................................ 30 

2.2.5.6. Phosphoenolpyruvate carboxykinase (EC 4.1.1.32) ........................................... 30 

2.2.5.7. D-Fructose-1.6-diphosphatase (EC 3.1.3.11) ..................................................... 30 

2.2.5.8. Glucose 6-phosphatase (EC 3.1.3.9).................................................................. 31 

2.2.5.9. Glutamate dehydrogenase (EC 1.4.1.3) ............................................................. 31 

2.2.5.10. Protein concentration ......................................................................................... 31 

2.2.6. Metabolite determination ........................................................................................ 31 

2.2.6.1. Glucose .............................................................................................................. 32 

2.2.6.2. Glucose-1-Phosphate ......................................................................................... 32 

2.2.6.3. Glycogen ............................................................................................................ 32 

2.2.6.4. Glucose 6-phosphate and Fructose 6-phosphate ............................................... 32 

2.2.6.5. Fructose 1.6-biphosphate ................................................................................... 32 



xvii 

 

2.2.6.6. Phosphoenolpyruvate and Pyruvate ................................................................... 33 

2.2.6.7. Oxaloacetate ...................................................................................................... 33 

2.2.6.8. Acetyl CoA ......................................................................................................... 33 

2.2.6.9. Non esterified fatty acids .................................................................................... 33 

2.2.6.10. Triacylglycerols .................................................................................................. 33 

2.2.7. Hormone profiles ................................................................................................... 34 

2.2.8. Molecular methods for quantifying gene expression .............................................. 34 

2.2.8.1. RNA extraction and cDNA synthesis .................................................................. 34 

2.2.8.2. Degenerate primers ........................................................................................... 34 

2.2.8.3. Real-time PCR primers ...................................................................................... 36 

2.2.8.4. Real Time PCR conditions ................................................................................. 36 

2.2.8.5. Miner .................................................................................................................. 38 

2.2.9. Statistics ................................................................................................................ 38 

2.3. Results ...................................................................................................................... 38 

2.3.1. Live weight loss ..................................................................................................... 38 

2.3.2. Carcass composition ............................................................................................. 39 

2.3.3. Energetic /Protein losses ....................................................................................... 40 

2.3.4. Hepatic Metabolite levels ....................................................................................... 40 

2.3.5. Enzyme activity ...................................................................................................... 41 

2.3.6. Quantification of gene transcription ........................................................................ 42 

2.3.6.1. Nucleotide sequence accession numbers .......................................................... 42 

2.3.6.2. Relative gene transcription ................................................................................. 44 

2.3.7. Hormone blood levels ............................................................................................ 45 

2.4. Discussion ................................................................................................................. 47 

2.4.1. Live weights, carcass composition and energetic/protein losses ............................ 47 

2.4.2. Carbohydrate metabolism ...................................................................................... 47 

2.4.2.1. Hexokinase ........................................................................................................ 47 

2.4.2.2. Phosphofructokinase .......................................................................................... 48 

2.4.2.3. Pyruvate kinase .................................................................................................. 48 

2.4.2.4. Pyruvate carboxylase ......................................................................................... 49 



xviii 

 

2.4.2.5. PEPCK ............................................................................................................... 49 

2.4.2.6. Fructose 1.6 biphosphatase ............................................................................... 50 

2.4.2.7. Glucose 6-phosphatase...................................................................................... 50 

2.4.2.8. Glycogen synthase ............................................................................................. 51 

2.4.2.9. Glycogen phosphorylase .................................................................................... 51 

2.4.3. Protein metabolism ................................................................................................ 55 

2.4.3.1. Glutamate dehydrogenase ................................................................................. 55 

2.4.3.2. Carbamoyl phosphate synthase ......................................................................... 55 

2.4.4. Lipid metabolism .................................................................................................... 56 

2.4.4.1. Hepatic lipase ..................................................................................................... 56 

2.4.4.2. Acetyl CoA Carboxylase ..................................................................................... 56 

2.4.5. Influence of food restriction on hormone levels ...................................................... 58 

2.4.5.1. Cortisol ............................................................................................................... 58 

2.4.5.2. Insulin ................................................................................................................. 58 

2.4.5.3. T3 ....................................................................................................................... 59 

2.4.5.4. IGF-1 .................................................................................................................. 59 

2.5. Conclusion ................................................................................................................ 59 

Chapter 3. The effect of weight loss on protein profiles of gastrocnemius muscle in rabbits: a 
study using 1D electrophoresis and Peptide Mass Fingerprinting ........................................ 63 

Abstract ............................................................................................................................... 65 

3.1. Introduction ................................................................................................................... 65 

3.2. Material and Methods .................................................................................................... 66 

3.2.1. Animals ...................................................................................................................... 66 

3.2.2. Protein Extraction and Quantification ......................................................................... 66 

3.2.3. One-Dimensional Gel Electrophoresis ........................................................................ 67 

3.2.4. Digitalization and Image ............................................................................................. 67 

3.2.5. Statistical Analysis ..................................................................................................... 67 

3.2.6. Protein Identification ................................................................................................... 67 

3.3. Results .......................................................................................................................... 68 

3.3.1. Live weight ................................................................................................................. 68 

3.3.2. SDS-Page .................................................................................................................. 69 



xix 

 

3.3.3. Protein identification ................................................................................................... 70 

3.4. Discussion .................................................................................................................... 73 

3.4.1. Actin ........................................................................................................................... 73 

3.4.2. Myosin Heavy Chain .................................................................................................. 73 

3.4.3. Myosin Light Chain .................................................................................................... 74 

3.4.4. Glyceraldehyde-3-phosphate dehydrogenase ............................................................ 74 

3.4.5. β enolase ................................................................................................................... 74 

3.4.6. Pyruvate kinase ......................................................................................................... 75 

3.4.7. Glycogen Phosphorylase ........................................................................................... 76 

3.4.8. αB-Crystallin .............................................................................................................. 76 

3.4.9. LIM ............................................................................................................................. 77 

3.5. Conclusion .................................................................................................................... 77 

Chapter 4. Testicular Angiogenic Activity in Response to Food Restriction in Rabbits ......... 79 

Abstract ............................................................................................................................... 81 

4.1. Introduction ................................................................................................................... 81 

4.2. Materials and Methods .................................................................................................. 82 

4.2.1. Animals ...................................................................................................................... 82 

4.2.2. Collection and preparation of testicular tissue ............................................................ 83 

4.2.3. Blood collection and testosterone determination ........................................................ 84 

4.2.3. Determination of DNA, RNA and protein content ........................................................ 84 

4.2.4. Morphologic assessment and microvascular density evaluation ................................. 84 

4.2.5. Mitogenesis  assays ................................................................................................... 85 

4.3. Statistical analysis ......................................................................................................... 85 

4.4. Results .......................................................................................................................... 85 

4.5. Discussion .................................................................................................................... 89 

4.5.1. Seminiferous tubule area ........................................................................................... 90 

4.5.2. Plasma testosterone .................................................................................................. 90 

4.5.3. RNA, DNA and protein concentration ......................................................................... 90 

4.5.4. Conclusion ................................................................................................................. 91 

Chapter 5. Concluding Remarks .......................................................................................... 93 



xx 

 

5.1. Concluding remarks ...................................................................................................... 95 

Chapter 6. Bibliography........................................................................................................ 97 

6. Bibliography ..................................................................................................................... 99 

 

 
  



xxi 

 

Figures 
 
 

Figure 1.1 - Metabolic interrelationship of major tissues in the well fed state ......................... 5 

Figure 1.2 - Glycolysis and gluconeogenesis; PEP – phosphoenolpyruvate .......................... 8 

Figure 1.3 - Liver nitrogen metabolism ................................................................................. 13 

Figure 1.4 - Fatty acid degradation and biosynthesis ........................................................... 16 

Figure 1.5 - Metabolic interrelationships of major tissues in the fasting state ....................... 19 

Figure 2.1 - New Zealand rabbit ........................................................................................... 27 

Figure 2.3 - Energetic/Protein losses ................................................................................... 40 

Fig 2.4 - Folds of the transcription level in the Wild Rabbit Breed ........................................ 45 

Fig 2.5 - Serum insulin levels in NZ and Wild rabbits ........................................................... 46 

Fig 2.6 - Plasma cortisol levels in NZ and Wild rabbits ......................................................... 46 

Fig 2.7 - Plasma IGF-1 levels in NZ and Wild rabbits ........................................................... 46 

Fig 2.8 - Plasma T3 levels in NZ and Wild rabbits ................................................................ 46 

Fig 2.9 - NZR metabolite levels, enzyme gene expression and enzyme activity in the 

glycolytic and gluconeogenic pathways................................................................................ 53 

Fig 2.10 - WRR metabolite levels, enzyme gene expression and enzyme activity in the 

glycolytic and gluconeogenic pathways ............................................................................... 54 

Fig 2.11 - NZR and WRR enzyme gene expression and activity from protein metabolism ... 56 

Fig 2.12 - NZR metabolite levels, enzyme gene expression and activity from lipid metabolism57 

Fig 2.13 - WRR metabolite levels, enzyme gene expression and activity from lipid 

metabolism .......................................................................................................................... 58 

Figure 3.1 – Electrophoresis of total protein extracts from the gastrocnemius muscle of the 

experimental groups ............................................................................................................ 69 

Figure 3.3 – Mass Spectrum obtained by Matrix-Assisted Laser Desorption Ionization Time-

of-Flight (MALDI-TOF) technique for band P34 .................................................................... 70 

Figure 3.2 – One Dimension Electrophoresis of protein extract from the gastrocnemius 

muscle of a New Zealand Control (NZC) animal .................................................................. 69 

Figure 3.4 – Expression of Pyruvate kinase (A) and β Enolase (B) in the four experimental 

groups ................................................................................................................................. 72 



xxii 

 

Figure 4.2 - Area occupied by seminiferous tubules in rabbit testicular tissue ...................... 86 

Figure 4.3 - Seminiferous tubules containing sperm cells in rabbit testicular tissue .............. 86 

Figure 4.4 - Plasma testosterone in rabbits .......................................................................... 87 

Figure 4.5 - Vascular areas in rabbit testicular tissue ........................................................... 87 

Figure 4.6 - Number of blood vessels per section of rabbit testicular tissue ......................... 88 

Figure 4.7 - Proliferation stimulation of BAEC in testicular conditioned media ...................... 88 

 
 

 



xxiii 

 

  

Tables 

 

Table 2.1 - G6Pase gene alignment ................................................................................. 35 

Table 2.2 - CPSI gene alignment ..................................................................................... 36 

Table 2.3 - Sequences of primers, fragment sizes and annealing temperatures .............. 37 

Table 2.4 - Growth and evolution of rabbit live weight ...................................................... 38 

Table 2.5 - Carcass composition ...................................................................................... 39 

Table 2.6- Metabolite levels ............................................................................................. 41 

Table 2.7 - Enzyme specific activity ................................................................................. 41 

Table 2.8 - BLAST alignment of CPSI (EU520487) .......................................................... 42 

Table 2.9 - BLAST alignment of G6Pase (EU520488) ..................................................... 43 

Table 2.10 - Quantification of mRNA transcription by Real Time PCR ............................. 44 

Table 3.2 - Protein Identification ...................................................................................... 71 

Table 3.3 - Protein expression level comparison .............................................................. 72 

Table 4.1 - Initial weight of experimental groups .............................................................. 83 

Table 4.2 - Concentrations of DNA, RNA, protein, RNA:DNA, and protein:DNA in testicular 

tissue ............................................................................................................................... 89 

  



xxiv 

 

Abbreviations 

 

 

aa amino acids 

ACOAC acetyl Coenzyme A Carboxylase 

ACoA acetyl Coenzyme A 

BAEC bovine aortic endothelial cells 

BPG 1.3-bisphosphoglycerate 

CoA coenzyme A 

CPS 

CPSI 

carbamoyl phosphate synthase 

carbamoyl phosphate synthase I 

DM dry matter 

DMEM Dulbecco's Modified Eagle's Medium 

EnD energetic density 

ELISA enzyme linked immunosorbent assay 

F6P fructose 6-phosphate 

FAS fatty acid synthase 

FBP fructose 1.6-biphosphate 

FBPase fructose 1.6-biphosphatase 

g gram 

G1P glucose 1-phosphate 

G6P glucose 6-phosphate 

G6Pase glucose 6-phosphatase 

GADPH glyceraldehyde-3-phosphate dehydrogenase 

GAP glyceraldehyde-3-phosphate 

GDH glutamate dehydrogenase 

GP glycogen phosphorylase 

GS glycogen synthase 

HK hexokinase 

HL hepatic lipase 

IGF1 insulin like growth factor 1 

kDA kilo Dalton 

LPL lipoprotein lipase 

LW live weight 

MALDI TOF matrix-assisted laser desorption  ionization time-

of-flight 

MHC myosin heavy chains 



xxv 

 

MLC myosin light Chain 

mM milomolar 

MW molecular weight 

NEFA non esterified fatty acids 

NZ New Zealand 

NZC New Zealand Control 

NZHR New Zealand Highly restricted 

NZR New Zealand restricted 

OA oxaloacetate 

PAS periodic acid shiff 

PC pyruvate carboxylase 

PEP phosphoenolpyruvate 

PEPCK phosphoenolpyruvate carboxykinase 

PEPCKc cytosolic phosphoenolpyruvate carboxykinase 

PEPCKm  phosphoenolpyruvate carboxykinase 

mitochondrial 

PFK phosphofructokinase 

PK pyruvate kinase 

PMF peptide mass fingerprinting 

Pyr pyruvate 

SDS PAGE sodium dodecyl sulfate polyacrylamide gel 

T3 triiodothyronine 

T4 thyroxine 

TCA tricarboxylic acid cycle 

TGA triacylglycerol 

VLDL very low density lipoproteins 

WR Wild rabbit 

WRC Wild rabbit control 

WRR Wild rabbit restricted 

 

 

 

 
  



xxvi 

 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1. General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1. General Introduction 

3 

 

1.1. Introduction 

Domestication of cattle started around 10.000 years ago as shown by skeletal remains dating 

back to 6500 BC. Differences in the appearance of present-day breeds reflect changes in the 

pace of domestication efforts and in the animals used in the different parts of the world. In 

addition, consequent lack of hybridization between geographical isolates may have helped to 

preserve and perpetuate distinct traits. Today a wide variety of livestock breeds adapted to 

different environmental and production conditions is available as a legacy to future 

generations. 

In the past, human populations genetically improved farm animals by identifying meritorious 

individuals, mating animals displaying desired traits and continuing the breeding of related 

animals to perpetuate their superior traits and cross-breeding when inbreeding depression 

became evident. Today assisted reproduction and biotechnology allow breeders to design 

and direct the reproductive course, disseminate desired traits and hasten genetic 

improvement. The knowledge of gene expressing of desired production traits is very 

important. Typing individual genes using DNA technology provides a new source of data to 

increase the accuracy of selection (Goddard, 1998).
 

The estimated rate of yearly genetic 

gain, has been, for up to the moment, respectively in the developed regions and in Africa, of 

0.56% and 0.12% concerning milk production and of 0.51% and 0% regarding meat 

production. It is assumed that half the rates of production gain (milk and meat) are due to 

genetic upgrading (Cundiff, Bishop, & Johnson, 1993). Until now, the search for the increase 

in the productivity of adapted breeds is achieved by crossbreeding indigenous with exotic 

highly productive cattle aiming at compromises including livestock genetic regional 

adaptations and upgrading productive traits (Payne & Hodges, 1997).  

The low rate of genetic gains, specifically in developing countries is inducing new 

approaches concerning enhancing cattle productivity. Understanding the role of genes or 

group of genes responsible for the ability to improve performances of livestock adapted to 

hard seasonal feed restrictions and its high resistance to diseases has enormous importance 

for their genetic up grading so as to face increasingly competitive markets and reduce 

production costs (Cundiff et al., 1993).  

Identifying genes inducing meat productivity is a relevant component of this challenge 

considering the important losses due to seasonal tropical and sub-tropical dry periods. It has 

been shown that the ability to retain energy and protein has an important relationship with the 

activity of metabolic enzymes and hormonal profiles. In fact, there is overwhelming evidence 

that exposure to different nutritional conditions (below standard requirements and ad libitum) 

leads to changes in the activity of metabolic enzymes and hormones in mammals (Cardoso 

& Stock, 1998; Hagopian, Ramsey, & Weindruch, 2004; Wang, Hung, & Randall, 2006). 
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These changes may be due to genetic expressions. However, microarray studies indicated 

that more than 94% of the expressed genes in mice muscle cells did not change in feed 

restriction conditions. The difference found was in the pattern of gene expression (Jagoe, 

Lecker, Gomes, & Goldberg, 2002). Transcriptional regulation changes were observed in 

genes involved in glucose and lipid metabolism in tissues of rats subjected to food restriction 

(Li et al., 2006). In dairy cows, Velez and Donkin (2005) also found changes in the 

expression of pyruvate carboxylase induced by food restriction. 

In the case of meat production, the genetic evolution induced by livestock selection in order 

to increase growth seeks up-grading energy and protein savings mechanisms leading to 

muscle deposition (Wang et al., 2006).  

Our work aims at the identification of relevant intermediate metabolism enzyme and 

hormonal activity responsible for improved meat production due to genetic selection. As an 

animal model we used two different breeds of male rabbits representing a genetic evolution 

towards improved meat production and productivity: the oryctolagus cuniculus algirus, a wild 

rabbit breed and the highly meat selected breed, the oryctolagus cuniculus cuniculus (New 

Zealand rabbit). The response of these two rabbit breeds in terms of intermediate 

metabolism regulating enzymes and hormones activity is evaluated under food restriction 

and ad libitum nutritional conditions. With this work we hope to provide information on key 

metabolic pathway enzymes inducing increased meat production. Both genetic expression 

and the pattern of enzymatic activity of most of the studied enzymes are measured. Genetic 

expression was found through real time PCR. Complementary, 1D electrophoresis studies of 

muscle cells from the experimental animals is studied so as to identify other relevant proteins 

with metabolic impact in different growth and energy and protein balances performed of the 

experimental breeds.  

An evaluation of the effects of feed restriction on testicular function focusing angiogenic 

activity, microvascularization, tissue growth, regression and seminiferous tubules function is 

done using the New Zealand breed as a study model. In this study, besides the control and 

restricted groups, a highly restricted group is used. 

Food restriction is a main experimental condition of our study. The metabolic stress induced 

trough this diet profile enhances the differences in protein and energy synthesis, catabolism 

and saving mechanisms involved in body growth within the experimental animals. Thus 

relevant enzyme and hormonal conditions resulting from genetic selection seeking increased 

meat productivity is highlighted. Our study covers glucose, lipid and protein metabolic 

pathways within the intermediary metabolism. A review of these pathways is done, 

considering the effect of ad libitum and food restriction conditions on regulatory enzymes, 

hormone interactions, testicular angiogenesis and on muscle protein profile. 
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1.2. Carbohydrate metabolism overview 

Glucose is the major energy source for many mammalian cells. These cells depend on a 

steady supply of glucose, much of which is provided through the bloodstream. The 

maintenance of this metabolite is achieved through a balance of several factors, including the  

 

 

 

Figure 1.1 - Metabolic interrelationship of major tissues in the well fed state (adapted from Harris, 1992) 

 

rate of consumption and intestinal absorption of dietary carbohydrate, the rate of utilization of 

glucose by peripheral tissues, the loss of glucose through the kidney tubule and the rate of 

removal or release of glucose by the liver (Nordlie, Foster, & Lange, 1999), as represented in 

figure 1.1. 

In the well-fed state the liver can use glucose and convert it into glycogen by glycogenesis or 

into pyruvate and lactate by glycolysis. It can also be used it in the pentose phosphate 

pathway for the generation of NADPH for synthetic processes (Fig 1.1). Pyruvate can be 

oxidized to acetyl CoA, which, in turn, can be converted into fat or oxidized to CO2 and water 

by the TCA cycle. Much of the glucose coming from the intestine passes through the liver to 

reach other organs, including brain and testis, which are almost solely dependent on this 

metabolite for the production of ATP. These latter organs can only convert glucose to lactate 
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and pyruvate and the adipose tissue, which converts it into fat. On the other hand, Muscle 

has a good capacity to use glucose, converting it into glycogen or using it in the glycolytic 

and the TCA cycle pathways. In the well-fed state, the liver uses glucose and does not 

engage in gluconeogenesis (Harris, 1992). In this carbohydrate metabolism review, 

glycolysis, glycogenolysis, gluconeogenesis and glycogenesis will be considered. The 

activity of the regulatory enzymes in the metabolic pathways will be analyzed.  

 

1.2.1. Glycolysis 

Glycolysis is a catabolic pathway used by all cells of the body to extract part of the chemical 

energy inherent in the glucose molecule (Harris, 1992). One mole of glucose is catabolized 

to two moles of each pyruvate, NADH and ATP: 

  

  Glucose + 2ATP + 2NAD + 2Pi → 2 pyruvate + 2ATP + 2NADH + 2H+  

 

Under aerobic conditions, pyruvate is further oxidized by mitochondrial enzymes to CO2 and 

H2O (Kim & Dang, 2005). Figure 1.2 shows a general view of the glycolytic pathway, 

depicting the following regulatory enzymes: 

 

1.2.1.1. Hexokinase (EC 2.7.1.1) 

Hexokinase (HK) catalyzes the first reaction of glycolysis: 

 

ATP + D-glucose → ADP + D-glucose 6-phosphate 

 

Liver hexokinase, also called glucokinase, hexokinase D or type IV, is one of four 

hexokinases present in animal tissues. The other isozymes are referred to as Type I (A), 

Type II (B) and Type III (C). It has a molecular mass of 55 kilo Daltons (kDa) and is present 

in two cell types that have to respond to changes in the blood glucose concentration: 

hepatocytes and the β-cells of pancreatic islets. Both types of cells have an active glucose 

transporter, GLUT2, which maintains the intracellular glucose concentration at the same level 

as in the plasma.  

Hexokinase IV is insensitive to physiological concentrations of glucose 6-phosphate (Van 

Schaftingen, Detheux, & Veiga da Cunha, 1994; Wilson, 2003). Insulin increases the amount 

of hexokinase in the liver, by promoting transcription of its gene and glucagon (or cAMP, its 

intracellular messenger) inhibits HK gene transcription and overrides the stimulatory effect of 

insulin (Granner & Pilkis, 1990; Harris, 1992).  
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1.2.1.2. Phosphofructokinase (EC 2.7.1.11) 

Phosphofructokinase (PFK) is an important glycolytic, regulatory enzyme that catalyzes the 

rate limiting reaction of glycolysis:  

 

ATP + D-fructose 6-phosphate → ADP + D-fructose 1.6-bisphosphate 

 

This step is subject to extensive regulation since it is not only irreversible, but also because 

the original substrate is forced to proceed down the glycolytic pathway after this step (Harris, 

1992). It is an allosteric enzyme made of 4 subunits comprising three fundamental isozymes: 

A (muscle), B (liver) and C (brain) and in rat liver it has a molecular weight of 85 kDa 

(Kasten, Naqui, Kruep, & Dunaway, 1983; Zhao, Pascalar, Malencik, & Anderson, 1996). 

Liver-type PFK plays an important role in hepatic glycolysis (Hotta et al., 1991). 

PFK is regulated by negative allosteric effectors (citrate, ATP and hydrogen ions), by positive 

allosteric effectors (AMP, fructose 2.6-biphosphate and Pi) and by reversible phosphorylation 

(Harris, 1992). 

 

1.2.1.3. Pyruvate kinase (EC 2.7.1.40) 

Pyruvate kinase (ATP-pyruvate 2-O-phosphotransferase) (PK), is a key cytosolic enzyme in 

the glycolytic pathway (Munoz & Ponce, 2003; Yamada & Noguchi, 1999) that catalyzes the 

following reaction:  

ATP + pyruvate → ADP + phosphoenolpyruvate 

 

Four PK isozymes are present in mammalian tissues: M1 (in skeletal muscle), M2 (in kidney, 

adipose tissue, and lungs), L (in liver), and R (in red blood cells). The M2-PK is the only 

detectable isozyme in early fetal tissues and, during development it is gradually replaced by 

the L-, R-, or M1-types. All PKs are cytosolic enzymes and function as a tetramer (Munoz & 

Ponce, 2003; Yamada & Noguchi, 1999). The isozymes are encoded by two genes, the PKL 

or PKM genes. The R- and L-PK isozymes are encoded by the PKL gene and the M1- and 

M2-PK isozymes are encoded by the PKM gene. Their molecular weight (rat) varies from 58 

to 62 kDa for the different isozymes (Yamada & Noguchi, 1999).  

This enzyme is subjected to covalent modification, being active in the dephosphorylated 

state and inactive in the phosphorylated state. The inactivation is conducted by a cAMP-

dependent protein kinase, while insulin activates PK by stimulating the dephosphorylation of  
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Figure 1.2 - Glycolysis and gluconeogenesis; PEP – phosphoenolpyruvate (Spindler & Dhahbi, 2007; 

Zubay, 1988a)  
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the enzyme (Yamada & Noguchi, 1999). PK is also activated by fructose 1.6-biphosphate 

(Harris, 1992). Glucagon, acting via cAMP, inhibits transcription of the PK gene and it also 

accelerates the degradation of PK mRNA (Granner & Pilkis, 1990). 

 

1.2.2. Glycogenolysis 

Glycogenolysis refers to the degradation of glycogen into glucose or glucose 6-phosphate. 

Glycogenolysis is activated in liver in response to a demand for blood glucose, either 

because of its utilization during the post-absorptive state or in preparation for increased 

glucose utilization in response to stress (Baynes, 2006; Harris, 1992). Muscle may be rich in 

glycogen, even during hypoglycemia, but it lacks both the glucagon receptor and glucose 6-

phosphatase. Therefore muscle glycogen cannot be mobilized to replenish blood glucose 

(Baynes, 2006). 

 

1.2.2.1. Glycogen Phosphorylase (EC 2.4.1.1) 

Glycogen phosphorylase (GP) is a control protein regulated by reversible phosphorylation 

and by allosteric effectors. It catalyzes the first step in the intracellular degradation of 

glycogen (Johnson, 1992): 

 
(1.4-α-D-glucosyl)n + phosphate ↔ (1.4-α-D-glucosyl)n-1 + α-D-glucose 1-phosphate 

 

Three forms of the enzyme have been described according to the tissue in which they are 

preferentially expressed: the brain type (also known as the fetal type) is predominant in adult 

brain and embryonic tissues, while the liver and muscle types are predominant in adult liver 

and skeletal muscle tissues, respectively. They are homodimers of subunits of 100 kDa and 

are encoded by different genes. They play a vital role in mobilization of stored sugar, and 

they all have different functions. The function of the muscle type is to provide glucose 

required for the energy of contraction. The liver isozyme is centrally involved in the 

maintenance of blood glucose homeostasis, and the brain form is associated primarily with 

provision of an emergency glucose supply during brief periods of anoxia or hypoglycemia 

(Bollen, Keppens, & Stalmans, 1998; Newgard, Nakano, Hwang, & Fletterick, 1986). All 

isozymes are converted from the inactive b-form into the active a form through 

phosphorylation of Ser14 by phosphorylase kinase (Bollen et al., 1998). 

This enzyme is subjected to allosteric activation by AMP and allosteric inhibition by glucose 

and ATP (Harris, 1992). Glucagon inhibits the synthesis of PK mRNA in hepatocytes and 

also increases the rate of degradation of PK mRNA whereas glucose/insulin increase the 

stability of this mRNA in hepatocytes (Granner & Pilkis, 1990). 
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1.2.3. Gluconeogenesis 

Gluconeogenesis allows the production of glucose from a non carbohydrate origin. The main 

precursors are lactate, glycerol, and alanine, which are the degradation products of 

carbohydrate, fat, and protein metabolism, respectively (Felber & Golay, 1995). This 

metabolic pathway occurs predominately in the liver and kidney and is essential for the 

production of glucose during extended fasting when glycogen stores have already been 

depleted (She et al., 2000). 

The first of the reactions of this pathway includes conversion of pyruvate to oxaloacetate to 

phosphoenolpyruvate.  

The second is the conversion of fructose-1.6-bisphosphate to fructose-6-phosphate, which 

represents the rate-limiting reaction for gluconeogenesis. The final reaction is the conversion 

of glucose-6-phosphate to free glucose, which is necessary for this metabolite to enter the 

plasma and is unique to the hepatocytes. Following a 10-hour fast, in humans, 

gluconeogenesis accounts for 70% of total hepatic glucose production (Tirone & Brunicardi, 

2001). The regulatory enzymes involved in this pathway are pyruvate carboxykinase, 

phosphoenolpyruvate carboxykinase, fructose 1.6-biphosphatase and glucose 6-

phosphatase. 

 

1.2.3.1. Pyruvate carboxylase (EC 6.4.1.1) 

Pyruvate carboxylase (PC) is a member of the biotin dependent enzyme family and catalyzes 

the following reaction:  

 

Pyruvate + HCO3–+ ATP → oxaloacetate + ADP + Pi 

 

PC consists of four identical subunits arranged in a tetrahedron-like structure. Each  subunit 

has a molecular weight of ~130 kDa (Jitrapakdee & Wallace, 1999; Wallace, Jitrapakdee, & 

Chapman-Smith, 1998). 

The primary role of PC is to participate in gluconeogenesis in the liver and kidney (to provide 

oxaloacetate), but its activity is also found in adipose tissue and lactating mammary gland 

(lipogenic tissues) and in pancreatic islets. The synthesis of certain amino acids (especially 

aspartate, glutamate and glutamine) and their derivatives including urea are also part of its 

functions so as the formation of the neurotransmitters acetylcholine and g-aminobutyric acid 

(Attwood, 1995; Wallace et al., 1998).  

PC is regulated positively by acetyl CoA, its allosteric modulator (Nelson & Cox, 2005b). 
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1.2.3.2. Phosphoenolpyruvate carboxykinase (EC 4.1. 1.32) 

Phosphoenolpyruvate carboxykinase (PEPCK) is a key enzyme in gluconeogenesis and 

catalyzes the reaction: 

Oxaloacetate + GTP → Phosphoenolpyruvate + GDP + CO2 

 

There are two isoforms of this enzyme, a mitochondrial (PEPCKm) and a cytosolic form 

(PEPCKc). The oxaloacetate generated in the mitochondria by pyruvate carboxylase can be 

converted to phosphoenolpyruvate (PEP) via the mitochondrial form of PEPCK. Alternatively, 

oxaloacetate is reduced to malate, transported out of the mitochondria and reoxidized to 

oxaloacetate in the cytosol by NAD malate dehydrogenase, where the cytosolic isozyme of 

PEPCK can convert oxaloacetate to PEP. The two PEPCK isoforms are encoded by 

separate nuclear genes, yet have similar kinetic properties and approximately the same 

molecular weight (67–69 kDa) (Chakravarty, Cassuto, Reshef, & Hanson, 2005; Hanson & 

Reshef, 1997; Lea, Chen, Leegood, & Walker, 2001).  

PEPCKc is involved in gluconeogenesis and glyceroneogenesis (lipid metabolism), which 

controls the rate of fatty acid re-esterification in the adipose tissue and liver (Chakravarty et 

al., 2005; Hanson & Reshef, 2003).  

The PEPCK activity is not allosterically regulated or altered by phosphorylation levels, but it 

is modulated by changes in the abundance of the protein. Glucagon (acting via cAMP), 

thyroid hormone, glucocorticoids and retinoic acid induce transcription of the gene, whereas 

insulin and glucose inhibits PEPCK gene transcription (Gurney et al., 1994; Yánez et al., 

2003).  

 

1.2.3.3. Fructose 1.6-bisphosphatase (EC 3.1.3.11) 

Fructose 1.6-bisphosphatase (FBPase) is a homotetramer with a subunit molecular weight of 

35 kDa  in the rabbit liver (Liu & Fromm, 1990) and catalyzes the following reaction: 

 

D-fructose 1.6-biphosphate + H2O → D-fructose 6-phosphate + phosphate 

 

The liver FBPase gene (Fbp1) is expressed predominantly in liver, kidney, lung and 

monocytes. In skeletal muscle a new isoform specific for the muscle is present, and is coded 

for by the gene Fbp2 (Tillmann, Bernhard, & Eschrich, 2002). 

Insulin decreases FBPase mRNA in the liver and AMP is recognized as an allosteric inhibitor 

of fructose-1.6-bisphosphatase.  Fructose-2.6-biphosphate is a competitive inhibitor of the 

substrate, fructose 1.6-biphosphate (Liu & Fromm, 1990). 
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1.2.3.4. Glucose-6-phosphatase (EC 3.1.3.9) 

The terminal step in glucose production from the gluconeogenic and glycogenolytic pathways 

in the liver is catalyzed by glucose-6-phosphatase (G6Pase), a key enzyme in the 

homeostatic regulation of blood glucose concentration (Argaud, Kirby, Newgard, & Lange, 

1997): 

 

D-glucose 6-phosphate + H2O → D-glucose + phosphate 

 

G6Pase is a multifunctional enzyme with a molecular weight of 35 kDa (van Schaftingen & 

Gerin, 2002). 

Insulin causes a decrease in the liver G6Pase activity of in the and also in the enzymes’ 

mRNA, while cAMP increases the expression of G6Pase (van Schaftingen & Gerin, 2002).  

 

1.2.4. Glycogenesis 

Glycogenesis refers to the synthesis of glycogen in the liver and muscle, among other 

tissues. Glycogen, a branched polymer of glucose that serves as a repository of energy 

and/or carbon, is synthesized under conditions of plenty for access in times of need (Roach, 

2002). The liver has an enormous capacity for storing glycogen. Liver and muscle glycogen 

stores serve as glucose reserve for the maintenance of blood glucose concentrations and as 

a source of ATP for increased muscular activity, respectively (Harris, 1992).  

  

1.2.4.1. Glycogen Synthase (EC 2.4.1.11) 

Two glycogen synthase (GS) isoforms, muscle and liver, are present in mammals (Cid, 

Geremia, Guinovart, & Ferrer, 2002). 

 

UDP-glucose + (1,4-α-D-glucosyl) n → UDP + (1,4-α-D-glucosyl) n+1 

 

Glycogen synthase from muscle and liver is an oligomeric protein of subunits of ~85 kDa and 

is the enzyme responsible for the synthesis of 1,4-α-linked glucose chains in glycogen, the 

primary storage form of glucose in higher eukaryotes (Bai et al., 1990). This enzyme exists in 

an inactive or b form and an active or a form.  

Glycogen synthase is activated in the hepatocytes by glucose, but only marginally by insulin. 

Its activity is down regulated by phosphorylations, and by allosteric activation by glucose 6-

phosphate and inhibition by ATP, inorganic phosphate and UDP (Villar-Palasi & Guinovart, 

1997). 

 



Chapter 1. General Introduction 

13 

 

1.3. Protein metabolism overview 

Dietary protein is hydrolyzed in the intestine, where some amino acids are used as an energy 

source. Most dietary amino acids (aa) are transported into the portal blood, but the intestinal 

cells metabolize some of them (aspartate, asparagines, glutamate, and glutamine) and 

release others (alanine, lactate, citulline, and proline) into the venous system. Liver then has 

the opportunity to remove absorbed amino acids from the blood, leaving most of amino acids 

pass through, unless the concentration of the amino acids is unusually high. This is 

especially important for the essential aa, needed by all tissues of the body for protein 

synthesis, ensuring that as long as all the aa are present, protein synthesis occurs as 

needed for growth and protein turnover.  
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Figure 1.3 - Liver nitrogen metabolism (Spindler & Dhahbi, 2007; Zubay, 1988a). 
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Excess aa can be oxidized completely to CO2, urea and water or the intermediates 

generated can be used as substrates for lipogenesis and gluconeogenesis (Fig.1.1). 

Amino acids that leave the liver are used for protein synthesis or energy in other tissues 

(Harris & Crabb, 1992). Proteins are hydrolyzed within muscle cells in which most amino 

acids are partially metabolized (Fig. 1.3). Only two aa (alanine and glutamine) are released in 

large amounts. The others are metabolized to give intermediates (pyruvate and α-

ketoglutarate), which can yield alanine and glutamine. Most aminoacids can give up the 

amino nitrogen by transamination with α-ketoglutarate, forming glutamate and a new α-keto 

acid, which can be used for glucose synthesis (Harris, 1992). 

Glutamate provides both nitrogenous compounds required for urea synthesis. Urea is 

produced in liver and the carbon skeletons are either used for energy or transported to the 

liver for gluconeogenesis (Harris, 1992).   

In this review, regulatory enzymes will be referred, regarding protein metabolism (Fig. 1.3).  

 

1.3.1. Glutamate Dehydrogenase  (EC 1.4.1.3) 

Glutamate Dehydrogenase (GDH), a mitochondrial enzyme, catalyzes the reversible 

oxidative deamination of glutamate to α-ketoglutarate according to the reaction: 

 

Glutamate + H2O + NAD(P)+ ↔ α-ketoglutarate +NADPH + NH4
+ + H+ 

 

The enzyme is a hexamer composed of six identical subunits with a relative molecular mass 

of 55 kDa each (Plaitakis & Zaganas, 2001). The enzyme is present in almost all mammalian 

tissues with the highest levels found in the liver. Other organs with relatively high levels of 

GDH activity include the brain, kidney, pancreas, intestine, spleen, lymph nodes, and the 

heart (Mastorodemos, Zaganas, Spanaki, Bessa, & Plaitakis, 2005). 

GDH is subjected to extensive allosteric control by GTP and ATP (inhibition) and by GDP 

and ADP (activation) (Mehler, 1992). 

 

1.3.2. Carbamoyl phosphate synthetase (EC 6.3.4.16)  

Carbamoyl phosphate synthetase (CPS) catalyzes the first step in the urea cycle in the liver 

(Raushel, Thoden, Reinhart, & Holden, 1998): 

 

2 ATP + NH3 + CO2 + H2O → 2 ADP + phosphate + carbamoylphosphate 

 

In eukaryotic systems there are three distinct forms of CPS: a mitochondrial entity (CPS I) 

participating in both arginine biosynthesis and the urea cycle, a cytosolic species (CPS II) 

involved in pyrimidine biosynthesis and CPS III, catalyzing the formation of urea for 
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osmoregulation, as well as for ammonia detoxification. CPS I is specifically expressed in 

hepatocytes and epithelial cells of the intestinal mucosa in ureotelic vertebrates, CPS II is 

present in several tissues (muscle, kidney, lung, heart) in various animals (mouse, rat, rabbit) 

and CPS III is found in the liver mitochondria of freshwater teleost and in several invertebrate 

species (Devaney & Powers-Lee, 1984; Holden, Thoden, & Raushel, 1999; Tillman, Dhahbi, 

Mote, Walford, & Spindler, 1996).  

Increased plasma glucagon concentrations (increased intracellular cAMP) induce the level of 

CPS I mRNA, which is also stimulated by glucocorticoids (Tillman et al., 1996). CPS is 

inactive in the absence of its allosteric activator, N-acetylglutamate. This activator is 

synthesized by a liver enzyme from acetyl CoA and glutamate (Mehler, 1992).  

 

1.4. Lipid metabolism overview 

Triacylglycerols in adipose tissue originated either from the diet or from de novo synthesis. In 

birds and in humans, the degradation of fat is restricted to the liver (Girard, Ferre and, & 

Foufelle, 1997). Glucose, lactate, pyruvate and amino acids can support hepatic lipogenesis 

(fig 1.1). Lipogenic enzymes are responsible for converting glucose to triglycerides. In rats 

and mice, many of these enzymes are induced by a high-carbohydrate diet (Towle, 1995). 

Fat formed from these substrates is released from the liver in the form of very low density 

lipoproteins (VLDL). Dietary fat is delivered to the bloodstream as chylomicrons (Fig. 1.3). 

Both chylomicrons and VLDL circulate in the blood until they are attached to the endothelial 

cells in the lumen of the capillaries. Lipoprotein lipase is particularly abundant in the 

capillaries of adipose tissue acting on both the VLDL and chylomicrons, liberating fatty acids 

by hydrolysis of the triacylglycerols, these fatty acids are then taken up by the adipocytes, 

reesterified with glycerol 3-phosphate to form triacylglycerols and stored as fat droplets 

(Harris, 1992).  

Adipose tissue is also very important in the fasting state. Because of low blood insulin levels 

during fasting, lipolysis is greatly activated in this tissue. This raises the blood level of fatty 

acids, which are used in preference to glucose by many tissues. In heart and muscle, the 

oxidation of fatty acids inhibits glycolysis and pyruvate oxidation. In liver, fatty acid oxidation 

provides most of the ATP needed for gluconeogenesis. Very little acetyl CoA generated by 

fatty acid oxidation in liver is oxidized completely. The acetyl CoA is converted instead in 

ketone bodies by liver mitochondria (Harris, 1992).  

In this review, regulatory enzymes will be referred, regarding lipid metabolism (Fig. 1.4) 
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Figure 1.4 - Fatty acid degradation and biosynthesis (adapted from Koolman, 2005) 

 

1.4.1. Hepatic Lipase (EC 3.1.1.3) or Triacylglycer ol Lipase 

Hepatic lipase (HL) is a lipolytic enzyme synthesized mostly by hepatocytes (endoplasmic 

reticulum) and catalyzes the following reaction: 

 

Triacylglycerol + H2O → diacylglycerol + α-carboxylate 

 

It can be found localized at the surface of liver sinusoidal capillaries, so it can be considered 

as a lipase of the vascular compartment, together with lipoprotein lipase (LPL), with which it 

shares number of structural and functional similarities. 

The enzyme can also be found in adrenal gland and ovary. Its molecular mass in humans is 

around 65 kDa (Perret et al., 2002). HL is involved at different steps of lipoprotein 

metabolism playing a role in the uptake of HDL cholesterol and  hydrolyzing triglycerides and 

phospholipids in chylomicron remnants. In addition to its function as a lipolytic enzyme, the 

hepatic lipase has another role in lipoprotein metabolism as a ligand facilitating the uptake of 
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lipoproteins and lipoprotein lipids by cell surface receptors or proteoglycans (Connelly, 1999; 

Perret et al., 2002; Santamarina-Fojo, Gonzalez-Navarro, Freeman, Wagner, & Nong, 2004).  

HL is regulated by lipolytic hormones (glucagon, ACTH, epinephrine), which stimulate 

through cAMP the relatively inactive enzyme. Insulin and prostaglandins inhibit this enzymes 

activity (McGarry, 1992).  

 

1.4.2. Lipoprotein Lipase (EC 3.1.1.34) 

Lipoprotein lipase (LPL) is located on the inner surface of blood capillaries, where it cleaves 

triacylglycerols into glycerol and fatty acids, which are taken up by the adipocytes and 

converted back into fats (Koolman & Roehm, 2005). LPL participates in the cellular uptake of 

plasma chylomicron and very low density lipoprotein in various kinds of extra hepatic tissues 

(Oku, Koizumi, Okumura, Kobayashi, & Umino, 2006). Insulin and lipoprotein apoprotein C-II 

activate LPL activity (McGarry, 1992)  

 

1.4.3. Acetyl-Coenzyme A Carboxylase (EC 6.4.1.2) 

Acetyl-Coenzyme A carboxylase (ACOAC) plays an important role in the metabolism of fatty 

acids. It catalyzes the following reaction: 

 

ATP + acetyl-CoA + HCO3
- ↔ ADP + phosphate + malonyl-CoA 

 

Two isoforms of acetyl-coenzyme A carboxylase have been identified: ACOAC-α, involved in 

the synthesis of long chain fatty acids and with a molecular weight of 265 kDa and ACOAC-

β, which might be involved in the regulation of mitochondria oxidation of fatty acids, with a 

molecular weight of 275-280 kDa (Kim 1997; Widmer et al., 1996). 

Acetyl-CoA carboxylase is under both long-term control, involving changes in its mRNA 

levels and in the rate of protein synthesis and degradation (through fat-free or high 

carbohydrate diets and fasting or glucagon, respectively), and short-term control, involving 

allosteric inhibition by citrate and palmitoyl-CoA and covalent modification by 

phosphorylation/dephosphorylation (inhibition and stimulation, correspondingly). Insuline is 

responsible for an increased enzyme activity, while glucagon or epinephrine are in the 

opposite direction (McGarry, 1992). 

 

1.4.4. Fatty acid synthase (EC 2.3.1.85) 

Fatty acid synthase (FAS) catalyzes the synthesis of long-chain fatty acids, primarily 

palmitate, using acetyl-CoA and malonyl-CoA as substrates and NADPH as the reducing 

equivalent:  
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Acetyl-CoA + n (malonyl-CoA) + 2n (NADPH) + 2n (H+) → 

 long-chain fatty acid + n+1 (CoA) + n (CO2) + 2n (NADP+) 

 

The most important feature of animal FAS is its multifunctional character. The functional 

enzyme is a homodimer of the 250 kDa subunits (Smith, 1994).  

 

1.5. Food restriction metabolism review 

As mentioned before, food restriction is a main experimental condition in our work, as it 

enhances an animal’s ability to retain energy and control its allocation during food intake 

limitation  in vast climate areas where periods of food restriction are seasonal (Wang et al., 

2006). 

When animals experience food deprivation, they derive the energy costs for basal 

metabolism, physical activity, growth, and reproduction from the stored energy available at 

the onset of fasting. A reduction in metabolism also prolongs food restriction tolerance, and 

various biochemical and physiological responses to food deprivation contribute to the 

efficient use of resources (Wang et al., 2006).  

Glucose can be produced from three sources: from proteins via gluconeogenesis and from 

liver and muscle via glycogenolysis. Glucose can be stored as fat, which represents the 

major energy reserve in the body and as glycogen. Breakdown of glycogen stores from the 

liver results in a ready supply of glucose for the brain and other neural tissues. As mentioned 

before, muscle glycogen serves as a local source of glucose, as muscle lacks the enzyme 

glucose-6-phosphatase and cannot release free glucose into the circulation. The third 

sources of glucose are proteins, which serve as a source of substrates for gluconeogenesis. 

The proteins are broken down and processed into glucose via gluconeogenesis by the liver 

and kidney (Tirone & Brunicardi, 2001). 

In mammals, three main metabolic phases can be identified during food deprivation and 

characterized as follows on the bases of the primary fuel available for use and the associated 

changes in overall body mass (Fig. 4) 

Phase I: The post absorptive period is the initial phase of fasting immediately after the last 

meal has been absorbed from the gastrointestinal tract. During this time, which normally lasts 

for hours, metabolism is largely fuelled by glycogenolysis, or glycogen depletion of liver 

stores, which maintains constant blood sugar levels. In addition, fatty acids are liberated from 

adipose depots, and the availability of plasma fatty acids allows some tissues, such as 

skeletal muscle, to spare the overall use of glucose (Wang et al., 2006). 

Phase II: When liver glycogen stores are depleted, gluconeogenesis becomes necessary to 

supply the requirements of glucose to tissues dependent on it, such as the brain. The initial 

fuel for gluconeogenesis are amino acids from proteolysis of muscle protein, but this 
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contribution falls markedly as increased amounts of glycerol are liberated from adipose 

tissues. Increased oxidation of fatty acids leads to an elevated production of ketone bodies, 

which can be used as an oxidative fuel in many tissues including the brain. As phase II 

progresses, protein degradation is rather slow, and degradation of adipose tissue fuels most 

bodily metabolism. Fatty acids cannot be used for the synthesis of glucose because acetyl 

CoA obtained by fatty acid catabolism cannot be converted to glucose (Harris, 1992; Wang 

et al., 2006). 

 
Figure 1.5 - Metabolic interrelationships of major tissues in the fasting state (Harris, 1992) 

 

Phase III. If starvation continues until the adipose stores are depleted, muscle is rapidly 

degraded for gluconeogenesis. The rapid loss in muscle mass cannot be sustained for long 

and eventually kills the animal (Wang et al., 2006). 

 

1.6. Hormones  

This review includes hormones with relevant actions on the regulation of intermediate 

metabolism, particularly in food restriction condition. Testosterone will also be referred, as 

food intake interferes with male reproduction tract. Therefore we will also study aspects of 

food restriction on testes metabolism. 
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1.6.1. Insulin 

The insulin molecule is a protein with a molecular weight of about 6000, consisting of 51 

amino acids arranged as two polypeptide chains, an A (21 aa) and a B chain (30 aa). 

Dissulfide linkages connect the two chains of the molecule and are essential for the 

biological activity of the hormone. Insulin is synthesized by the β cells of the pancreatic islets 

of Langerhans. The overall effects of insulin are to lower blood levels of glucose, fatty acids, 

and amino acids and to promote their conversion and storage as: glycogen, triglycerides, and 

protein, respectively. These effects are the results of insulin actions at multiple sites in the 

metabolic pathways for carbohydrate, lipid, and protein metabolism (Longhurst, 1987). 

 

1.6.2. Cortisol 

Cortisol is the primary glucocorticoid for humans and most mammals and is synthesized by 

the adrenal cortex. This hormone is necessary to maintain critical processes at times of 

prolonged stress and to contain the reactions to inflammation. Its major metabolic effect is 

the stimulation of hepatic gluconeogenesis and it also promotes protein catabolism in 

muscle, thus increasing the supply of gluconeogenic precursors. This is obtained through the 

activation of DNA transcription in liver cells increasing various enzymes involved in the 

conversion of amino acids into glucose and glycogen. Cortisol also decreases the utilization 

of glucose, involving direct inhibition of its transport into the cells. Fatty acid and glycerol 

mobilization from adipose tissue is increased by cortisol, elevating their concentration in the 

blood and making more glycerol available for gluconeogenesis (Hedge, Colby, & Goodman, 

1987; Kaplan, 1996; Koolman & Roehm, 2005). 

These various effects of cortisol on intermediary metabolism contribute to the maintenance of 

blood glucose during food deprivation and the mobilization of extra glucose during stress. But 

these protective effects come at a cost of decreased protein and fat storage (Kaplan, 1996).  

 

1.6.3. Insulin-like growth factor-I  

Insulin-like growth factor-I (IGF-I) is a growth factor that is structurally related to insulin. The 

human IGF (referred generically as somatomedin) is a single chain peptide of 7.5 kDa, 

composed of 70 amino acid residues. Four domains, designated A, B, C, and D are identified 

in the IGF molecule; the A and B domains being homologous with the A and B chains of 

insulin, respectively. In contrast with most hormonal peptides, the IGF-I is secreted as it is 

produced. Consequently, there are no organs in which IGF is concentrated. The liver is 

believed to be the principal source of circulating IGF-I, but the highest concentrations of IGF 

is observed in blood, bound to a family of proteins called IGF-binding proteins (Thissen, 

Ketelslegers, & Underwood, 1994).  
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IGF-I is an important metabolic and mitogenic factor involved in the regulation of cell 

proliferation, apoptosis and metabolism (Plath-Gabler, Gabler, Sinowatz, Berisha, & Schams, 

2001). 

 

1.6.4. Triiodothyronine  

Triiodothyronine (T3) is secreted by the thyroid gland, together with thyroxine (T4) and 

calcitonine. Most of circulating T3 is formed from peripheral deiodination of T4 (Eiler, 2004). 

Their main effect is to stimulate oxidative metabolism. The high concentration of T3 is directly 

related to the metabolic rate (Schmidt-Nielsen, 1997). Thyroid hormones increase intestinal 

glucose absorption and its subsequently entry into fat and muscle, and they further enhance 

such entry by potentiating the stimulation of glucose uptake by insulin (Hedge et al., 1987).  

 
1.6.5. Testosterone 

Testosterone is the major androgen secreted by the interstitial (Leydig) cells of the testes. It 

promotes the growth of the testes, scrotum and penis and stimulates muscle development 

(Ojeda & Griffin, 1996).  

 
1.7. Food restriction and angiogenesis in the teste s 

Nutrition plays an important role in growth and development of the reproductive system. 

Animals often exposed to dramatic seasonal changes have developed survival tactics that 

include cessation of energetically costly processes, such as growth and reproduction 

(Bronson, 1999). Food restriction shifts nutrients away from reproductive function towards 

somatic cell maintenance (McCarter, Masoro, & Yu, 1985).  

Dietary restriction has an effect on testes, leading to a progressive decrease in testicular 

volume (Thwaites, 1995). This decline is more significant as dietary restriction is intensified 

(Santos, Ferraz, Teixeira, Sampaio, & Ramos, 2004; Thwaites, 1995; Young, Zirkin, & 

Nelson, 2000). Testicular regression can be mediated by apoptosis as in white-footed mice 

(Young et al., 2000). Mice subjected to food restriction exhibited a decline in testes and 

epididymal weights, and reduced serum testosterone levels (Santos et al., 2004). However, 

in a contradictory study in rats subjected to a 30% caloric restriction for 8 weeks showed an 

increase in testes weight when compared to unrestricted control animals (Gursoy, 

Cardounel, Hu, & Kalimi, 2001). 

In mice, dietary restriction seems to reduce the development of brain tumours through a 

decrease in vascularization and an increase in the apoptotic index with little interference on 

cellular proliferation (Mukherjee, El-Abbadi, Kasperzyk, Ranes, & Seyfried, 2002). However, 

these mechanisms are still not clear (Beecken, et al., 2001;(Mukherjee et al., 2002). Besides, 

in adipose tissue, angiogenesis might be responsible for a rebound weight gain after a diet 

restricted period, restoring metabolic levels (Morimura et al., 2001). In long-day seasonal 
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breeders, such as the hamster, increased angiogenesis and rapid renewal of testicular 

microvasculature is fundamental for physiologic recrudescence (Mayerhofer, Hikim, Bartke, 

& Russell, 1989). In testicular tissue, little is known about the effects of dietary restriction in 

vascularisation and associated mechanisms involved in this process. 

 
1.8. Food restriction and protein profiles in the g astrocnemius muscle 

The use of proteomics, i.e., the study of the expressed proteins (proteome) has allowed a 

much greater insight on the molecular mechanisms at the protein level in a large range of 

physiological systems in domestic animals. Previously studies regarding the effect of weight 

loss on myofibrillar protein profiles of rats (Almeida, van Harten, & Cardoso, 2002; Almeida, 

van Harten, & Cardoso, 2006) and of domestic goats (Almeida, Schwalbach, deWaal, 

Greyling, & Cardoso, 2004), emphasized major expressed structural proteins such as Actin 

or Myosin Heavy chains (MHC). Epperson, Dahl & Martin (2004) identified various proteins 

involved in a variety of cellular processes including protein turnover, detoxification, purine 

biosynthesis, gluconeogenesis, lipid metabolism and mobility, ketone body formation, cell 

structure, and redox balance, in the golden mantled ground squirrel from two seasonal 

stages (summer and entrance into torpor). Other studies include aspects on diseases and 

immune mechanisms (Hughes, Smith, Garcia-Sanchez, Sales, & Stevenson, 2007), milk 

traits (Daniels et al., 2006), reproduction aspects (Strzezek et al., 2005) or muscle and meat 

characteristics (Hollung, Veiseth, Jia, Færgestad, & Hildrum, 2007). 

 

 

 

This review induced us to contribute to the identification of main metabolic pathways 

regulation in improving meat production through genetic selection. This study integrates the 

following components:  

• Genetic selection towards meat production and its effects on intermediate metabolism 

• The effect of weight loss on protein profiles of gastrocnemius muscle in rabbits: a 

study using 1D electrophoresis and Peptide Mass Fingerprinting 

• Testicular Angiogenic Activity in Response to Food Restriction in Rabbits 
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Chapter 2. Genetic selection towards meat productio n and its effects on intermediate 
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Abstract 

The aim of this work is the identification of enzymes relevant in intermediate metabolism 

contributing to improved meat production due to genetic selection. Two different breeds of 

male rabbits representing a genetic evolution towards improved meat production and 

productivity were used: oryctolagus cuniculus algirus, a wild rabbit breed (WR) and a highly 

meat selected breed, oryctolagus cuniculus cuniculus (New Zealand rabbit-NZ). 

Both experimental breeds were subjected to a restricted diet (30% of ad libitum feeding) 

during a period of 30 days, resulting in a 17.7% weight loss in the NZ rabbit (n=11) and 

21.07% in the WR (n=10). Control groups were fed ad libitum (NZ, n=10; WR, n=9). 

Transcriptional and activity levels of regulatory enzymes of glycolytic (HK, PFK, PK, PC, 

PEPCK, FBPase, G6Pase), lipidic (HL, ACOAC) and protein (GDH, CPSI) metabolism were 

respectively determined by relative Real Time PCR and spectrophotometrical methods. 

Metabolites (G1P, Glycogen, G6P, F6P, FBP, PEP, Pyruvate, Oxaloacetate, Acetyl CoA, 

Glucose, NEFA and Triacylglycerol) representing the studied enzymes substrate and 

products were determined. Insulin, tri-iodothyronine, Insulin-like growth factor-I and cortisol 

were also determined.  

According to our results regarding the enzymes activities, HK levels suggest that there is a 

better glycemia control by the NZ rabbits and greater energetic substrate availability. The NZ 

rabbits also present a higher PFK activity level, a fundamental enzyme in the regulation of 

the glycolytic pathway. This rabbit group also shows a higher activity level of PK with a 

possible relevant role in the glycemia regulation in food restricted environments. The main 

differences in intermediate metabolism regulatory enzymes activity, shown between the two 

experimental breeds are situated in the glycolytic pathways. Within the anabolic pathway, the 

most significant difference between the experimental breeds is a higher activity of GS in the 

Wild rabbits although with less production of glycogen. 

The levels of glycemic regulation in food restriction situations can be noticed in the NZ breed 

at the level of FBPase activity, while in the WR breed this happens later in the anabolic 

process with the involvement of HK.    

In the nitrogen metabolism our results show that the WR have lower activity levels in the 

deamination of glutamate. Within the lipid metabolism our results show that although WR 

have a significantly higher mRNA HL, NEFA levels (enzymes product) are similar between 

the experimental groups. Thus, increased HL mRNA transcription levels do not seem to have 

influence in the availability of NEFA. These results concerning nitrogen and lipid metabolism 

can explain the better performances shown by the NZ breed. 

Thirty-two results concerning enzyme activities and the correspondent mRNA transcriptional 

values were produced by our work. From these, only 19 results show coherence between the 
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activity and the transcription values. Therefore, mRNA transcriptions in our experimental 

conditions showed not to be reliable indicators of enzyme activity. 

According to our results, apart from insulin with a role in glycemia homeostasis, T3 and IGF-

1 seem to play a particular relevant role in the enhanced productivity in the NZ breed, with T3 

intervening in the energy saving mechanisms of the restricted diet animals and IGF-1 with 

the known protein anabolic function. 

 

2.1. Introduction 

Animal production is becoming increasingly important in agriculture growth in developing 

economies. Livestock in these countries is an integral part of a fragile ecosystem, and a rich 

source of animal biodiversity. Breeds have adapted to their regional environments over 

thousands of years and provided an important source of sustainability for the population of 

the region (Madan, 2005).  

Meat production can be improved by upgrading the genetic potential of livestock. 

Understanding the responsible gene pool for this production is a relevant component of this 

challenge. It has been shown that the ability to retain energy and protein has a relevant 

relationship with the activity of metabolic enzymes and hormonal profiles. In fact, there is 

overwhelming evidence that exposure to different nutritional conditions (below standard 

requirements and ad libitum) leads to changes in the activity of metabolic enzymes and 

hormones in mammals (Meton, Fernandez, & Baanante, 2003; Powell et al., 2000). These 

changes may be due to the expression of different genes as demonstrated by Li et al. (2006). 

Genes for lipogenesis, glycolysis, and glucose aerobic oxidation were decreased in response 

to starvation in rats. In dairy cows, Velez and Donkin (2005) also found changes in the 

expression of pyruvate carboxylase induced by food restriction. 

The aim of this study is to investigate whether two breeds of rabbits representing different 

lines of genetic selection towards meat production, presented differences in the activity and 

transcription level of regulatory enzymes of the intermediate metabolism when subjected to 

the same level of food restriction. The rabbit breeds used in this experiment were oryctolagus 

cuniculus algirus, a wild rabbit breed and oryctolagus cuniculus cuniculus (New Zealand 

rabbit), a highly meat selected breed. 

This study allowed for a better knowledge on metabolic systems responsible for improved 

performances. Understanding the role of genes involved in these mechanisms contributes for 

the increase of meat production, reducing its costs and for a better knowledge on the 

metabolic adaptations to seasonal food restrictions in the tropics. 
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2.2. Material and Methods 

2.2.1. Animals and tissues 

Two breeds of rabbits, New Zealand (Oryctolagus cuniculus cuniculus) and Wild rabbit 

(Oryctolagus cuniculus algirus) were purchased from registered breeders (Figures 2.1 and 

2.2, respectively).  

 
Figure 2.1 - New Zealand rabbit Figure 2.2 -Wild rabbit 

 

After an adaptation period of 30 days with ad libitum feeding, each breed was divided into 

two weight matched groups: New Zealand Control (NZC, n=11) and restricted (NZR, n=10), 

Wild rabbit Control (WRC, n=10) and restricted (WRR, n=9). After 30 days, the control 

groups and the restricted experimental group animals were anaesthetised and euthanized 

using an overdose of 4% isoflurane (IsoFlo®, Veterinaria Esteve, Bologna, Italy). During this 

period, the restricted groups were gradually underfed until their weight was about 20% of 

their initial weight. This was achieved with a 70% reduction of their ad libitum daily ration. As 

no energy requirement for maintenance has been reported for rabbits (Nutrient 

Requirements of Rabbits, Second Revised Edition, 1977), these feeding levels were used in 

previous experiments with rats and goat bucks in which they were fed with 75-80% of daily 

metabolisable energy NRC requirements (Van Harten, Almeida, Morais, & Cardoso, 2003b; 

Van Harten et al., 2003a). This restriction level induced a weight loss of 20-25%, similar to 

that obtained in our work. All animals were fed on standard rabbit food (14.9% Crude Protein, 

2.7% Crude fat, 14% Crude fibre and 13% Ash). Animals were kept in individual cages with 

environmental enrichment and were allowed free access to water. 

Isoflurane was chosen because it is an anaesthetic almost entirely removed from the animal 

by exhalation from the lungs with small effects on liver metabolism, minimizing the risk of 

interfering with the experimental study (Hellebrekers, Booij, & Flecknell, 2001). Liver samples 

were collected, frozen in liquid nitrogen and stored at -80°C for further analysis. All animal 
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protocols were approved by the Institutional Animal Care and Use Committee. Handling of 

the experimental animals followed the European Legislation nº86/609/CEE. 

The eviscerated carcasses were cleaned and “dressed” (decapitation, amputation at the 

tibio-tarsal, radio-cubit-carpal and sacro-coccigenal joints) and stored at -20°C for further 

processing. The plasma and serum obtained from the animals under anesthesia were 

separated by centrifugation at 2500 rpm (4ºC) for 15 minutes using a Hettich Universal 32R 

centrifuge, and stored in aliquots at –20°C until h ormone analysis. 

  

2.2.2. Sample processing 

The frozen carcasses were sliced by means of an electric tape saw (Mercurio d’Oro 71). 

Liofilization was made on a liofilizer Edwards-Minifast 1700, with temperature and pression of 

-30°C and 10 -1 atmosphere, respectively. The liofilization continued until sample constant 

weights were achieved.  

 

2.2.3. Nitrogen and Energy determinations 

The nitrogen contents of the carcasses were analyzed by the micro-Kjeldahl technique using 

a Buchii digestion distillation apparatus. The amount of nitrogen was multiplied by 6.25 (the 

conversion factor for nitrogen to protein) to obtain the contents in protein.  

The determination of carcasses crude energy was also made in duplicate and the samples 

were analyzed in a bomb calorimeter Parr - 1216. 

 

2.2.4. Fat determination 

Fat was determined by subtracting the values of humidity and protein from the carcass fresh 

weight, as described by Carter, Dang, Faas, & Lynch (1991). 

 

2.2.5. Enzyme assays 

2.2.5.1. General procedures 

Spectrophotometrical protocols were applied in order to obtain the specific activity of some of 

the regulatory enzymes. These were as follows: Hexokinase (HK), Phosphofructokinase 

(PFK), Pyruvate kinase (PK), Phosphoenolpyruvate carboxykinase (PEPCK), Fructose 1.6-

biphosphatase (FBPase), Glucose 6-phosphatase (G6Pase), Glycogen Phosphorylase (GP) 

and Glutamate dehydrogenase (GDH). All enzyme assays, except those for G6Pase and 

GP, were processed on cellular fractions obtained by differential centrifugation of liver 

homogenate (Tanaka et al., 2005). Liver samples were homogenized with an ultra-turrax T8 

homogenizer (IKA Labortechnik) in four volumes of ice-cold STE solution (0.25 M sucrose, 

10 mM Tris-HCl pH 7.5, 1 mM EDTA). The homogenates were centrifuged at 600 x g for 3 

min to remove nuclei and cell debris. The supernatant was saved and the pellets obtained 

were resuspended in 2 ml STE solution and centrifuged at 600 x g for 3 min. Both 
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supernatant obtained after centrifugation were combined and centrifuged at 6000 x g for 15 

min at 4ºC. The supernatant were saved for isolation cytosol fraction. The pellet was 

resuspended in 1 ml of 50 mM Tris-HCl, pH 7.5 containing 2 mM 2-mercaptoethanol and 1 

mM EDTA and centrifuged at 10000 x g for 30 min at 4ºC. The resulting supernatant was 

used as mitochondrial enzyme extract. The supernatant saved for the isolation of cytosol 

fraction was centrifuged at 100000g 30 min at 4ºC (Beckman XL-90 Ultracentrifuge). The 

resulting supernatant was saved as cytosol fraction. All fractions were stored at -80ºC. To 

calculate the specific activity of the enzymes, protein concentration was determined in each 

cellular fraction (mitochondria and cytosol). All the activities were determined in duplicate. 

 

2.2.5.2. Glycogen Phosphorylase (EC 2.4.1.1) The activity of GP was determined 

spectrophotometrically at 660nm by a modified method by Hers (1959) and Fiske and 

Subbarow (1925). A portion (50µl) of homogenate (1/200 liver with water) was incubated for 

40 minutes at 37°C with an equal volume of a soluti on (pH 6.1) containing 0.1 M Glucose-1-

phosphate, 2% glycogen, 0.003 M AMP and 0.2 M NaF. The reaction was stopped by the 

addition of 500µl of ice-cold 1.0 M TCA followed by 2.2 ml of ice-cold water. The mixture was 

centrifuged 10 min at 2500g and 0.25 ml of molybdate reagent and 0.10 ml of 

aminonaphtolsulphonic acid (0.25%) were added to 2.15 ml of the supernatant for the 

determination of phosphate. The reaction was developed during 10 min in the dark and the 

samples were read at 660nm. 

 

2.2.5.3. Hexokinase (EC 2.7.1.1) 

HK enzyme activity was assayed spectrophotometrically at 340 nm by a coupled assay 

system based on a method by Easterby (1973). In a 3.11 ml reaction mix, the final 

concentrations were 50 mM Tris-HCl (pH 7.6), 8.0 mM D-glucose, 9.6 mM ATP, 19 mM 

magnesium chloride, 0.1 mM ß-NADP and 5 units glucose-6-phosphate dehydrogenase. The 

reaction started with the addition of 100µl of the sample (cytosol) to the cuvette, which was 

mixed by inversion and then monitored at 1-minute intervals for 5 minutes at 30°C. The blank 

was prepared with glucose solution instead of the sample. 

 

2.2.5.4. Phosphofructokinase (EC 2.7.1.11)  

PFK enzyme activity was assayed spectrophotometrically at 340 nm by a coupled assay 

system based on a modification of the method described by Massey and Deal (1973). The 

determination of PFK activity was effectuated in a reaction mixture with a final volume of 3.0 

ml that contained 50 mM Tris-HCl (pH 8.0), 1 mM DL-Dithiothreitol, 2 mM Adenosine 5'-

Triphosphate, 0.2 mM ß-nicotinamide adenine dinucleotide, reduced form, 5 mM magnesium 

chloride, 2 units aldolase, 1 unit α-glycerophosphate dehydrogenase, 8 units triosephosphate 
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isomerase, 4 mM fructose 6-phosphate and 50µl of sample. The reaction started with the 

addition of 4mM fructose 6-phosphate to the sample (cytosol) cuvette, which was mixed by 

inversion and then monitored at 1-minute intervals for 5-minutes at 30°C. The blank was 

prepared without the sample. 

 

2.2.5.5. Pyruvate kinase (EC 2.7.1.40)  

PK enzyme activity was assayed spectrophotometrically at 340 nm by a coupled assay 

system based on a method by Cardenas and Dyson (1973). In a 3.00 ml reaction mix, the 

final concentrations were 38 mM potassium phosphate (pH 7.6), 0.43 mM 

phosphoenolpyruvate, 0.2 mM ß-NADH, 6.7 mM magnesium sulfate, 1.3 mM ADP, 20 units 

lactic dehydrogenase, 1 mM fructose 1.6-diphosphate. The reaction started with the addition 

of 100 µl of the sample (cytosol) to the cuvette, which was mixed by inversion and then 

monitored at 1-minute intervals for 5 minutes at 37°C. The blank was prepared without the 

sample. 

 

2.2.5.6. Phosphoenolpyruvate carboxykinase (EC 4.1. 1.32) 

Liver PEPCK activity was determined spectrophotometrically at 340 nm by a coupled assay 

system as described by Stein et al. (2005) using dGDP as the nucleotide substrate. The 

reaction mixture contained in a total volume of 3.0 ml 50 mM Tris-HCl (pH 7.4), 1 mM Mn Cl2, 

0.1 mM NADH, 2 unit MDH, 0.5 mM Phosphoenolpyruvate, 0.2 mM deoxyguanosine 5’-

diphosphate (dGDP), 20 mM sodium bicarbonate (saturated with CO2) and 50 µl of the 

sample (cytosol). The reaction started with the addition of sodium bicarbonate to the sample 

cuvette only, which was mixed by inversion and then monitored at 1-minute intervals for 5 

minutes at 37°C. The blank was prepared with homoge nization buffer (0.25 M sucrose, 

10mM Tris; pH 7.4) instead of the sample.  

 

2.2.5.7. D-Fructose-1.6-diphosphatase (EC 3.1.3.11)  

FBPase enzyme activity was assayed spectrophotometrically at 340 nm by a coupled assay 

system based on a method by Pontremoli et al. (1965) with some modifications. In a 3.01 ml 

reaction mix, the final concentrations were 92 mM glycine (pH 9.5), 1.4 mM fructose 1.6-

diphosphate, 0.34 mM manganese chloride, 0.4 mM ß-nicotinamide adenine dinucleotide 

phosphate, 14 units phosphoglucose isomerase and 3 units glucose-6-phosphate 

dehydrogenase. The reaction started with the addition of 20µl of the sample (cytosol) to the 

cuvette, which was mixed by inversion and then monitored at 1-minute intervals for 5 minutes 

at 25°C. The blank was prepared with glycine buffer  instead of sample. 
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2.2.5.8. Glucose 6-phosphatase (EC 3.1.3.9) 

The activity of G6Pase was determined spectrophotometrically at 660nm by a modified 

method by Hers (1959) and Fiske and Subbarow (1925). A portion (100µl) of homogenate 

(1/200 liver with water) was incubated for 60 minutes at 37°C with 10µl of a 0.1 M sodium 

acetate (pH 5.0) solution and with 100µl of a solution (pH 5.5) containing 0.11 M glucose 6-

phosphate and 0.002 M citrate EDTA. The reaction was stopped by the addition of 0.5 ml of 

1.0 M trichloroacetic acid followed by 2.2 ml of ice-cold water. The mixture was centrifuged 

10 min at 2500g and 0.25 ml of molybdate reagent and 0.10 ml of aminonaphtolsulphonic 

acid (0.25%) were added to 2.15 ml of the supernatant for the determination of phosphate. 

The reaction was developed during 10 min in the dark and the samples were read at 660nm. 

  

2.2.5.9. Glutamate dehydrogenase (EC 1.4.1.3) 

GDH enzyme activity was assayed spectrophotometrically at 334 nm based on a method by 

Cardenas and Dyson (1973) with some modifications. In a 3.10 ml reaction mix, the final 

concentrations were 50 mM triethanolamine (pH 8.0), 2.5 mM EDTA, 100 mM ammonium 

acetate, 0.2 mM ß-NADH, 1 mM ADP, 2kU/l LDH, 7 mM 2-oxoglutarate and 500 µl sample 

(mitochondria). The reaction started with the addition of 2-oxoglutarate to the samples 

cuvettes after the background reaction was monitored during 5 min. The absorbance 

readings were effectuated each minute during 5 minutes at 25°C. 

 

2.2.5.10. Protein concentration 

The protein concentration for enzyme activity determination was quantified according to the 

Bradford method (Bradford, 1976) as described in the manufactures manual (Sigma). 

Samples were diluted 10 times and bovine serum albumin (BSA) was used to establish a 

standard concentration curve. The protein content was measured with a Tecan 

spectrophotometer at 595 nm. 

 

2.2.6. Metabolite determination 

All the samples were assayed in duplicate as to determine metabolite levels using 

spectrophotometrical protocols. The following metabolites representing the studied enzymes 

substrate and products were determined: Glucose 1-phosphate (G1P), Glycogen, Glucose 6-

phosphate (G6P), Fructose 6-phosphate (F6P), Fructose 1.6-biphosphate (FBP), 

Phosphoenolpyruvate (PEP), Pyruvate (Pyr), Oxaloacetate (OA) and Acetyl CoA (ACoA). 

Glucose, Non esterified fatty acids (NEFA) and Triacylglycerol (TGA) levels were also 

determined in duplicate, but using commercial available kits. 
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2.2.6.1. Glucose 

Glucose was determined in plasma using an enzymatic-colorimetric kit (Spinreact) following 

the protocols provided by the manufacturers. 

 

2.2.6.2. Glucose-1-Phosphate 

Liver Glucose 1-phosphate (G1P) levels were assessed spectrophotometrically at 340nm 

using the method of Bergmeyer (1984). G1P was measured in 2.27 ml mixture containing 88 

mM TEA (pH 7.6), 1.7 mM EDTA, 4.4 mM Mg2+, 0.50 mM NADP, 1.5 kU/l  glucose 6-

phosphate dehydrogenase, 1.8 kU/l phosphoglucomutase (PGluM) and 200µl deproteinized 

sample. Absorbance was read at room temperature at 339 nm. 

 

2.2.6.3. Glycogen 

Glycogen dosage was assayed by a modified method by van Handel (1965). To each of the 

sample (5mg) tubes were added 1 ml KOH (33%) and placed in boiling water for 15 min. The 

glycogen present in liver samples was precipitated by adding 2 ml of 96% ethanol with 

Na2SO4 (saturated solution) as a coprecipitant, cooled in an ice-bath for 30 min, centrifugated 

at 3000 g for 10 min and the supernatants were discarded. A 0.5ml volume of distilled water 

and 1 ml of 96% ethanol were added, the samples were cooled in an ice-bath for 30 min, 

centrifugated at 3000 g for 10 min and the supernatants were discarded. The sediment was 

then incubated for 20 min at 90°C with a fresh solu tion of 15% anthrone in diluted sulfuric 

acid (72%) and measured spectrophotometrically at 620 nm. 

 

2.2.6.4. Glucose 6-phosphate and Fructose 6-phospha te 

Liver glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P) levels were assessed 

spectrophotometrically at 340nm using the method of Michal (1984b). G6P was measured in 

2.05 ml mixture containing 0.2 mM TEA (pH 7.6), 5 mM Mg2+, 0.2 mM NADP, 1 ml sample 

deproteinized extract and 170 U/l glucose 6-phosphate dehydrogenase. The change in 

absorbance was measured after the addition of (G6PDH) and the determination of G6P was 

assessed. In the same assay mixture, 700 U/l of phosphoglucose isomerase was added and 

absorbance was read at room temperature at 339 nm in order to obtain F6P values. 

 

2.2.6.5. Fructose 1.6-biphosphate 

Fructose 1.6-biphosphate (FBP) was measured using an assay system described by Michal 

(1984a). In a 3.04 ml assay mixture TEA (200 mM, pH 7.6) and 17µM NADH was added to 

each cuvette along with 1.5 ml of deproteinized liver extract. Baseline activity was recorded 

at 0 and 3 min, and then a combination of glycerol-3-phosphate dehydrogenase (130 U/l) 

and triosephosphate isomerase (830 U/l) was added to each cuvette and the change in 
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absorbance was measured at 5 min after addition of the coupling enzyme. Aldolase (45 U/l) 

was then added to each cuvette and the change in absorbance at room temperature was 

read at 3 min at 339 nm.  

 

2.2.6.6. Phosphoenolpyruvate and Pyruvate 

Liver phosphoenolpyruvate (PEP) and Pyruvate (Pyr) levels were assessed 

spectrophotometrically at 339nm using the method of Lamprecht & Hein (1984). Pyruvate 

was measured in 0.83 ml assay mixture containing 0.15 M TEA (pH 7.6), 1.5 mM EDTA, 0.17 

mM NADH, 0.012 M MgSO4, 0.044 M KCl, 0.12 M ADP, 0.5 ml sample deproteinized extract 

and 2.7 kU/l LDH. The change in absorbance was measured after the addition of the latter. 

PEP was measured in the same assay mixture but after the addition of 1.2 kU/l of PK. The 

absorbances were read at room temperature after the development of the reaction (5 min). 

 

2.2.6.7. Oxaloacetate 

Liver Oxaloacetate levels were assessed spectrophotometrically at 339nm using the method 

of Rej (1984). Oxaloacetate was measured in 3.005 ml assay mixture containing 100 mM Tris 

buffer (pH 7.8), 6.7 mM EDTA, 0.27 mM NADH, 2.0 ml sample deproteinized extract and 380 

U/l LDH. The change in absorbance was measured after the addition of the latter. The 

absorbance was read at room temperature after the development of the reaction (5 min). 

 

2.2.6.8. Acetyl CoA 

Liver Acetyl CoA levels were assessed spectrophotometrically at 339nm using the method of 

Decker (1984). Oxaloacetate was measured in 2.01 ml assay mixture containing 200 mM Tris 

buffer (pH 8.1), 2.5 mM L-malate, 1.5 mM β-NAD, 1.0 ml sample deproteinized extract, 900 

U/l Malate Dehydrogenase and 75 U/l Citrate Synthase. The change in absorbance was 

measured after the addition of the latter.  

 

2.2.6.9. Non esterified fatty acids 

Non-esterified fatty acids (NEFA) were determined in serum using an enzymatic-colorimetric 

kit (Wako) following the protocols provided by the manufacturers. 

 

2.2.6.10. Triacylglycerols 

Triacylglycerols were determined in plasma using an enzymatic-colorimetric kit (Spinreact) 

following the protocols provided by the manufacturers. 
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2.2.7. Hormone profiles 

Serum insulin concentrations were determined by solid-phase radioimmunoassay (RIA) 

using commercial kits of insulin labelled with the isotope I125 (Coat-A-Count, Diagnostic 

Product Corporation, Los Angeles, CA, USA) following the protocols provided by the 

manufacturers. All samples were assayed in duplicate. 

Plasma cortisol and triiodothyronine (T3) concentrations were determined by solid-phase 

radioimmunoassay (RIA) using commercial kits of cortisol and T3 labelled with the isotope 

I125 (Coat-A-Count, Diagnostic Product Corporation, Los Angeles, CA, USA) according to the 

manufacturers’ instructions. All samples were assayed in duplicate. 

Plasma insulin like growth factor-1 (IGF-1) concentrations were determined by enzyme linked 

immunosorbent assay (ELISA) using commercial quantitative immunoassay kit (Biocode 

Hycel, Belgium) following the protocols provided by the manufacturers. All samples were 

assayed in duplicate. 

 

2.2.8. Molecular methods for quantifying gene expre ssion 

These methods consist in extraction of total RNA, synthesis of cDNA and quantification by 

Real Time PCR 

 

2.2.8.1. RNA extraction and cDNA synthesis  

Total RNA was isolated from ~15-30 mg of liver tissue using RNAspin Mini kit (GE 

Healthcare) following the protocols provided by the manufacturers. Concentration and purity 

of the RNA were determined spectrophotometrically (Beckman DU68) at 260 nm and 280 

nm. RNA integrity was assessed by 28S and 18S rRNA band visualization after gel (agarose 

1.5%) electrophoresis and ethidium bromide staining. First strand cDNA synthesis was 

carried out by reverse transcription using the Cloned AMV Reverse Transcriptase enzyme 

(Invitrogen). cDNA was obtained by mixing 500 ng of total RNA with oligo dT primers (500 

ng/µl), random hexamers (500 ng/µl) and dNTPs (10 mM). The mixture was incubated during 

five minutes at 70°C and the rest of the components  were added (cDNA synthesis buffer, 

DTT, RNase OUT and Cloned AMV RT), according to the manufacturers’ instructions, to a 

final 100µl reaction volume. This step was followed by incubation during 60 minutes at 37°C, 

15 minutes at 42°C and 5 minutes at 94°C. cDNA samp les were stored at -20ºC until real 

time PCR amplification. 

 

2.2.8.2. Degenerate primers 

Degenerate primers for G6Pase and CPSI were used since no sequence information was 

available for these genes in rabbit. Based on published sequences at Genebank 

(http://www.ncbi.nlm.nih.gov) for G6Pase and CPSI from other organisms, pairs of 
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degenerate primers were designed for each gene using the Clustal multiple alignment 

program to identify conserved regions (Appendix 1). The degenerate primers for G6Pase 

gene were designed by considering the conserved regions of amino acids of aligned protein 

sequences (Table 2.1). 

 

Table 2.1 - G6Pase gene alignment 

Protein ID and 
degenerate primer 

Amino acid and nucleotide sequences Database accession 
number Amino acid DNA (5´-3’) 

Rat GQRPYWW GGACAGCGCCCGTATTGGTGG P43428 

Mouse GQRPYWW GGACAACGCCCGTATTGGTGG P35576 

Cat GQRPYWW GGACAGCGTCCATACTGGTGG NP_001035837 

Dog GQRPYWW GGACAGCGTCCATACTGGTGG NP_001002993 

Bovine GQRPYWW GGACAGCGCCCATACTGGTGG AAI4012 

Human GHRPYWW GGTCATCGACCTTACTGGTGG NP_066999 

Primer  
G6Pase(Forward) 

 GGWCADCGHCCDTAYTGGTGG  

Rat AAHFPHQV GCGGCTCACTTTCCCCATCAGGTG P43428 

Mouse AAHFPHQV GCTGCTCACTTTCCCCACCAGGTC P35576 

Cat AAHFPHQV GCTGCTCATTTTCCCCATCAGGTT NP_001035837 

Dog AAHFPHQV GCTGCTCATTTCCCCCATCAGGTT NP_001002993 

Bovine AAHFPHQV GCTGCTCATTTTCCCCATCAAGTT AAI4012 

Human ATHFPHQV GCAACACATTTTCCTCATCAAGTT NP_066999 

Primer  
G6Pase(Reverse)  CYTGRTGRGGRAARTGWGYHGC  

 Degenerate nucleotides: W = A/T; D = A/G/T; H = A/C/T; Y = C/T; R = A/G.  

 

The degenerate primers for CPSI gene were designed by considering the conserved regions 

of nucleotides of aligned sequences (Table 2.2). 

The predicted amplicon sizes were 303-309 bp for G6Pase and 348 bp for CPSI. PCR 

amplification was carried out on a GeneAmp PCR System 9700 (Applied Biosystem) with the 

following conditions: 92°C for 2 min; 35 cycles of 92°C for 15s, 44ºC and 50ºC for 20s for 

G6Pase and CPSI respectively, 68°C for 45s and a fi nal extension at 68°C for 5 min. 

Reaction products were analyzed by electrophoresis on 1.5% agarose gel stained with 

ethidium bromide, purified with High Pure PCR Product Purification kit (Roche) and 

sequencing was performed by STABVIDA (ITQB, Oeiras).  
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Table 2.2 - CPSI gene alignment 

Nucleotide ID and 
degenerate primer 

nucleotide sequences Database accession 
number DNA (5´-3’) 

Human CCCGTCTCCCAATGAACAA D90282 

Rat CCCGTCTCCCAATGAATAA M11710 

Mouse CCCGGCTCCCAATGAATAA AK028683 

Primer CPSI (Forward) CCCGKCTCCCAATGAAYAA  

Human AAAACATCCACCCTTGGG D90282 

Rat AAAACATCCACCCTTGGG M11710 

Mouse AAAACATCCACCCTTGGG AK028683 

Primer CPSI (Reverse) CCCGKCTCCCAATGAAYAA  

 Degenerate nucleotides: K = G/T; Y = C/T. 

 

2.2.8.3. Real-time PCR primers 

Real-time PCR oligonucleotide primers used for amplifying HK, PFK, PK, PC, GS, GP, 

PEPCK, HL, ACOAC, GDH, 18S RNA  genes were designed based on the sequences 

available in the NCBI database (http://www.ncbi.nlm.nih.gov/sites/entrez) using Primer3 

Software and confirmed by Primer Express® Software (Applied Biosystems) to avoid the 

formation of self and hetero-dimers, hairpins and self-complementarity (Table 2.3). To avoid 

and detect genomic DNA amplification, primers were designed in two different exons. 

Amplification products were analysed by qualitative RT-PCR and run on a 2.0% agarose gel 

to confirm specificity, followed by sequencing performed by STABVIDA (ITQB, Oeiras). 

Real-time PCR with SYBR Green detection was used to evaluate relative mRNA amounts of 

the genes studied. Reference gene candidates were selected from among those well-known 

in the literature as commonly constitutively expressed genes in similar conditions of our 

experiment (liver and food restriction). In our work 18S RNA was used as the endogenous 

housekeeping gene that allowed normalization of the target transcripts, after experimenting 

other genes (cyclophilin and β-actin) and verifying that 18S RNA gene expression was the 

only one that was unaffected by experimental conditions (p>0.05).  

 

2.2.8.4. Real Time PCR conditions 

Relative quantification of expression levels was determined for each gene. Real-time PCR 

reactions were performed in a total 25 µl reaction volume containing a 12.5µl of Power 

SYBR® Green PCR Master Mix (Applied Biosystems), 2µl of cDNA and 100nM of each 

primer. All samples were applied in duplicate on a 96 well optical reaction plate (Applied 

Biosystems) on ABI Prism® 7300 SDS (Applied Biosystems).  

The reaction was initially heated during 10 min of pre-incubation at 95°C, followed by 40 two-

temperature cycles (15 sec at 95°C and 1 min at 60° C). 
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Table 2.3 - Sequences of primers, fragment sizes and annealing temperatures 

Gene Sequence of primers (5’ to 3’) 
Fragment 

size (bp) 
Primer source 

HK 
F – ACGGCTCGGTGTACAAGCTG 

R – CTGCCTTCCTCCGACTCGAT 
109 

Ensembl 

ENSOCUG00000001018 

PFK 
F – CGCCTCAAAGCTGCCTGTAAC 

R – CCACTGCCACCAATGACACAC 
71 Genebank U01154 

PK 
F – CAGCCATGTTCCACCGCAAGC 

R – CCATGAGGTCTGTGGAGTGAC 
73 Genebank OCU09028 

PC 
F – TCCCCGACATCATCAAGGTG 

R – TGCCACCCCTCCTTCTGAAT 
75 

Ensembl 

ENSOCUG00000000078 

PEPCKc 
F – CGCTGGATGTCGGAGGAAG 

R – CCCATGCTGAAGGGGATGAC 
98 

Ensembl 

ENSOCUG00000017905 

FBPase 
F – GCCATCAAAGCCATCTCCTC 

R – TCACCTCGTCTCCCGTCAC 
94 Genebank AJ272520 

G6Pase 
F – CCATGGGTACAGCAGGTGTG 

R – CACGGTCAAGCACCGAAATC 
101 This work 

GS 
F – TGGAGGATTGGGAGGATGAG 

R – GTAGTTGTCGCCCCATTCGT 
143 Genebank AF017114 

GP 
F – CCGCGACACCTGCAGATTAT 

R – AGGTGGGCCATGTTGATCCT 
143 

Ensembl 

ENSOCUT00000015527 

GDH 
F - TTGACCCAAAGGAACTGGAAGA 

R - ATGTCACAATCGGCCTCCAA 
106 

Ensembl 

ENSOCUT00000008518 

CPSI 
F – TGCCAAGGCCTTAGAAGACAA 

R – CACTGCTGAGCCCTTTCAATG 
128 This work 

ACOAC 
F - GGCTGGCTGGACAGGCTAAT 

R - CCCCACACACAACTCCCAAC 
76 

Ensembl 

ENSOCUT00000014488 

HL 
F – CATCAGCGGAAAGCACAAGA 

R - CAAAGGTGGCATCATCTGGA 
110 Genebank AF041202 

18SmRNA 
F – CCCCTCGATGCTCTTAGCTG 

R – CGCGGTCCTGTTCCATTATT 
125 Genebank X00640 

HK – Hexokinase; PFK – Phosphofructokinase; PK – Pyruvate kinase; PC – pyruvate carboxylase; PEPCKc – cytosolic 
Phosphoenolpyruvate carboxykinase; FBPase – Fructose 1,6-biphosphatase; G6Pase – Glucose 6-phosphatase; GS – 
Glycogen synthase; GP – Glycogen Phosphorylase;  GDH – Glutamate dehydrogenase; CPSI – Carbamoyl phosphate 
synthase; ACOAC – Acetyl CoA Carboxylase; HL – Hepatic Lipase;  
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After PCR, melting curves were acquired (15 sec at 95°C, 30 sec at 60°C and 15 sec at 

95°C) to ensure that a single product was amplified  in the reaction. For the housekeeping 

quantification we used diluted cDNA (1:1000). Primer concentrations were previously 

optimized to determine the minimum primer concentrations giving the lowest Cycle threshold 

(Ct), assuring non-specific amplification.  

 

2.2.8.5. Miner 

PCR Miner (S. Zhao & Fernald, 2005) was used to calculate the reaction efficiencies and 

cycle thresholds from the fluorescence readings of individual wells during the reaction 

(http://www.miner.ewindup.info/). 

 

2.2.9. Statistics 

Statistical differences among groups were analyzed by two-factorial ANOVA 2x2 (2 breeds 

versus 2 conditions). The level of significance was set at p<0.05. Whenever a significant 

difference was detected a post-hoc comparison test (LSD test) was performed. Whenever 

only one condition was reunited, a one-way ANOVA was performed, comparing the results 

separately (STATISTICA, StatSoft, Inc., 2004, version 7, Tulsa, OK, USA). 

 

2.3. Results 

2.3.1. Live weight loss 

Table 2.4 refers to the initial and final live weight of all the experimental groups, as well as 

growth and the relative evolution of live weight and feed/gain ratio from the control groups.  

 

Table 2.4 - Growth and evolution of rabbit live weight 

 NZC NZR WRC WRR 

Live weight day 0 
(g) 

3817.24b ± 110.31 4296.79a ± 57.26 840.96cd ± 52.83 860.54d ± 21.03 

Live weight day 
30 (g) 4322.70a ± 79.45 3539.25b ± 84.35 1002.06c ± 52.83 678.46d ± 16.99  

Growth (g) 505.46 ± 47.56 -757.55 ± 46.22 161.10 ± 38.10 -182.08 ± 13.90 

Live weight% 
loss at day 30  82.30a ± 1.16a  78.93a ± 1.38b 

Weight gain 
(g/day) 

16.85  5.37  

Feed:gain ratio 7.4  16.75  

 

 

 

NZR animals lost 757.54 g (17.7 % decrease relatively to the beginning of the experiment) 

and WRR animals lost 182.08 g (21.07 % decrease relatively to the beginning of the 

experiment). Live weights at day 30 were significantly different between both groups. 

Values are means ± SEM; Values within the same line that do not share the same superscript letter are significantly different 
(P < 0.05). NZC (New Zealand White Control); NZR (New Zealand White Restricted); WRC (Wild Rabbit Control); WRR (Wild 
Rabbit Restricted). 
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2.3.2. Carcass composition  

Table 2.5 refers to the carcass composition of the experimental groups. The New Zealand 

breed restricted feed group revealed a decrease in the carcasses’ fresh weight (24.24%), 

carcass yield (7.3%), dry matter (15.2%), % fat (35.2%), total fat (52.5%) and total energy 

(22.6%) when compared to the control group. Humidity (8.7%) and % protein (30.5%) 

showed an increase (p<0.05) and energetic density and total protein of the carcass revealed 

no effect of the experimental treatment. The wild rabbit breed restricted group also showed a 

statistically significant decrease in the carcasses’ fresh weight (33.8%), carcass yield 

(14.6%), dry matter (14.9%), % fat (58.8%), total fat (77.8%) and energetic density (14.6%) 

of the carcass towards the control group. Parameters with a significant increase were the 

expected crude protein (25.46%), due to decrease in fat %, and the % of humidity (6.5). Total 

protein, total fat and total energy suffered no significant differences (p>0.05).  

 
 
 
Table 2.5 - Carcass composition 

NZC NZR WRC WRR 

Carcass weight  
(g) 2533.16a± 28.57 1918.99b± 27.24 491.15c± 30.11 324.98d± 30.11 

Carcass yield 
(%LW) 58.56a ± 0.71 54.28b ± 0.45 56.31a ± 1.24 48.11b ± 1.76 

Dry matter (%) 36.40a ± 1.18 30.88b ± 1.01 32.04b ± 1.57 27.28c ± 0.38 

Humidity (%) 63.60c ± 1.18 69.12b ± 1.01 67.96b ± 1.57 72.72a ± 0.38 

% protein 
(%DM) 53.62c ± 2.63 69.97b ± 5.50 69.79b ± 2.70 87.56a ± 1.76 

% fat (%DM) 46.38a ± 2.63 30.03b ± 5.50 30.21b ± 2.70 12.44c ± 1.76 

EnD (kj/DM) 23.43a ± 0.52 23.10a ± 0.56 22.36a ± 0.66 19.10b ± 0.39 

Total Protein 
(g) 384.24a ± 13.90 364.55a ± 20.48 84.94b ± 15.84 79.02b ± 7.07 

Total fat (g) 397.36a ± 40.61 188.87b ± 24.23 41.11c ± 5.55 9.12d ± 0.66 

Total energy 
(kj) 17557.65a ± 1387.63 13879.53b ± 510.11 2598.67c ± 325.43 1588.41c ± 159.04 

Values are means ± SEM; Values within the same line that do not share the same superscript letter are significantly different (P 
< 0.05). NZC – New Zealand Control; NZR – New Zealand Restricted; WRC – Wild Rabbit Control; WRR – Wild Rabbit 
Restricted; EnD – Energetic Density; DM – Dry Matter; LW – Live weight 
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2.3.3. Energetic /Protein losses

The energetic and protein losses of the restricted groups relative to the baselin

represented in figure 2.3.  

 

 
 

 
Figure 2.3 - Energetic/Protein losses
WRR–Wild Rabbit Restricted
letters differ significantly (p<0.05).
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Table 2.6- Metabolite levels 

Metabolite NZC NZR WRC WRR 

Glycogen (mg/g 
liver) 5.66a ± 0.35 2.61b ± 0.25 1.74bc ± 0.21 0.83c ± 0.53 

G1P (µmol/L) 37.82b ± 0.74 50.43b ± 11.13 39.98b ± 5.04 78.79a ± 9.63 

Glucose (mg/dL) 162.29a ± 9.12 155.31a ± 5.91 172.52a ± 8.93 126.97b ± 9.70 

G6P (µmol/L) 5.36a ± 0.48 4.94a ± 0.36 1.38b ± 0.20 2.14b ± 0.16 

F6P (µmol/L) 4.67a ± 0.29 3.74b ± 0.11 1.25c ± 0.24 0.51d ± 0.11 

FBP (µmol/L) 5.28ab ± 0.83 6.36a±0.05 6.18a ± 0.61 3.60b ± 0.56 

PEP (µmol/l) 2.58b ± 0.12 2.91b ± 0.11 1.02c ± 0.13 3.53a ± 0.13 

Pyruvate (µmol/L) 5.31a±0.22 1.03d±0.09 3.95c±0.11 4.51b±0.04 

Acetyl CoA 
(µmol/L) 

10.99a ± 0.53 10.57ab ± 1.47 8.77b ± 0.52 8.68ab ± 0.19 

Oxaloacetate 
(µmol/L) 5.70c ± 0.64 13.04c ± 0.20 194.81a ± 17.37 134.45b ± 23.78 

TGA (mmol/L) 1.16a ± 0.14 0.50c ± 0.10 0.74bc ± 0.05 0.85b ± 0.04 

NEFA (mEq/L) 0.291ab ± 0.039 0.207bc ± 0.016 0.308a ± 0.032 0.179c ± 0.029 

Values are means ± SEM; Values within the same line that do not share the same superscript letter are significantly different 
(p<0.05). NZC–New Zealand Control; NZR–New Zealand Restricted; WRC–Wild Rabbit Control; WRR–Wild Rabbit Restricted; 
G1P–Glucose-1-phosphate; G6P–Glucose-6-phosphate; F6P–Fructose-6-phosphate; FBP–Fructose-1,6-biphosphate; PEP–
Phosphoenolpyruvate; Acetyl CoA–Acetyl Coenzyme A; TGA-triglycerides; NEFA-non esterified fatty acids 

 
2.3.5. Enzyme activity 

Table 2.7 represents the activity of part of the enzymes studied (HK, PFK, PK, PEPCKc, 

FBPase, G6Pase, GDH and GP).  

 

Table 2.7 - Enzyme specific activity (U/mg) 

enzyme NZC NZR WRC WRR 

HK 0.257b±0.011 0.283b±0.075 0.580a±0.106 0.230b±0.043 

PFK 0.426a±0.156 0.293a±0.017 0.105c±0.032 0.114bc±0.009 

PK 3.71a±0.85 1.69b±0.11 1.52b±0.12 1.05b±0.09 

PEPCKc 0.470b±0.039 0.528b±0.044 0.384b±0.030 0.912a±0.099 

FBPase 0.87b±0.22 2.15a±0.33 0.40b±0.06 0.24b±0.06 

G6Pase 0.00077c±0.00030 0.00233ab±0.00023 0.00137bc±0.00062 0.00336a±0.00048 

GDH 0.55bc±0.15 1.89a±0.17 1.06b±0.33 0.28c±0.14 

GP 0.0104bc±0.0026 0.0215a±0.0036 0.0062c±0.0023 0.0168ab±0.0005 

Values are means ± SEM; Values within the same line that do not share the same superscript letter are significantly different. 
NZC – New Zealand Control; NZR – New Zealand Restricted; WRC – Wild Rabbit Control; WRR – Wild Rabbit Restricted; HK – 
Hexokinase; PFK – Phosphofructokinase; PK – Pyruvate kinase; PEPCKc – cytosolic Phosphoenolpyruvate carboxykinase; 
FBPase – Fructose 1,6-biphosphatase; G6Pase – Glucose 6-phosphatase; GDH – Glutamate dehydrogenase – GP – Glycogen 
phosphorylase. 
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The NZR group suffered a decrease in the activity of PK (54.4%) and an increase in the 

activity of FBPase (147.1%), G6Pase (202.6%), GDH (243.6%) and GP (106.7%) when 

compared to their control group. The WRR group showed a decrease in HK (60.3%) and 

GDH (73.6%) and an increase in PEPCKc (137.5%), G6Pase (145.3%) and GP (171.0%) 

activities. 

 

2.3.6. Quantification of gene transcription 

2.3.6.1. Nucleotide sequence accession numbers 

The partial sequences recovered from this study have been placed in the GenBank database 

with accession numbers EU520487 (CPSI) and EU520488 (G6Pase). After being sequenced 

by STABVIDA, a BLAST was effectuated to confirm. The layouts of these alignments can be 

observed in table 2.8 (CPSI) and table 2.9 (G6Pase).  

 

Table 2.8 - BLAST alignment of CPSI (EU520487) 

Dog(XM_85713)            GAGTTTACAGAAAGCCTTAAGAATGTGCCACCCATCTATAGATGGTTTCA 
Rat(RATCPSI)             AAGTTTCCAGAAGGCTCTGAGGATGTGCCATCCATCTGTGGATGGGTTCA 
Human(HUMCPSI)           GAGTTTCCAGAAAGCTTTACGGATGTGCCACCCATCTATAGAGGGTTTCA 
Cow(XM_587645)           GAGTTTTCAGAAGGCATTACGGATGTGCCATCCTTCTATAGATGGTTTTA 
Rabbit (EU 520487)       -------------------------------------------------- 
Chimpanzee(XM001146466)  GAGTTTCCAGAAAGCTTTACGGATGTGCCACCCATCTATAGAAGGTTTCA  
Mouse(AK028683)          AAGTTTCCAGAAGGCTCTGAGGATGTGCCATCCATCTGTGGATGGGTTCA 
Clustal Consensus  
 
Dog(XM_85713)            CCTCCCGCCTCCCAATGAACAAAGAATGGCCATCCAACATAGATCTCAGA 
Rat(RATCPSI)             CTCCCCGTCTCCCAATGAATAAGGAATGGCCAGCAAACCTGGATCTGAGG 
Human(HUMCPSI)           CTCCCCGTCTCCCAATGAACAAAGAATGGCCATCGAATTTAGATCTTAGA 
Cow(XM_587645)           CTTCCCGTCTCCCAATGAACAAAGAGTGGCCATCTGACATCGATCTCAGA 
Rabbit(EU520487)         -------------------------ATGGCCATCAAACCTGGATCTCCGG 
Chimpanzee(XM001146466)  CTCCCCGTCTCCCAGTGAACAAAGAATGGCCATCTAATTTAGATCTTAGA 
Mouse(AK028683)          CTCCCCGGCTCCCAATGAATAAGGAATGGCCAGCAAACCTGGATCTGAAG 
Clustal Consensus                              ****** *  * * *****     
 
Dog(XM_85713)            AGAGAGCTGGCTGACCCATCCAGCACCCGCATCTATGCCATTGCCAAGGC 
Rat(RATCPSI)             AAGGAGCTGTCTGAACCCTCCAGCACCCGCATCTATGCCATTGCTAAGGC 
Human(HUMCPSI)           AAAGAGTTGTCTGAACCAAGCAGCACGCGTATCTATGCCATTGCCAAGGC 
Cow(XM_587645)           AGAGAGCTGGCTGACCCATCCAGCATCCGCATCTATGCCATTGCCAAGGC 
Rabbit(EU520487)         ACAGAGCTGGCTGAGCCAACCAGCACCCGCATCTATGCCATTGCCAAGGC 
Chimpanzee(XM001146466)  AAAGAGTTGTCTGAACCAAGCAGCACGCGTATCTATGCCATTGCCAAGGC 
Mouse(AK028683)          AAAGAGCTGTCTGAGCCCTCCAGCACCCGCATCTACGCCATTGCTAAGGC 
Clustal Consensus        * *** ** **** **   *****  ** ***** ********  ***** 

 
Dog(XM_85713)            CTTGGAAGACAACATGTCCCTTGATGAGATTATGCAGCTCACATCCATTG 
Rat(RATCPSI)             CTTGGAAAACAACATGTCCCTTGACGAAATCGTGAAGCTCACATCCATTG 
Human(HUMCPSI)           CATTGATGACAACATGTCCCTTGATGAGATTGAGAAGCTCACATACATTG 
Cow(XM_587645)           CTTGGAAGACAACATGTCACTTGATGAGATTATGAAGCTCACATCCATTG 
Rabbit(EU520487)         CTTAGAAGACAACATGTCCCTTGATGAAATTGTGAAGCTCACATCCATTG 
Chimpanzee(XM001146466)  CATTGATGACAACATGTCCCTTGATGAGATTGAGAAGCTCACATACATTG 
Mouse(AK028683)          CTTGGAGAACAACATGTCCCTCGACGAAATTGTGAGGCTCACGTCCATCG 
Clustal Consensus        * * **  ********** ** ** ** **   *  ****** * *** * 
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Dog(XM_85713)            ACAAGTGGTTTTTGTATAAGATGCGGGACATTTTAAAAATGGAAAAGACA 
Rat(RATCPSI)             ACAAGTGGTTTTTGTATAAGATGCGTGACATTTTAAACATGGATAAGACA 
Human(HUMCPSI)           ACAAGTGGTTTTTGTATAAGATGCGTGATATTTTAAACATGGAAAAGACA 
Cow(XM_587645)           ACAAGTGGTTTCTGTATAAGATGCGTGACATTTTAAACATGGAAAAGACA 
Rabbit(EU520487)         ATAAGTGGTTTTTGTATAAAATGCGAGACATTTTAAACATGGAAAAGACA 
Chimpanzee(XM001146466)  ACAAGTGGTTTTTGTATAAGATGCGTGATATTTTAAACATGGAAAAGACA  
Mouse(AK028683)          ACAAGTGGTTTCTGTACAAGATGCGTGACATTTTAAACATGGATAAGACA 
Clustal Consensus        * ********* **** ** ***** ** ******** ***** ****** 
 
Dog(XM_85713)            CTGAAAGGGCTCAACAGTGAATCCATTACAGAAGAAACCCTGAAAAAGGC  
Rat(RATCPSI)             CTGAAAGGGCTTAACAGTGAGTCTGTTACAGAAGAAACTCTGAGACAGGC 
Human(HUMCPSI)           CTGAAAGGCCTCAACAGTGAGTCCATGACAGAAGAAACCCTGAAAAGGGC 
Cow(XM_587645)           CTGAAAGGGCTCAACAGTGAGTCCATTACAGAAGAAACCCTGAAAAAGGC 
Rabbit(EU520487)         TTGAAAGGGCTCAGCAGTGATTCCATTACAGAAGAAACACTGAGAAAGGC 
Chimpanzee(XM001146466)  CTGAAAGGGCTCAACAGTGAGTCCATTACAGAAGAAACCCTGAAAAGGGC  
Mouse(AK028683)          CTGAAAGGGCTTAACAGTGACTCTGTTACAGAAGAAACTCTGAGAAAGGC 
Clustal Consensus         ******* ** * ****** **  * *********** **** *  *** 
 
Dog(XM_85713)            AAAGGAGATTGGGTTCTCAGACAAGCAGATTTCAAAATGTCTCGGGCTGA 
Rat(RATCPSI)             CAAAGAGATTGGGTTCTCAGACAAGCAGATTTCAAAATGTTTAGGACTGA 
Human(HUMCPSI)           AAAGGAGATTGGGTTCTCAGATAAGCAGATTTCAAAATGCCTTGGGCTCA 
Cow(XM_587645)           AAAGGAGATTGGGTTCTCAGACAAGCAGATTTCAAAATGCCTCGGGCTGA 
Rabbit(EU520487)         AAAGGAGATTGGGTTCTCTGACAAGCAAATTTCAAAATGCCTGGGACTGA 
Chimpanzee(XM001146466)  AAAGGAGATTGGGTTCTCAGATAAGCAGATTTCAAAATGCCTTGGGCTCA  
Mouse(AK028683)          CAAGGAGATTGGGTTCTCAGACAAGCAGATTTCAAAATGTTTGGGACTGA 
Clustal Consensus         ** ************** ** ***** ***********  * ** ** * 
 
Dog(XM_85713)            CTGAGGCCCAGACGAGGGAGCTGAGGTTAAAGAAAAACATCCACCCTTGG 
Rat(RATCPSI)             CCGAGGCTCAGACAAGAGAGCTGAGATTGAAGAAAAACATCCACCCTTGG 
Human(HUMCPSI)           CTGAGGCCCAGACAAGGGAGCTGAGGTTAAAGAAAAACATCCACCCTTGG 
Cow(XM_587645)           CTGAGGCCCAGACAAGAGAGCTGAGGTTAAAGAAAAACATTCATCCTTGG 
Rabbit (EU 520487)       CTGAAGCCCAGACAAGGGAG------------------------------ 
Chimpanzee(XM001146466)  CTGAGGCCCAGACAAGGGAGCTGAGGTTAAAGAAAAATATCCACCCTTGG  
Mouse(AK028683)          CTGAAGCCCAGACAAGAGAGCTGAGGTTAAAGAAAAACATCCACCCTTGG  
Clustal Consensus      * ** ** ***** ** ***  
 
 
 
Table 2.9 - BLAST alignment of G6Pase (EU520488) 

Human (BC136369)         TTTAAGTGGATTCTCTTTGGACAGCGTCCATACTGGT-GGGTTTTGGATA 
Sheep (EF062861)         -------------TCTTTGGACAGCGCCCATACTGGT-GGGTTTTGGACA 
Horse (XM_001492705)     TTTAAGTGGATTCTCTTCGGACAGCGCCCGTACTGGT-GGGTCCTGGACA 
Rabbit (EU520488)        ----------------------------------GGTAGGGTGCTGGACA 
Cat (NM_001042378)       TTTAAGTGGATTCTCTTTGGACAGCGTCCATACTGGT-GGGTCATGGACA 
Clustal Consensus                                          *** ****  **** * 
 
Human(BC136369)          CTGACTACTACAGCAACACTTCCGTGCCCCTGATAAAGCAGTTCCCTGTA 
Sheep(EF062861)          CCGACTACTACAGCAACACCTCGGTGCCGCTGATAAAGCAGTTCCCGGTC 
Horse(XM_001492705)      CCGACTACTACAGAAACACCTCCGTGCCGCTGATCAAGCAGTTCCCGATC 
Rabbit(EU520488)         CCGACTACTACAGCAACACCTCCGTGCCAGTGATAAAGCAATTCCCTGTC 
Cat(NM_001042378)        CCGACTACTACAGCAACGCCTCCGTGCCACTGATAAAGCAGTTCCCAGTC 
Clustal Consensus        * *********** *** * ** *****  **** ***** *****  *   
 
Human(BC136369)          ACCTGTGAGACTGGACCAGGGAGCCCCTCTGGCCATGCCATGGGCACAGC 
Sheep(EF062861)          ACCTGTGAGACTGGCCCAGGAAGTCCCTCTGACCACGCCATGGGTACAGC 
Horse(XM_001492705)      ACCTGTGAGACTGGCCCAGGGAGTCCCTCTGGCCATGCCATGGGTACAGC 
Rabbit(EU520488)         ACCTGTGAGACTGGACCAGGGAGCCCCTCTGGCCATGCCATGGGTACAGC 
Cat(NM_001042378)        ACCTGCGAGACTGGACCAGGAAGTCCCTCTGGTCATGCCATGGGTACAGC 
Clustal Consensus        ***** ******** ***** ** *******  ** ******** *****                       
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Human(BC136369)          AGGTGTATACTACGTGATGGTCACATCTACTCTTTCCATCTTTCAGGGAA 
Sheep(EF062861)          AGGTGTATACTATGTGATGGTCACATCTATCCTCTCTATCTTTCGCGGAA 
Horse(XM_001492705)      AGGTGTATACTATGTGATGGTCACATCCGCCCTCTCTATCTTTCGGGGAA 
Rabbit(EU520488)         AGGTGTGTACTACGTGATGGTCACTTCCATACTCTCCATCTTTCGGGGGA 
Cat(NM_001042378)        AGGTGTGTACTATGTGATGGTCACATCCACCCTCTCTATGTTTCGGGGAA 
Clustal Consensus        ****** ***** *********** **    ** ** ** ****  ** *                         
 
 
Human(BC136369)          AGATAAAGCCGACCTACAGATTTCGGTGCTTGAATGTCATTTTGTGGTTG 
Sheep(EF062861)          AGAAAAAGCCAACCTACAGATTTCGGTGCTTGAATGTCATGTTGTGGTTG 
Horse(XM_001492705)      AGAAAAAGGCAACCTACAGATTTTGGTGCTTGAACATCATTTTGTGGTTG 
Rabbit(EU520488)         AGAAAAAGCTGACCTACAGATTTCGGTGCTTGACCGTGGTGCTGTGGCTG 
Cat(NM_001042378)        AGAAAAAGCCAACCTACAGATTTCGGTGCTTGAACGTCATTTTGTGGTTG 
Clustal Consensus        *** ****   ************ *********   *  *  ***** **                        
 
Human(BC136369)          GGATTCTGGGCTGTGCAGCTGAATGTCTGTCTGTCACGAATCTACCTTGC 
Sheep(EF062861)          GGATTCTGGATCGTGCAACTGAATGTCTGCCTGTCACGAATCTACCTTGC 
Horse(XM_001492705)      GGATTCTGGGCCGTACAGCTGAACGTCTGTCTGTCACGAATCTACCTTGC 
Rabbit (EU520488)        GCTTTCTGGGCAGTGCAGCTGAAC-------------------------- 
Cat(NM_001042378)        GGATTCTGGGCAGTGCAGCTGAACGTCTGTTTGTCCCGAATCTACCTTGC 
Clustal Consensus      *  ******   ** ** *****                             
 

                        
2.3.6.2. Relative gene transcription 

Table 2.10 shows the values for the gene transcription of the regulatory enzymes. The New 

Zealand breed restricted feed group showed no significant differences over controls in the 

mRNA level of the studied enzymes.  

 

Table 2.10 - Quantification of mRNA transcription by Real Time PCR 

enzyme NZC NZR WRC WRR 

GS 0.00012b±0.00006 0.00037b±0.00020 0.00526a±0.00147 0.00033b±0.00016 

GP 0.021c±0.007 0.020c±0.003 0.266a±0.023 0.094b±0.032 

HK 0.0013b±0.0005 0.0010b±0.0003 0.0052ab±0.0010 0.0087a±0.0039 

PFK 0.0020b±0.0005 0.0015b±0.0003 0.0035b±0.0002 0.0078a±0.0024 

PK 7.41x10-06b±1.95x10-06 4.31x10-06b±8.57x10-07 7.70x10-06b±1.66x10-06 2.87x10-05a±1.32x10-05 

PC 0.047ab±0.027 0.014b±0.005 0.107a±0.026 0.113a±0.057 

PEPCKc 0.015b±0.006 0.363b±0.114 2.156a±0.285 0.435b±0.154 

FBPase 2.01x10-09b±8.74x10-10 5.97x10-09b±1.01x10-09 5.87x10-08a±2.12x10-08 1.90x10-08b±5.47x10-09 

G6Pase 0.0055b±0.003 0.0030b±0.001 0.0528a±0.010 0.0161b±0.007 

GDH 1.83c±0.71 1.27c±0.28 15.21b±0.44 34.66a±3.41 

CPSI 1.44bc ± 0.82 0.54b± 0.07 5.57b ± 0.56 14.05a ± 3.52 

ACOAC 0.0048b ± 0.00118 0.0005b ± 0.00006 0.0047b ± 0.00119 0.0258a ± 0.00803 

HL 0.0002b±0.0001 0.0005b±0.0002 0.0250a±0.0040 0.0138a±0.0073 

Values are means ± SEM; Values within the same line that do not share the same superscript letter are significantly different 
(p<0.05). NZC – New Zealand Control; NZR – New Zealand Restricted; WRC – Wild Rabbit Control; WRR – Wild Rabbit 
Restricted; HK – Hexokinase; PFK – Phosphofructokinase; PK – Pyruvate kinase; PC – pyruvate carboxylase; PEPCKc – 
cytosolic Phosphoenolpyruvate carboxykinase; FBPase – Fructose 1,6-biphosphatase; G6Pase – Glucose 6-phosphatase; GS 
– Glycogen synthase; GP – Glycogen Phosphorylase;  GDH – Glutamate dehydrogenase; CPSI – Carbamoyl phosphate 
synthase; ACOAC – Acetyl CoA Carboxylase; HL – Hepatic Lipase 
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On the other hand, the WRR group revealed a decrease over controls in the transcription of 

PEPCKc (4.96 fold), FBPase (3.10 fold), G6Pase (3.29 fold), GS (16 fold) and GP (2.84 fold) 

(Fig 2.3), and a transcription increase over controls of PFK (2.23), PK (3.73), GDH (2.28), 

CPSI (2.52) and ACOAC (5.48). 

 
 

 
Fig 2.4 - Folds of the transcription level in the Wild Rabbit Breed. PEPCKc – cytosolic Phosphoenolpyruvate 
carboxykinase; G6Pase – Glucose 6-phosphatase; GS – Glycogen synthase; GP – Glycogen Phosphorylase;  GDH – 
Glutamate dehydrogenase; CPSI – Carbamoyl phosphate synthase; ACOAC – Acetyl CoA Carboxylase 

 

 

2.3.7. Hormone blood levels 

The insulin levels can be seen in fig. 2.5, in which depicts the absence of insulin in the NZR 

group and no statistical differences in the results of the wild rabbit breed. Figure 2.6 reveals 

the levels of cortisol obtained for the experimental groups. No significant differences were 

detected in the New Zealand breed and in the WR group a significant decrease (54.7%) can 

be observed when the animals were subjected to food restriction. Fig. 2.7 shows a significant 

decrease of IGF-1 in the NZR group caused by food restriction (63.4%). In the Wild rabbit 

group no significant differences were observed concerning this hormone. T3 levels were 

reduced in both of the restricted groups (fig. 2.8), with the NZR presenting a decrease of 

45.4% and WRR of 41.3%. 
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Fig 2.5 - Serum insulin levels in NZ and Wild 
rabbits (µIU/ml). NZC-New Zealand Control; NZR–
New Zealand Restricted; WRC-Wild rabbit 
Control; WRR–Wild Rabbit Restricted; Values are 
expressed as mean ± SEM. Bars with different 
letters differ significantly (p<0.05). 
 

Fig 2.8 - Plasma T3 levels in NZ and Wild rabbits 
(ng/dL). NZC-New Zealand Control; NZR–New 
Zealand Restricted; WRC-Wild rabbit Control; 
WRR–Wild Rabbit Restricted; Values are 
expressed as mean ± SEM. Bars with different 
letters differ significantly (p<0.05). 
 

Fig 2.7 - Plasma IGF-1 levels in NZ and Wild 
rabbits (ng/ml). NZC-New Zealand Control; NZR–
New Zealand Restricted; WRC-Wild rabbit Control; 
WRR–Wild Rabbit Restricted; Values are 
expressed as mean ± SEM. Bars with different 
letters differ significantly (p<0.05). 

Fig 2.6 - Plasma cortisol levels in NZ and Wild 
rabbits (µg/dL). NZC-New Zealand Control; NZR–
New Zealand Restricted; WRC-Wild rabbit Control; 
WRR–Wild Rabbit Restricted; Values are 
expressed as mean ± SEM. Bars with different 
letters differ significantly (p<0.05). 
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2.4. Discussion 

2.4.1. Live weights, carcass composition and energe tic/protein losses 

With the same level of feed restriction (70% reduction of their ad libitum daily ration), the two 

breeds suffered similar % of weight reductions (17.7% NZR versus 21.1% WRR). They 

presented different responses regarding the carcass composition. The WRR group showed, 

over the NZR animals, a higher reduction in the carcass fresh weight, carcass yield, % fat 

and energy density. Total fat changes decreased as expected in the restricted food groups. 

% fat suffered a major reduction (58.8%), which is consistent with the lipids being the first 

energetic source to be mobilized (Hornick, Van Eenaeme, Gérard, Dufrasne, & Istasse, 

2000). The fact that the carcass yield presented a higher reduction in the WR (over NZR), 

can be explained by the higher fat depletion experienced by these animals, in line with the 

higher EnD reduction in the WR breed. % protein suffered a major increase in the NZR 

rabbits over controls, explained by the diminution of % fat and subsequently by the raise in 

the carcass protein fraction. The results concerning energy and protein changes reflect the 

higher weight loss suffered by the Wild rabbit breed over controls, with those animals 

showing greater losses in all the parameters excluding the % protein content. 

 

2.4.2. Carbohydrate metabolism 

2.4.2.1. Hexokinase 

This enzymes’ activity was also determined and the results showed no statistical difference 

in the NZR animals presenting, however a decrease in the Wild Rabbit restricted group. The 

latter is consistent with a study that reported the influence of caloric restriction on the activity 

of HK (Hagopian, Ramsey, & Weindruch, 2003), in which significant decreases (28% and 

54%) were verified in young and old mice (subjected to 1 and 28 months of caloric 

restriction-60% of ad libitum intake, respectively). In fish, similar results were obtained when 

the animals were deprived of food during 14 days (Kirchner, Seixas, Kaushik, & Panserat, 

2005). Our Wild rabbit breeds’ results are consistent with the decrease in glucose levels 

showed by our experiments consistent with decreased enzyme activities involved in the 

glycolysis during food deprivation and energy restriction. One possible explanation for our 

results in the NZ experimental group might be related to the fact that, according to our study, 

glucose level was maintained constant in the food restricted animals with no need for 

catabolizing glucose. This fact is corroborated with the level of G6P that also did not change 

with food restriction (fig. 2.9). In the Wild Rabbit breed, glucose level is decreased in the 

restricted group, indicating a food deprivation status with glucose and HK depression, 

maintaining G6P levels (fig 2.10). Other researchers have noticed the same results regarding 

this enzymes’ mRNA level (Dhahbi et al., 1999). Most of the studies involving starvation or 

fasting refer to a decrease in the mRNA level of HK (Caseras, Metón, Fernández, & 
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Baanante, 2000; Dhahbi et al., 2001; Kirchner et al., 2005; Soengas, Polakof, Chen, 

Sangiao-Alvarellos, & Moon, 2006) 

Hexokinase did not suffer any influence of food restriction in the New Zealand breed groups 

regarding its transcriptional level. Food restriction induced a reduction of this parameter in 

the WR. Although HK mRNA level was not changed due to food restriction this enzyme can 

present a reduced mRNA when subjected to starvation (Pilkis & Claus, 1991), due to the 

transcription inhibition by glucagon when glucose production is required. 

We would like to highlight that HK transcriptional levels in the WRR group does not match 

with its activity results, which are depressed. 

 

2.4.2.2. Phosphofructokinase 

Phosphofructokinase, another key enzyme in glycolysis, did not suffer any influence of food 

restriction in its transcriptional level and in its activity in the New Zealand breed. In these 

animals, although F6P concentration decreased in the restricted group, the enzyme and its 

product (FBP) did not exhibit any effect of food restriction (fig 2.9). In the Wild rabbits, PFK 

mRNA level increased in the restricted animals, in tolerance with the hepatic levels of F6P 

we found in this experimental group. This result contradicts the activity levels of the enzyme, 

but agrees with the decrease in concentration of FBP (fig. 2.10). Our results regarding the 

enzyme mRNA level in the NZ rabbits agree with a study effectuated in rats, in which no 

difference was detected when animals were subjected to starvation (Hotta et al., 1991). 

Other authors detected a reduction of 14% in caloric restricted mice (Dhahbi et al., 1999), 

suggesting a decreased enzymatic capacity for glycolysis.  

PFK activity was unaltered in both breeds when the animals were subjected to food 

restriction. Ugochukwu & Figgers (2006) worked with rats under caloric restriction and they 

noticed the same results regarding this enzyme. A contradictory result was observed by 

Hagopian et al. (2003) in caloric restricted mice, whose enzymes’ activity revealed a 

decrease of 14% in young animals and 27% in old mice.  

 

2.4.2.3. Pyruvate kinase 

PK activity was decreased in the NZ group as did pyruvate concentration as did pyruvate 

concentration (fig.2.9). These results are consistent with a study that reported the influence 

of caloric restriction on the activity of PK. Significant decreases in the activity (27% and 37%) 

were verified in this enzyme in young mice (subjected to 1 month of caloric restriction-60% of 

ad libitum intake) and also in old mice (subjected to 28 months of caloric restriction with the 

same daily caloric intake), respectively (Hagopian et al., 2003). The NZR PK activity results 

were also corroborated by a study in fish that were starved during 18 days, in which PK 

activity significantly decreased (Meton et al., 2003). The Wild rabbit restricted group did not 
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present any differences in the activity over the control group, even though PEP (its substrate) 

and pyruvate were increased with food restriction (fig. 2.10). This result is in conformity with 

several studies effectuated in fasted fish (Kirchner et al., 2005; Soengas et al., 2006), in 

which the authors did not detected any influence of food deprivation in the activity of PK.  

Pyruvate kinase revealed no influence of food restriction on its mRNA level in the NZ breed. 

This result does not agree with Dhahbi et al. (1999), since these authors noticed a decrease 

in the transcriptional level of PK (42%) in caloric restricted rats. On the other hand, Kirchner 

et al. (2005) revealed an increase in the mRNA level in fish subjected to food deprivation, 

similar to that verified by us in the WR breed. There is no consistence in the mRNA levels 

amongst several authors, finding under restricted food, increases or decreases of these 

levels (Granner & Pilkis, 1990).  

 

2.4.2.4. Pyruvate carboxylase 

PC mRNA level did not suffer the influence of food restriction in both breeds utilized, as can 

be seen in our results. This data does not agree with Velez & Donkin (2005) who worked with 

feed restricted cows and recorded an increase of hepatic PC transcriptional level in these 

animals compared to their controls. Expression of PC has shown to be elevated during 

fasting or starvation when endogenous glucose is required for certain tissues, such as brain, 

white blood cells and kidney medulla (Jitrapakdee & Wallace, 1999). However, we found that 

the product of PC activity (OA) has also not suffered any influence of food restriction in both 

breeds.  

 

2.4.2.5. PEPCK 

Our PEPCK activity results show no statistical differences in the NZR group and an increase 

in the restricted group of the Wild rabbit breed over controls. The results concerning the New 

Zealand breed agree with Aas-Hansen, Jorgensen, & Vijayan (2005), in which fish were 

fasted for 2 months displaying no significant differences in the activity of this enzyme. 

Our results show that food restriction decreased the transcription rate of PEPCK mRNA in 

the Wild rabbit group and did not affect the level in the New Zealand breed. These results 

concerning the WRR animals do not agree with those found by other authors (Dhahbi et al., 

2001; Dhahbi et al., 1999; Hagopian, Ramsey, & Weindruch, 2003a), since they showed an 

increase in the PEPCK mRNA levels in animals subjected to caloric restriction. On the other 

hand, Velez & Donkin (2005) studied the effect of feed restriction in dairy cows and found no 

change in mRNA level of this enzyme, thus in concordance with our NZR group.  

Similar results (low mRNA level and increased activity) were found by Hammon, Philipona, 

Zbinden, Blum & Donkin (2005), in calves subjected to growth hormone treatments. Their 

explanation for this discrepancy concerns to the lack of specificity in assaying PEPCK activity 
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and the differences in regulation of the expression and activity in their experimental 

conditions. Our results can possibly be explained by the lack of allosteric regulation of this 

enzyme and by possible alterations induced by phosphorylation levels that can explain the 

rise in its activity. The decrease in the gene transcription might be due to a signal received 

from a decrease found in our substrate results (oxaloacetate). A more complex explanation 

can be proposed involving ATF3, a protein induced by stress that binds to the CRE (cAMP 

regulatory element) of the gene promoter and represses transcription of the gene in the liver 

(Croniger et al., 2002b).  

 

2.4.2.6. Fructose 1.6 biphosphatase 

FBPase activity according to our results was increased in the NZ food restricted animals. 

This increase can also be observed in work done with food deprived fish (Kirchner et al., 

2005), in caloric restricted mice (Hagopian et al., 2003) and in starved fish (Metón et al., 

1999). Our results do not reflect the values obtained from the substrates (fig. 2.9), since food 

restriction did not affect the initial metabolite (FBP) and decreased the product (F6P). In the 

Wild rabbit breed, however, our imposed restriction did not affect this enzymes activity, 

although the metabolites that intervene in this reaction suffered a decrease.   

The increase in the activity verified in the NZ breed, is in agreement with the notion of 

enhanced neoglucogenesis, which leads to the maintenance of glucose levels, which was 

verified in these animals.  

FBPase mRNA level was unaffected by the diet in the NZ breed. This is in agreement with 

Dhahbi et al. (1999), who also did not notice any influence of caloric restriction in mice. 

Kirchner, Panserat, Lim, Kaushik & Ferraris (2008) came also to the same conclusion when 

fish were deprived of food during 14 days. However, the same authors noticed different 

results (increase), also in food deprived fish but when compared to fish fed with a high 

carbohydrate diet (Kirchner et al., 2005). In the WR breed, this enzymes’ mRNA suffered a 

decrease in the restricted animals. 

Differences between activity and mRNA expression in both breeds can reflect consequences 

of transcription processes. 

 

2.4.2.7. Glucose 6-phosphatase  

In both breeds food restriction increased this enzymes’ activity. Similar observations were 

detected in a study that involved young mice fed during 1 month with only 60% of ad libitum 

intake in which G6Pase activity level suffered an increase of 19% relatively to the control 

animals (Hagopian et al., 2003a). Different results were observed by Pinheiro, Taddei, 

Migliorini, & Kettelhut (2006) where no changes were found in the liver of bats submitted to 

24 h fasting, when compared to fed animals. In minks that lost 1.5–3.2%/day of their body 
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weight after 2-7 days of fasting, hepatic G6Pase activity was decreased (Mustonen et al., 

2005), contradictory to our results.  

G6Pase mRNA level did not reveal any influence of food restriction in the NZ breed. The 

WRR group presents a decrease over control. Our NZ results are in agreement with those 

made by Kirchner, Seixas, Kaushik, & Panserat (2005), in rainbow trouts subjected to food 

deprivation during 14 days, in which no statistical differences were detected. Other authors, 

however, observed mice fed 50% of basal requirements needs which increased the enzyme 

transcriptional level by 1.6 fold and 2.3 fold in the liver of young and old CR mice than in the 

control groups (Dhahbi et al., 1999). These increases were also detected in long-term 

starved or energy-restricted fish (Caseras et al., 2002).  

In the NZ case the increase in the activity can be due to the lack of insulin verified in the 

restricted animals, since this enzyme is negatively regulated by this hormone. 

As in other enzymes we found contradictory results regarding mRNA values and activity 

levels. 

 

2.4.2.8. Glycogen synthase 

Food restriction did not affect mRNA level of GS in the NZ breed and in the WR breed these 

values decreased. Dhahbi et al. (1999) noticed the same results in caloric restricted mice, 

i.e., a decrease in the transcriptional level of GS. Although our enzymes’ mRNA level 

decreased in the wild animals, its substrate (G1P) suffered an increase and glycogen (its 

product) maintained the same level in both groups (restricted and control). In the NZ breed, 

G1P did not change its level in both diet groups; however, glycogen level suffered a 

decrease in our NZ restricted animals (fig. 2.9). Nur, Sela, Webster, & Madar (1995) noticed 

similar results concerning glycogen synthase mRNA level and glycogen concentrations in the 

liver of starved rats. 

Our values of GS in the WRR group agree with a food restricted environment, in which no 

syntheses of energetic resources are predominant.  

 

2.4.2.9. Glycogen phosphorylase  

Food restriction did increase GP activity in both experimental breeds restricted food groups. 

These results agree with work done in starved salmon by Sundby, Hemre, Borrebaek, 

Christophersen, & Blom (1991). They also noticed no difference in this enzymes activity in 

another fish species (cod). They explain these results with the different degrees of 

environmental and handling stress. Our results differ from those recorded in a study done in 

fasting minks (with loss of 1.5–3.2%/day of their body weight) (Mustonen et al., 2005).  

These authors found that the activity of glycogen phosphorylase decreased significantly. 

Although the activity of GP in our work suffered an increase in the NZ animals, G1P did not 
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report any differences, but glycogen was depleted, which agrees with the food restricted 

condition. 

GP mRNA level presented no significant differences between the restricted and the control 

group in the NZ breed and in the WR breed a decrease was verified when the animals were 

submitted to food restriction. 

 

Fig 2.9 and 2.10 depicts metabolic flow enzyme activity, mRNA values and metabolites 

concentrations respectively in the NZ rabbit experimental group and WR group. The arrows 

concern metabolic flows. The metabolic differences concerning carbohydrate metabolism 

and the effect of food restriction in both experimental breeds could be synthesized as follows:  

in the NZ group a constant level of glucose was maintained, probably explained by the low 

levels of insulin obtained in the restricted group, also observed by other researchers 

(Caldeira, Belo, Santos, Vazques, & Portugal, 2007a). We can also observe that the NZ 

group reacts to food restriction with an increase of the activity of FBPase and with a 

decrease of PK relatively to the WR. In the NZ breed, FBP levels are maintained. G1P 

concentration is also increased.  

In the WR breed the animals seemed to have more difficulty to maintain a high level of 

glucose, as can be verified by the decrease in many of the metabolites involved in these 

pathways (F6P, FBP, OA) and in some of the enzymes expression (G6Pase, FBPase, 

PEPCK). Even though glycemia could not be maintained, pyruvate and PEP levels were 

increased, the first probably due to the degradation of aminoacids (fig. 2.10).  

Our data regarding enzymes activity are in agreement, in most cases, with the levels of 

metabolites. In the New Zealand breed, PK presents a reduced activity level, so as pyruvate 

in food restricted animals. PEPCK activity level showed no significant differences as did OA 

and PEP, identical situation happened with G6Pase, G6P and glucose (although G6Pase 

activity was increased). Hagopian et al. (2003) obtained similar results regarding PK and 

pyruvate and Mustonen et al. (2005) recorded the same results as ours for glucose and 

glycogen.  
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Fig 2.9 - NZR metabolite levels, enzyme gene expression and enzyme activity over controls in the glycolytic 
and gluconeogenic pathways. Enzymes underlined indicate important regulatory points. Connections of other 
major pathways to the glycolytic metabolism are indicated in the red dashed boxes. G1P-glucose-1phosphate; 
G6P-glucose-6phosphate;F6P–Fructose-6phosphate;FBP-fructose-1,6biphosphate;PEP-phosphoenolpyruvate; 
PYR-pyruvate; OA-oxaloacetate; HK-hexokinase; GlcPase-glucose-6phosphatase; PFK-phosphofructokinase; 
FBPase-fructose-1,6biphosphatase;PK-pyruvatekinase;PC-pyruvatecarboxykinase;PEPCK-
phosphoenolpyruvate carboxykinase; act. – activity; mRNA – mRNA level 
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Fig 2.10 - WRR metabolite levels, enzyme gene expression and enzyme activity over controls in the glycolytic 
and gluconeogenic pathways. Enzymes underlined indicate important regulatory points. Connections of other 
major pathways to the glycolytic metabolism are indicated in the red dashed boxes. G1P-glucose-1phosphate; 
G6P-glucose-6phosphate;F6P–Fructose-6phosphate;FBP-fructose-1,6biphosphate;PEP-
phosphoenolpyruvate;PYR-pyruvate;OA-oxaloacetate; HK-hexokinase; GlcPase-glucose-6-phosphatase; PFK-
phosphofructokinase;FBPase-fructose-1,6biphosphatase;PK-pyruvate kinase;PC-pyruvate carboxykinase; 
PEPCK-phosphoenolpyruvate carboxykinase. act. – activity; mRNA – mRNA level 
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2.4.3. Protein metabolism 

2.4.3.1. Glutamate dehydrogenase 

The NZ breed did not reveal any difference between the restricted and the control group 

regarding the enzymes transcriptional level. The activity of GDH in the NZ group suffered an 

increase when subjected to food restriction (fig 2.11). This can be explained by the fact that 

mammalian GDH is regulated allosterically by diverse compounds, such as purine 

nucleotides (ADP, NADH, GTP) and these are shown to influence the enzyme’s activity rate 

as GDH is stimulated by ADP and inhibited by GTP and NADH and ATP. The oxidative 

deamination of glutamate by GDH induces the availability of the reduced coenzymes NADH 

or NADPH used in the synthesis of ATP, as can be observed in situations of energy shortage 

such as food restriction (Plaitakis & Zaganas, 2001). 

In the WRR group our results show a decrease in the GDH activity, which can reflect the lack 

of the deamination capacity of glutamate. This can be a limiting factor in the catabolism of 

the aa and the use of proteins as energy resources. 

Our GDH mRNA level increased in the Wild rabbit restricted animals when compared to the 

control group (fig 2.11). This result does not agree with the level of enzyme activity found in 

our work.   

So, in both experimental animal groups the enzyme mRNA level does not agree with the 

results expressing its chemical activity. 

  

2.4.3.2. Carbamoyl phosphate synthase 

CPSI mRNA results were similar to the GDH values, i.e., the Wild rabbit restricted group 

presented an increase when subjected to food restriction and the NZ breed was unaffected 

by our study condition (fig 2.11). Caloric restricted mice presented the same results 

(increase) and the authors referred that their results suggest that calorie restriction increases 

protein catabolism, probably for gluconeogenesis (Tillman et al., 1996). Since our results are 

in agreement with the results of GDH we can refer that the mitochondrial glutamate formed 

via the GDH pathway may have an important role in formation of N-acetylglutamate , an 

allosteric activator of carbamoyl-phosphate synthetase-I (Nissim, 1999). Also, our results 

regarding this enzyme are in concordance with protein catabolism situations. However in the 

nitrogen metabolism of WRR we must consider the depression in GDH activity and its limiting 

effects. 
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2.4.4. Lipid metabolism 

2.4.4.1. Hepatic lipase 

HL did not suffer any influence of food restriction on its mRNA level in both of the breeds. 

Although in different animal tissues, some authors came to the same conclusion. Oku et al. 

(2006) worked with fasted fish and investigated the expression of HL in the hepatopancreas. 

They noticed no influence of fasting on the expression level of HL in this tissue.  Even though 

HL did not present any change in both our breeds, triacylglycerol level did decrease in the 

plasma of the restricted New Zealand animals over controls and NEFA also decreased but in 

the restricted group of the Wild rabbits (fig. 2.12 and fig 2.13). These results might be due to 

decreases in the activity of HL, which are in agreement with TGA concentrations on both 

restricted food groups. WRR animals maintained TGA levels which is consistent with the lipid 

depletion of these experimental animals.  

 

2.4.4.2. Acetyl CoA Carboxylase 

Acetyl-CoA carboxylase plays an important role in the metabolism of fatty acids, since it 

catalyzes the committed step in fatty acid synthesis. In our results ACOAC mRNA levels 

remained unaffected by food restriction in the NZ breed (fig. 2.12) and suffered an increase 

in the wild rabbit breed. These results are contrary to those found by Ryu, Daily, & Cha 

Fig 2.11 - NZR and WRR enzyme gene expression and activity from protein metabolism over controls. 
Enzymes underlined indicate important regulatory points.NZR – New Zealand restricted group; WRR – Wild 
rabbit restricted group; GDH – glutamate dehydrogenase; CPSI – carbamoyl phosphate synthase 
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(2005), which suffered a decrease in starved rats versus control. The same effect of 

starvation on rats was observed by Kim & Freake (1996).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our results are not consistent with food deprivation, since in the wild rabbits, the mRNA 

increased, contrary to results normally found in situations similar to ours. Since Acetyl CoA 

did not suffer any difference between the restricted and control group (fig. 2.13), this is the 

point where there might be an explanation for the elevation of the mRNA level. Rather than 

obtaining acetyl CoA from glucose through glycolysis, this substrate might be provided from 

the degradation of amino acids, so as to maintain the level of glucose constant. Relating this 

fact with the notion that this enzyme has an active and an inactive form (Nelson & Cox, 

2005a), we might attribute the higher level of mRNA in this breed to the inactive form of this 

enzyme. This speculation is possible since no activity could be measured. 

 

 

 

 

Fig 2.12 - NZR metabolite levels, enzyme gene expression and activity from lipid metabolism over controls. 
Enzymes and metabolites underlined indicate important regulatory points.NZR – New Zealand restricted group; 
WRR – Wild rabbit restricted group; TGA – triacylglycerol; NEFA – non esterified fatty acids; HL – hepatic 
lipase; LPL – lipoprotein lipase; ACOAC – Acetyl CoA carboxylase;FAS – fatty acid synthetase  
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2.4.5. Influence of food restriction on hormone lev els 

2.4.5.1. Cortisol 

The cortisol results did not suffer any significant differences in the NZ breed. The WRR group 

showed a decrease of this hormone over controls. This result was not expected, since this 

hormone maintains critical processes at times of prolonged stress, such as undernutrition, 

and its major metabolic effect is stimulation of hepatic gluconeogenesis. This contradictory 

result might be explained with the lethargy presented by the animals caused by the weight 

loss imposed. 

   

2.4.5.2. Insulin 

The NZ breed presented a decrease in the insulin levels reaching values beyond the 

detection level in the restricted group, while no influence of food restriction was detected in 

the WR breed. The results relatively to the NZ breed agree with a study effectuated in 

rabbits, in which insulin levels were lower in food restricted animals than in ad libitum 

(Rommers et al., 2004). Similar results were obtained by Brecchia et al. (2006) also in fasted 

rabbits. Our results of the NZ breed relatively to the low values of insulin may reflect on our 

glucose levels. A main effect of insulin is to lower blood glucose levels. With insulin levels 

Fig 2.13 - WRR metabolite levels, enzyme gene expression and activity from lipid metabolism over controls. 
Enzymes and metabolites underlined indicate important regulatory points.NZR – New Zealand restricted 
group; WRR – Wild rabbit restricted group; TGA – triacylglycerol; NEFA – non esterified fatty acids; HL – 
hepatic lipase; LPL – lipoprotein lipase; ACOAC – acetyl CoA carboxylase;FAS – fatty acid synthetase  
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beyond detection level, blood glucose values tend to be elevated as was observed in our 

study.   

 

2.4.5.3. T3 

The T3 levels suffered a decrease in the restricted groups of both of the breeds. These 

results are in agreement with a work done in sheep that underwent a long term feed 

restriction (Rhind, McMillen, Duff, Kyle, & Wright, 2000) and with a study in restricted rabbits 

(Rommers et al., 2004). Our results are in concordance with the effect of T3, which is directly 

related to the metabolic rate, which in cases of severe stress presents a decrease, as what 

occurred in our study. Lower concentrations of T3 allow the organism to spare energy by 

decreasing basal metabolism (Hornick et al., 2000).    

 

2.4.5.4. IGF-1 

IGF-1 presented a significant decrease in the NZ breed when the animals were subjected to 

food restriction and in the WR breed it did not differ significantly from the ad libitum animals. 

This latter result is consistent with a work done in long term restricted sheep (Rhind et al., 

2000). The NZ results are consistent with a study made with restricted chickens (Dewil, 

Darras, Spencer, Lauterio, & Decuypere, 1999). Our result regarding the NZR group agrees 

with the fact that this hormone is an important growth factor involved in cell proliferation and 

metabolism, and so its decrease is in concordance with a situation of food restriction and 

consequently with a diminution in muscle production. The high growth potential of the NZ 

rabbits is consistent with the IGF-1 levels of this breed control group. 

 

2.5. Conclusion 

As stated before, the aim of this work is to identify relevant gene expression involved in 

intermediate metabolism and activity inducing improved meat production. The animal models 

of the experiments consisted in the NZ rabbit breed and a WR breed, showing, respectively, 

during the experimental period an average growth of 16.85 g/day and 5.37 g/day. The 

feed:gain ratio of the experimental animals were 7.4 and 16.7 respectively for the NZ and 

WR breeds. The energy retention in the NZ rabbits subjected to food restriction is 

significantly higher than in the WR. These parameters show the consequence of genetic 

evolution aiming at improved productivity and meat production within rabbit breeds. The 

experimental conditions highlighted intermediate metabolism performances, contributing to 

the different productivity parameters shown between the experimental animal groups. The 

experimental conditions included ad libitum fed control groups and restricted fed groups 

(30% of ad libitum food intake). Food restriction induces induced 17.7% and 21.07% weight 

loss, respectively in the NZ and WR group.  
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Within the carbohydrate metabolism our results showed the following main profiles 

contributing to different productivities of the experimental animal breeds. 

• NZ rabbits have a significantly less HK activity than the WR. However this enzyme 

maintains a greater concentration of its product (G6P) in the NZ rabbits. Nutritional 

stress induces a decrease of HK activity in the WR, shortening energy supply derived 

from glucose, however, not inhibiting a depression of glucose blood levels which are 

maintained on the NZ breed. 

• PFK activity levels in the NZ rabbits are significantly higher than this enzymes activity 

in the WR. The availability of this major regulatory enzyme plays a significant role in 

the glycolytic pathway providing the energy substrates. Food restriction does not alter 

this enzyme activity in both experimental breeds. 

• Again the availability of PK according to our results are significantly higher in the NZ 

rabbits than in the WR, which can be relevant in providing energy sources. Food 

restriction induces a decrease in PK in the NZR group but not in the WRR animals. 

This fact can contribute to the glycemic homeostasis shown by NZ rabbits. 

• According to our PEPCK activity results there are no significant differences between 

the experimental breeds. However PEPCK yield is higher in the NZ rabbits than in the 

WR, showing an improved performance of this enzyme. Food restriction significantly 

increases this enzymes activity in the WR breed. 

• Although our results do not show significant differences between FBPase in the 

experimental breeds, food restriction induces an increase of this enzymes activity in 

the NZ breed. The increased availability of the enzyme in the NZR fed animals on this 

relevant regulation site of the carbohydrate metabolism plays an important role in the 

glycemia of the NZ breed. 

• Our results show that the WR have a significant higher transcription level than the NZ 

rabbits. However, glycogen levels are significantly reduced in the WR, indicating a 

smaller enzyme yield in the latter breed. 

These results show better glycemia regulating mechanisms in the NZ rabbits than in the WR. 

In the nitrogen metabolism our results show that the WR have lower activity levels in the 

deamination of glutamate. Within the lipid metabolism our results show that although WR 

have a significantly higher mRNA HL, NEFA levels (enzymes product) are similar between 

the experimental groups. The same concentration concerning this enzyme applies to the 

restricted fed groups. Thus, increased HL mRNA transcription levels do not seem to have 

influence in the availability of NEFA. These results concerning nitrogen and lipid metabolism 

can explain the better performances shown by the NZ breed. 

In our work we produced 32 results concerning enzyme activities and the correspondent 

mRNA transcriptional values. From these, only 19 results show coherence between the 
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activity and the transcription values. Therefore mRNA transcriptions in our experimental 

conditions are not reliable indicators of enzyme activity. 

According to our results, apart from insulin with a role in glycemia homeostasis, T3 and IGF-

1 seem to play a particular relevant role in the enhanced productivity of the NZ breed. T3 

intervening in the energy saving mechanisms of the restricted diet animals and IGF-1 with 

the known protein anabolic function. 
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Chapter 3. The effect of weight loss on protein pro files of gastrocnemius muscle in rabbits: 

a study using 1D electrophoresis and Peptide Mass F ingerprinting 

 

 



 

64 

 

 

 



Chapter 3. Protein profiles 

 

65 

 

Abstract  

The study of changes within the metabolism regulating agents during genetic upgrading due 

to animal selection contribute to an improved understanding of relationships leading to 

efficiencies in animal production. In order to investigate the effects of food restriction in 

gasterocnemius muscle protein expression, 20% weight reduction was induced in New 

Zealand (meat producer) and wild rabbits, using one-dimensional gel electrophoresis and 

PMF. Lower expression levels of Myosin Heavy Chains were found in the Wild Rabbit 

Restricted Group, while Myosin Light Chain and α-crystallin proteins which were absent in 

restricted groups. Glyceraldeyde-3-phosphate dehydrogenase and Glycogen phosphorylase 

expression levels were similar for all experimental groups. Phosphopyruvate hydratase β 

was not detected in the Wild rabbit restricted diet group. Pyruvate kinase showed levels that 

were similar for all but the Wild Rabbit food restricted group, whereas results for the New 

Zealand diet restricted group were about 50% over control group. LIM protein detection was 

absent in the control New Zealand group. Results show relevance of Actin in preserving 

muscle structure in depressed food availability, the sensitivity of both Myosin Light Chain and 

α-crystallin protein to restricted feed and the role of PK in the resistance of New Zealand 

rabbits to food restriction.  

 

3.1. Introduction 

Livestock breed selection aims at improving productivities mainly concerning meat, milk and 

egg production. The study of changes within the key metabolism regulating agents during 

genetic upgrading due to selection can contribute to an improved understanding concerning 

genomic and physiological relationships leading to increased efficiencies in animal 

production.  

The study of the metabolic reaction to food restriction, highlighting energy and protein 

metabolic saving mechanisms, can be a useful approach in the identification of physiological 

pathways regarding functional genetic consequences of selection as they allow the definition 

of markers susceptible of being used in the selection of breeds and varieties with metabolic 

pathways more capable of energy and nitrogen retention, thus increased productivity. These 

mechanisms hasten the whole process of selection and development and ultimately lead to 

relevant contributes to the improvement of animal husbandry itself and therefore their 

general use as a tool in animal selection is envisaged to be of capital interest in the 21st 

century (Fadiel, Anidi, & Eichenbaum, 2005). 

The use of molecular tools in domestic animal selection has been done essentially at the 

level of genomics i.e. the study of genomes and the genetic background of several animal 

species with special reference to cattle, swine and poultry. Recently, the use of proteomics 

i.e. the study of the expressed proteins (proteome) has allowed a much greater insight on the 
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molecular mechanisms at the protein level on a large range of physiological systems in 

domestic animals. These studies include for instance aspects on diseases and immune 

mechanisms (Hughes et al., 2007), milk traits (Daniels et al., 2006), reproduction aspects 

(Strzezek et al., 2005) or muscle and meat characteristics . 

Amid other physiological aspects (Van Harten et al., 2003a), we had previously studied the 

effect of weight loss on myofibrillar protein profiles of Rattus norvegicus (Almeida et al., 

2002; Almeida et al., 2006) and domestic goats, Capra hircus (Almeida et al., 2004), with 

particular emphasis on major expressed structural proteins such as Actin or Myosin Heavy 

chains (MHC). Recently, the advent of mass spectrometry techniques, with special reference 

to PMF-Peptide Mass Fingerprinting (Hjernø, 2007) has allowed a much broader approach to 

protein identification of particular importance in well characterized mammal species, such as 

humans, rat, mice or rabbit. Studies conducted in our group, using one–dimensional gel 

electrophoresis coupled with PMF techniques, have contributed to the study of the proteome 

of saliva in mice (da Costa et al., 2008) and small ruminants (Lamy et al., 2008). Such 

studies demonstrate the importance of the use of these methods and also their applicability 

to varied physiological studies, such as protein expression profiles under weight loss 

conditions. 

The goal of this study is to determine differential protein expression in the gastrocnemius 

muscle of two rabbit breeds subjected to food restriction: Wild rabbits, not selected to 

increased meat productivity and the most common domesticated breed, the New Zealand, a 

well known meat producer, using techniques of one-dimensional gel electrophoresis and 

PMF. The use of the rabbit as a model organism will allow the extrapolation of the results to 

more conventional farm animal species such as poultry, swine, cattle or sheep. 

 

3.2. Material and Methods 

3.2.1. Animals  

This part is referred in Chapter 2.  

 

3.2.2. Protein Extraction and Quantification 

Total protein was extracted following the method described by Bouley, Chambon, & Picard 

(2004). Briefly, 40mg of frozen gastrocnemius muscle was homogenized in 1ml of extraction 

buffer (8.3M Urea; 2M Thiourea; 1% DTT and 2% CHAPS), using an Ultraturrax T8 

homogenizer (IKA Werke, Staufen, Germany). Subsequently, they were vigorously shaken 

for 30 min at 4ºC and centrifuged for 10 min at 10.000g. 

Protein extracts were kept at -80ºC until use. Protein concentration for each extract was 

determined using the PlusOne 2D Quant kit (GE Lifesciences) following manufacturer’s 

instructions. 
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3.2.3. One-Dimensional Gel Electrophoresis 

A total of 20 µg of protein was separated by 12.5 % acrylamide, sodium dodecyl sulfate 

polyacrylamide gel (SDS-PAGE). Methodology described by (Laemmli, 1970) and the Biorad 

(Hercules, CA, USA) minigel systems were used. Molecular mass markers (Prestained SDS 

PAGE markers #161-0318 from Biorad, Hercules, CA, USA) were run simultaneously with 

the samples in each gel in order to calibrate the molecular masses of the protein sample 

bands 

Gels were stained using Colloidal Coomasie Blue, according to methodology described by 

Neuhoff, Arold, Taube, & Ehrhardt (1988). Gels were stained for 48h and subsequently 

washed 3 times in double distilled water. Gels were preserved at 4ºC in a 20 % (w/v) 

ammonium sulfate solution until image acquiring and band excision.  

 

3.2.4. Digitalization and Image  

Digital images of the gels were acquired in an Imagemaster digital scanner (Amersham 

Biosciences Europe GmbH, Freiburg, Germany). Images were analyzed using an adaptation 

of procedures previously described (Almeida et al., 2004; Almeida et al., 2002). The 

LabImage 1D 2006 software (Kapelan technologies, Halle, Germany) was used. It provides, 

for each individual band, the relative intensity by comparison to the full intensity of the 

respective lane. The use of relative intensities allows the correction of putative minor errors 

that might occur during sample handling or quantification. A protein was considered to be 

present in one experimental group when visible in at least 50% of individuals. 

 

3.2.5. Statistical Analysis  

Statistical differences concerning protein expression levels among groups were analyzed by 

two-factorial ANOVA 2x2 (2 breeds versus 2 conditions). The level of significance was set at 

p<0.05. Whenever a significant difference was detected a post-hoc comparison test (Tukey 

test) was performed. Whenever protein expression level was absent, a one-way ANOVA was 

performed, comparing the results separately (STATISTICA, StatSoft, Inc., 2004, version 7, 

Tulsa, OK, USA). 

 

3.2.6. Protein Identification 

Methodology for protein identification through Peptide Mass Fingerprinting has been 

thoroughly described in works conducted in our laboratory (Lamy et al., 2008). Summarily, 

protein bands were excised from gels using a scalpel and proteins subjected to digestion 

with trypsin (Promega, Madison, WI, USA) according to methodology initially described 

(Gobom, Nordhoff, Mirgorodskaya, Ekman, & Roepstorff, 1999; Pandey, Andersen, & Mann, 

2000; Perkins, Pappin, Creasy, & Cottrell, 1999).  
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Stained bands were excised, washed, reduced with dithiothreitol, alkylated with 

iodoacetamide, and dried in a speedvac. Gel pieces were rehydrated with digestion buffer 

(50 mM NH4HCO3) containing trypsin (Promega, Madison, WI, USA) and incubated overnight 

at 37°C. The buffered peptides were acidified with formic acid, desalted, and concentrated 

with C8 microcolumns (POROS R2, Applied Biosystems, Foster City, CA, USA). The 

peptides were eluted with matrix solution that contained 10 mg/ml α-cyano-4- 

hydroxycinnamic acid dissolved in 70% (v/v) acetonitrile / 0.1% (v/v) trifluoroacetic acid. The 

mixture was allowed to air-dry (dried droplet method). Mass spectra were obtained with a 

Voyager-DE STR (Applied Biosystems, Foster City, CA, USA) MALDI-TOF mass 

spectrometer in the positive ion reflectron mode. External calibration was made by using a 

mixture of standard peptides (Pepmix 1, LaserBiolabs, Sophia-Antipolis, France). Spectra 

were processed and analyzed with MoverZ software (Genomic Solutions Bioinformatics, Ann 

Arbor, MI, USA). Peakerazor software (GPMAW, General Protein/Mass Analysis for 

Windows, Lighthouse Data, Odense, Denmark; http://www.gpmaw.com) was used to remove 

contaminant m/z peaks and for internal calibration. Monoisotopic peptide masses were used 

to search for protein identification by using Mascot software (Matrix Science, London, UK; 

http://www.matrixscience.com). Database searches were performed against MSDB (a 

nonidentical protein sequence database maintained by the Proteomics Department at the 

Hammersmith Campus of Imperial College, London; http://csc-

fserve.hh.med.ic.ac.uk/msdb.html). Searches were restricted to mammal entries in the 

MSDB database. 

The following criteria were used to perform the search: (1) mass accuracy of 50–100 ppm; 

(2) one missed cleavage in peptide masses; and (3) carbamidomethylation of Cys and 

oxidation of Met as fixed and variable amino acid modifications, respectively. Criteria used 

for protein identification in the Mascot software were (1) significant homology scores 

achieved in Mascot; (2) sequence coverage values; and (3) similarity between the protein 

molecular mass calculated from the gel and for the identified protein. In order to ensure that 

only one protein was present per band, the Search Unmatched tool from Mascot software 

was used. The tool submits to identification through Mascot the unmatched peaks from the 

first identification. If no significant identification was achieved through Search Unmatched 

tool, it was considered that the identified protein was the only protein present in the analyzed 

band.  

 

3.3. Results 

3.3.1. Live weight 

Animals in the restricted groups lost approximately 20% of the initial body weight, as referred 

in Chapter 2. 



 

3.3.2. SDS-Page 

SDS-PAGE results of the total protein extracts are presented in figure 

Figure 3.1 – Electrophoresis of total protein extracts from the gastrocnemius muscle of the experi
WRR (Wild Rabbit Restricted); WRC (Wild Rabbit Control); NZR (New Zealand Restricted) and NZC (New 
Zealand Control). Molecular Weight Markers are also presented (MW), as well as proteins identified. Staining 
performed with Coomassie colloidal blue and 20µg of protein extract were l
 
 
A total of 18 different bands (P33, P34, P35, P35a, P36, P37, P38, P38a, P38b, P39, P39a, 

P39b, P310, P310a, P311, P312, P313 and P314) were found at different molecular weights 

in the fourteen samples loaded. From the total number of pro

successfully identify P33, P34, P35, P37, P38, P38b, P39, P311, P312 and P314, 

representing a degree of success of 56% in protein identification. Figure 

eighteen proteins found in this trial, highlighting positively i
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PAGE results of the total protein extracts are presented in figure 3.

Electrophoresis of total protein extracts from the gastrocnemius muscle of the experi
d); WRC (Wild Rabbit Control); NZR (New Zealand Restricted) and NZC (New 

Zealand Control). Molecular Weight Markers are also presented (MW), as well as proteins identified. Staining 
performed with Coomassie colloidal blue and 20µg of protein extract were loaded per lane.

A total of 18 different bands (P33, P34, P35, P35a, P36, P37, P38, P38a, P38b, P39, P39a, 

P39b, P310, P310a, P311, P312, P313 and P314) were found at different molecular weights 

in the fourteen samples loaded. From the total number of proteins, we were able to 

successfully identify P33, P34, P35, P37, P38, P38b, P39, P311, P312 and P314, 

representing a degree of success of 56% in protein identification. Figure 

eighteen proteins found in this trial, highlighting positively identified ones. 

 

Figure 3.2 – One Dimension Electrophoresis of 
protein extract from the gastrocnemius muscle 
of a New Zealand Control (NZC) animal
proteins found in the sample. Both unidentified 
and identified proteins are presented. The latter 
are highlighted with a black arrow. Each band 
has a perimeter selected defining the region of 
the lane from which relative areas were 
calculated in the Labimage software. Molecular 
Weight Markers (MW) are also presented. 
Staining performed with Coomassie colloidal 
blue and 20µg of protein extract were loaded
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Electrophoresis of total protein extracts from the gastrocnemius muscle of the experimental groups: 

d); WRC (Wild Rabbit Control); NZR (New Zealand Restricted) and NZC (New 
Zealand Control). Molecular Weight Markers are also presented (MW), as well as proteins identified. Staining 

oaded per lane. 

A total of 18 different bands (P33, P34, P35, P35a, P36, P37, P38, P38a, P38b, P39, P39a, 

P39b, P310, P310a, P311, P312, P313 and P314) were found at different molecular weights 

teins, we were able to 

successfully identify P33, P34, P35, P37, P38, P38b, P39, P311, P312 and P314, 

representing a degree of success of 56% in protein identification. Figure 3.2 depicts all 

dentified ones.  

One Dimension Electrophoresis of 
protein extract from the gastrocnemius muscle 

Control (NZC) animal – 
proteins found in the sample. Both unidentified 
and identified proteins are presented. The latter 
are highlighted with a black arrow. Each band 
has a perimeter selected defining the region of 
the lane from which relative areas were 
alculated in the Labimage software. Molecular 

Weight Markers (MW) are also presented. 
Staining performed with Coomassie colloidal 
blue and 20µg of protein extract were loaded 
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From band in-gel digestion with trypsin and subsequent analysis through PMF spectra, such 

as the one presented in figure 3.3., were obtained. 

 

 
Figure 3.3 – Mass Spectrum obtained by Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) 
technique for band P34. The monoisotopic mass of each individual peak considered is marked and used for 
protein identification by peptide mass fingerprinting using the Mascot program. Peaks submitted are marked with 
an arrow (Peptides Searched), black for matched and grey for unmatched peptides. As shown in table 3.2., 
protein P34 was identified as 2GPB glycogen phosphorylase from rabbit. 
 

3.3.3. Protein identification 

Data obtained from Peptide Mass Fingerprinting analysis of the bands positively identified 

with significant Mascot scores are summarized in Table 3.2.  

Data includes the number of peptides searched in the databases per number of peptide 

matched, the putative protein theoretical molecular weight and the iso-electric point (pI) and 

the percentage of coverage. Table presents also the score of the identification, where protein 

score is -10*Log(P) and P is the probability that the observed match is a random event. For 

the searched criteria used protein scores greater than 68 were considered significant 

(p<0.05). Table 3.2 presents the protein name and species from which the protein to be 

identified was found to have the highest resemblance. 

Significant scores were attained for all the proteins identified ranging from 72 to 133 for a 

significance score of 68, required as minimal for Mascot searches conducted in the MSDB 

database restricted to mammals. 
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Table 3.2 - Protein Identification 

Protein 
reference 

in the 
study 

Peptide 
search/
match 

Theoretical 
Molecular 

Weight (Kda) /pI 

Coverage  
(%) 

Score 1  Identified Protein and MSDB 
database reference  

Species  

P33 21/16 223/5.6 9 124 Myosin Heavy Chain (A59293) Oryctolagus 

cuniculus 

P34 19 / 13 96 / 6.5 17 133 Gycogen phosphorylase 

(2GPB) 

Oryctolagus 

cuniculus 

P35 33 / 13 57 / 7.7 29 105 Pyruvate kinase chain A  

(1A49A)  

Oryctolagus 

cuniculus 

P37 33 / 8 47 / 7.7 29 72 Phosphopyruvate hydratase β 

(or β Enolase) (A37210) 

Oryctolagus 

cuniculus 

P38 21/ 10 41 / 5.1 37 121 actin, chain V 

(1ALMV)  

Oryctolagus 

cuniculus 

P38b 32 / 9 35 / 6.9 24 72 Glycerladehyde-3-phosphate 

dehydrogenase (DEPGG3) 

Sus scrofa 

P39 23 / 8 33  /8.7 37 86 LIM protein (gi|4894849) 

(AAD3624)  

Rattus sp. 

P311 40 / 8 20 / 6.7 36 86 α-crystalin chain B (A53871) Oryctolagus 

cuniculus 

P312 18 / 9 17 / 4.5 38 94 Myosin light chain slow 

skeletal muscle (A61567) 

Oryctolagus 

cuniculus 

P314 26 / 8 16 / 4.6 41 72 Myosin light chain 3, skeletal 

muscle isoform (MLC3F) 

Oryctolagus 

cuniculus 
1Protein score is -10*Log(P), where P is the probability that the observed match is a random event. Protein scores 
greater than 68 are significant (p<0.05) 
 

 

 

Proteins considered to be positively identified were compared through statistical analysis for 

differential expression analysis. Data are presented in table 3.3. Proteins bands that showed 

to have different expression in at least one of the four experimental groups are indicated 

(P33, P37, P39, P311, P312, P314 and P35) as well as the three remaining proteins that 

showed to have the same level of expression (P34, P38 and P38b). 

 

 

 

 

 

 

 

 

 



Chapter 3. Protein profiles 

72 

 

Table 3.3 - Protein expression level comparison 

Protein  NZC NZR WRC WRR 

P33 (Myosin Heavy Chain) 24.92a±1.86 25.79a ±2.32 28.19a±2.02 19.65b±1.33 

P34 (2GPB glycogen 

phosphorylase) 
7.71 ±0.51 7.83 ±0.49 6.53 ±1.16 7.39 ± 0.68 

P35 (Pyruvate kinase chain A) 4.80a ±0.37 2.45b ±0.20 3.82ab ±0.21 4.21a ±0.50 

P37 (Phosphopyruvate 

hydratase β or β Enolase) 
4.59a ±1.07 4.96a ±0.37 3.88a ±1.17 Not detected 

P38 (1ALMV actin, chain V) 20.06 ±1.16 22.66 ±0.22 19.17 ±0.48 19.54 ±1.23 

P38b (Glyceraldehyde-3-

phosphate dehydrogenase) 
4.05 ±0.63 5.88 ±0.47 4.77 ±0.48 5.83 ±0.33 

P39 (LIM protein – gi|4894849) Not detected 4.81a ±0.35 3.74a ±0.05 6.06a ±0.98 

P311 (α-crystallin chain B) 2.00a ±0.32 Not detected 2.20a ±0.53 Not detected 

P312 (Myosin light chain slow 

skeletal muscle) 
2.47a ±0.79 Not detected 3.76a ±0.13 Not detected 

P314 (Myosin light chain 3, 

skeletal muscle isoform) 
1.48a ±0.09 Not detected 2.54a ±0.36 Not detected 

Relative Intensities results are shown in arbitrary units; Values are means ± SEM; a,b – Rows with different 
superscripts indicate statistical differences (p<0.05); NZR (New Zealand Restricted); NZC (New Zealand Control); 
WRR (Wild Rabbit Restricted) and WRC (Wild Rabbit Control) 
 

 

Results for Pyruvate Kinase (P35) and β Enolase are highlighted in a graphic presented in 

figure 3.4. 

 

 
Figure 3.4 – Expression of Pyruvate kinase (A) and β-Enolase (B) in the four experimental groups. Bars with 
different superscripts (a,b) indicate significant statistical differences (p<0.05). WRR (Wild Rabbit Restricted); WRC 
(Wild Rabbit Control); NZR (New Zealand Restricted) and NZC (New Zealand Control). Error bars indicate 
standard error of mean. 
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3.4. Discussion 

As different breeds of a particular domestic animal species show different levels of 

adaptation to weight loss, it is of paramount importance to relate the physiological and 

biochemical aspects underlying such tolerance for both understanding the process and 

ultimately manipulate it for hypothetical future selection purposes. In this work we have 

conducted a proteomic approach to the problem using breeds with different tolerance levels 

to weight loss, a domestic rabbit breed and their wild type counterpart, using one-

dimensional gel SDS electrophoresis and protein identification by Peptide Mass 

Fingerprinting. These two techniques allow a much broader comprehension of the 

physiological aspects of adaptation to weight loss than other methodologies previously used 

in our laboratory, regarding simple myofibrillar protein profiling (Almeida et al., 2004; Almeida 

et al., 2002) as more proteins are putatively identifiable, with particular relevance proteins 

involved in important metabolic pathways.  

 

3.4.1. Actin 

Protein P38 was identified as being Actin (chain V) of Oryctolagus cuniculus. Actin is one of 

the most important proteins in muscle as it plays a vital role in muscle contractibility. As 

expected, relative intensities obtained in our study (approximately 20) indicate that actin, is 

one of the most abundant proteins in muscle extract. Similar levels for Actins relative 

intensities were found between the four experimental groups indicating that this major protein 

maintains its relative importance in order to subsequently maintain the physiological function 

as demonstrated in our earlier studies (Almeida et al., 2004; Almeida et al., 2002; Almeida et 

al., 2006). 

 

3.4.2. Myosin Heavy Chain 

Like Actin, Myosin Heavy Chain (MHC, identified in our study as P33) is also an extremely 

important protein with a relevant and well-known role in muscle contraction. Interestingly, our 

results show that all groups had similar levels of MHC, with the exception of the Wild Rabbits 

Restricted group that showed values of approximately 75% of those obtained for the other 

groups. These results are an indication that weight loss had noticeable effect on the WRR 

group. In fact, the expression of structural proteins with a relevant role in muscle contraction 

is severely affected. Under normal feeding conditions, wild rabbits tend to have less 

accumulation of fat depots and muscle deposition when compared to normally fed New 

Zealand White rabbits. It is therefore likely that under situations of weight loss, WRR animals 

would more likely lose weight at a faster pace and hence the catabolism and biosynthesis of 

major structural proteins like MHC would be affected at an earlier stage.    
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3.4.3. Myosin Light Chain     

Two forms of Myosin Light Chain (MLC; P312 and P314) were found to have differential 

expression levels between Control and Restricted groups of the two breeds. In fact, MLC 

bands were not detected in the restricted groups, possibly indicating a very low level of 

expression to be detected using small amounts of protein loaded. Bouley et al. (2005) 

detected a 3-fold increase in the expression of Myosin light chain 3 skeletal muscle isoform 

(reference P314), in doubled-muscled bovines (muscle hypertrophy bovine such as the Blanc 

Bleu Belge breed) when compared to control animals. Lametsch et al. (2006) reported similar 

results for MLC expression in pigs subjected to compensatory growth. Such results seem to 

indicate that higher levels of muscle deposition such as those observed in double-muscled 

animals correspond to a substantial increase in the expression of MLC. These results seem 

to be in accordance with ours as, analogously, it could be inferred that when an animal is 

losing weight and hence depleting muscle mass, the expression of MLC will necessarily be 

lower. As MLC has an important role in the structure of the muscle fiber (Lametsch et al., 

2006; Zubay, 1988a), it can be concluded that a decrease in MLC expression in restricted 

animals would strongly affect muscle function with special reference to contractibility. No 

differences were recorded between rabbit breeds, a suggestion that under such levels of 

weight loss and regarding MLC levels of expression, both breeds are equally affected by 

weight loss. Finally, it can be inferred that MLC forms can be considered as markers of 

weight loss. 

 

3.4.4. Glyceraldehyde-3-phosphate dehydrogenase 

Protein P38b was identified as Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

According to Cowan-Jacob, Kaufmann, Anselmo, Stark, & Grutter (2003), GAPDH is an 

ubiquitous glycolitic enzyme that catalyses the oxidative phosphorylation of GAP 

(glyceraldehyde-3-phosphate) to 1.3-bisphosphoglycerate (BPG) using the cofactor NAD+. 

Additionally to its relevant role in glycolysis, GAPDH can act as a DNA binding protein and 

has important functions in DNA repair (Applequist et al., 1995). In our experiment GAPDH 

relative intensities were similar for all experimental groups indicating that at the 

gastrocnemius muscle level and under the conditions of the experiment there are no 

changes visible in this step of glycolysis. 

 

3.4.5. ββββ-Enolase 

Β-Enolase (Phosphopyruvate hydratase-β) is a glycolytic enzyme involved in the dehydration 

of 2-phosphoglycerate to phosphoenolpyruvate (Donoghue, Doran, Dowling, & Ohlendieck, 

2005). Levels of expression of the protein were demonstrated to decrease in several 

physiological situations namely chronic low frequency muscle stimulation (Donoghue et al., 
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2005), ageing muscle (Doran, O'Connell, Gannon, Kavanagh, & Ohlendieck, 2008) and in 

situations of weight loss followed by compensatory growth of pigs (Lametsch et al., 2006). In 

bovine muscles subjected to post-mortem alterations (Jia et al., 2007) and in cases of ovine 

muscle hypertrophy (Hamelin et al., 2006), β-Enolase levels increased. These references 

seem to demonstrate that lower levels of β-Enolase are logically implicated in a reduced 

capacity of glycolytic substrate phosphorylation (Donoghue et al., 2005) and higher levels of 

the enzyme are involved in a higher rate of glycolysis in order to support and maintain ATP 

production (Jia et al., 2007).  

 

3.4.6. Pyruvate kinase 

Pyruvate kinase chain A, (PK - labeled as P35 in our study) is an enzyme that catalyses the 

reaction in the second ATP generating step of the glycolytic pathway and is of particular 

importance in energy production as it yields almost 50% of total ATP produced in this 

metabolic pathway (Zanella, Bianchi, & Fermo, 2007), hydrolyzing phosphoenolpyruvate. 

This reaction has the most negative free energy among the phosphorilated of the central 

pathways (Zubay, 1988b). In agreement with the previously stated, the activity of the enzyme 

was shown to decrease in rainbow trout (Oncorhynchus mykiss) as a consequence of food 

deprivation and increased upon re-feeding (Polakof, Miguez, & Soengas, 2007) and its 

expression shown to increase in cases of muscle hypertrophy such as double muscled 

Belgian Texel sheep (Hamelin et al., 2006) and pathological cardiac hypertrophy of the 

rabbit’s myocardium (Schott et al., 2008). Oppositely, PK expression levels decreased (up to 

11-fold) in aged atrophied rat skeletal muscle and is considered a relevant marker of 

Sarcopenia (Doran et al., 2008). 

Results found in the literature and previously stated indicate that the expression of both PK 

and β enolase would be down-regulated in the restricted fed groups in both wild and 

domesticated rabbits. Our results showed similar β enolase levels of expression in the NZC, 

NZR and WRC groups, while no expression was detected in WRR rabbits. This implies a 

likely higher sensitivity of Wild Rabbits to weight loss. In fact, as previously stated and due to 

a lower deposition of fat and muscle under normal feeding circumstances, wild rabbits are 

more likely prone to muscle catabolism at a more initial phase of weight loss. Whilst, for the 

same stage of weight loss, NZR animals would still be degrading body reserves and not 

important structural proteins, hence explaining our results for β enolase. Such results seem 

therefore to be in accordance with our results obtained for MHC. Conversely, PK results are 

contrary to what would be expectable, as significantly lower levels expression were indeed 

detected in NZR animals. These interpretations must however also take into consideration 

the equilibrium composition of the three carbon phosphorilated acids the “third metabolic 

pool”: glycerate-3-phosphate, glycerate-2-phosphate and phosphoenolpyruvate which are 
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approximately 80%, 13% and 7% respectively (Zubay, 1988a). Additionally, the glycolytic 

proteins identified in this study represent a mere fraction (30%) of all enzymes involved in 

this metabolic pathway (Zubay, 1988a). It seems therefore to be of interest to conduct an 

approach that would enable us to evaluate expression levels of the remaining enzymes in 

order to obtain a more complete picture of the process. Such approach would imply working 

with higher amounts of protein (for instance large format gels) or protein separation through 

two-dimensional gel electrophoresis. 

 

3.4.7. Glycogen Phosphorylase 

Protein P34 was identified as Glycogen Phosphorylase. This enzyme plays a central role in 

the mobilization of carbohydrate reserves in a wide variety of organisms and tissues 

(Newgard, Hwang, & Fletterick, 1989) through glycogenolysis. Interestingly and similarly to 

GAPDH, results obtained in this experiment for Glycogen Phosphorylase were statistically 

similar for all experimental groups with relative intensities of about seven. It would have been 

expected that, as both enzymes are involved in the breakdown of body reserves, relative 

intensities would be higher in WRR and NZR groups by comparison with the control groups. 

As such differences were not noted it could be concluded that glycogenolysis are stable 

processes in the study conditions. Muscle is a relatively stable structure and depletion of 

body reserves at the muscle level occurs at higher food restriction stages when compared to 

other more relevant tissues, notably the liver. It would therefore be interesting to conduct a 

similar study using other organs and tissues with special relevance to hepatic tissue.  

 

3.4.8. αβ-Crystallin 

Similarly to MLC, no expression was recorded in underfed groups regarding α-crystallin chain 

β, also known as αβ-Crystallin (P311). According to Clark and Muchowski (2000), members 

of the family of small heat shock proteins contain a core domain named α-crystallin, 

composed of two subunits (αA-Crystallin and αβ-Crystallin) that form large complexes and 

function as molecular chaperones. It is abundantly expressed in muscle tissues where it also 

functions as a molecular chaperone and is an important regulator of apoptosis (Kamradt, 

Chen, Sam, & Cryns, 2002). In accordance with the above stated, results by Jia et al. (2006) 

and Park et al. (2007) regarding protein expression during carcass maturation in bovine and 

pig muscle, respectively, demonstrate a major increase in the expression of αβ-crystallin, as 

well as other heat shock proteins. Such results were however obtained in muscle samples 

excised from carcasses a few hours after slaughter. After experimental sciatic nerve injury, 

Sun et al. (2006) determined a significantly important down-regulation in αβ-crystallin 

expression, which could be related to progressive muscle atrophy such as the one induced 

by the experimental conditions. Such results are in accordance with those recorded in our 
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experiment but are apparently contrary to the role attributed to αβ-crystallin by Kamradt et al., 

(2002) that would suggest an increase in the expression of this protein when muscles or 

organisms are subjected to stresses. An explanation might be found in the work of White et 

al. (2005) that studied the proteomics of ischemia / reperfusion injury in rabbit myocardium 

muscle. These authors detected an increase in the expression of αβ-crystallin in the initial 

phases after muscle injury followed by an expression decrease below control levels in latter 

stages. Such decrease is related with the removal of αβ-crystallin from the cell caused by a 

translocation of the protein to the Z line of the myocardium from the cytosol (White et al., 

2005). It could therefore be expected that in the initial phases of weight loss, over-expression 

of αβ-crystallin might have occurred followed by a significant subsequent decrease in the 

latter stages of undernutrition. Our results demonstrate the role of αβ-crystallin as a relevant 

marker of weight loss. 

 

3.4.9. LIM 

Contrary to all proteins previously mentioned, LIM (P39) is a relatively new family of proteins. 

The term LIM derives from the first letter of each of the three genes from which the motif was 

first discovered. Their function is still unknown; however roles in facilitating protein-protein 

interactions, transcription regulation and especially driving muscle hypertrophy were 

proposed (Morgan, Madgwick, Charleston, Pell, & Loughna, 1995). Results regarding gene 

transcription profiling in the muscle of  Duroc (high growth and muscle deposition breed) and 

Taoyuan (low growth and muscle deposition breed) pigs seem to confirm such results (Lin & 

Hsu, 2005) as higher levels of LIM expression were detected in the first breed. Such results 

are contradictory to ours as we have not detected any expression in New Zealand control 

rabbits and all the other groups had similar expression levels. Due to the relatively novel 

nature of this family of proteins, information does not abound, especially regarding possible 

existence of forms or fractions of the protein, therefore an attempt to explain the results 

obtained would be very speculative. 

 

3.5. Conclusion 

To the best of our knowledge, this work constitutes the first proteomics-based approach to 

the study of protein expression profiles at the muscle level in underfed animals. The study is 

also enriched by the possibility of comparing two different genotypes of rabbits that show 

apparent different tolerance levels to weight loss. Such results might be extrapolated to 

production animals such as pigs or ruminants. The study leads to interesting results as we 

were able to identify and detect differential expression levels of several proteins with relevant 

metabolic / physiological (enolase, PK) and structural (MHC, MLC, Actin) roles, as well as 

others less familiar such as LIM protein and α-crystallin chain B. This study also indicates 
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that several muscle proteins can be used as valid markers for weight loss and undernutrition, 

hence an important role as tool in studying breed adaptation to weight loss. In order to 

increase the number of proteins detected and conduct a more thorough study that would 

include an analysis of the several protein forms available in the tissue, a strategy involving 

large format two dimensional gel electrophoresis is envisaged for future research. 
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Abstract 

The objective of this study was to evaluate the effects of two different levels of feed 

restriction on testicular angiogenic activity, microvascularization, tissue growth and 

regression, using the rabbit as a study model. The rabbits (Oryctolagus cuniculus cuniculus) 

were randomly assigned to a control group (NZC, n=5), fed ad libitum, and to groups NZR 

(n=5) and NZHR (n=5), with two different levels of feed restriction. Feed restriction was 

responsible for a decrease in 21.2% body weight in group NZR and 34.7% in group NZHR. 

Testis explants were cultured for 24h and conditioned media were tested for their ability to 

stimulate mitogenesis of bovine aortic endothelial cells (BAEC). There was an increase in 

testicular microvascular area and mitogenesis of BAEC in group NZHR rabbits. Despite no 

change in testicular DNA concentration among groups, feed restriction decreased both RNA 

and protein compared to control. No treatment differences in the percentage of seminiferous 

tubules filled with sperm cells, as well as the area occupied by seminiferous tubules were 

observed.  Nevertheless, serum testosterone was markedly less in group NZHR compared to 

groups NZC and NZR. These results suggest that angiogenesis may play a role in 

overcoming testicular nutritional impairment and preservation of reproductive function in 

rabbits subjected to food restriction.  

 

4.1. Introduction 

Nutrition plays an important role in growth and development of the reproductive system. 

Animals often exposed to dramatic seasonal changes have developed survival tactics that 

include cessation of energetically costly processes, such as growth and reproduction 

(Bronson, 1999). Food restriction shifts nutrients away from reproductive function towards 

somatic cell maintenance (McCarter et al., 1985). 

Studies in different animal models indicate that dietary restriction can have a positive effect 

on the delay of several diseases, improving health and extending longevity, specifically 

reducing both the incidence and growth of tumours (Beecken et al., 2001; Mukherjee, Abate, 

& Seyfried, 2004; Mukherjee et al., 2002). Alterations in the metabolic, neuroendocrine and 

apoptotic processes are also observed, in order to assure the individual’s survival. However, 

these changes occur differently in specific organ systems (Koubova & Guarente, 2003; 

Mukherjee et al., 2002).  

Dietary restriction has an effect on testes, leading to a progressive decrease in testicular 

volume (Thwaites, 1995). This decline is more significant as dietary restriction is intensified 

(Santos et al., 2004; Thwaites, 1995; Young et al., 2000). Testicular regression can be 

mediated by apoptosis as in white-footed mice (Young et al., 2000). Mice subjected to food 

restriction exhibited a decline in testes and epididymal weights, and reduced serum 

testosterone levels (Santos et al., 2004). However, in a contradictory study in rats subjected 
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to a 30% caloric restriction for 8 weeks showed an increase in testes weight when compared 

to unrestricted control animals (Gursoy et al., 2001). 

Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is a process 

that, in adults, is a relatively infrequent event. Physiologic angiogenesis in the adult is mostly 

restricted to the female reproductive tract during the ovarian/uterine cycle (Augustin, Braun, 

Telemenakis, Modlich, & Kuhn, 1995; Ferreira-Dias, Bravo, Mateus, Redmer, & Medeiros, 

2006; Reynolds, Killilea, & Redmer, 1992; Roberto da Costa et al., 2007) and to the male 

reproductive tract during gonadal recrudescence in seasonal breeders (Mayerhofer et al., 

1989). However, neovascularization is also present in adult life in moments such as tissue 

repair or regeneration during healing of wounds or fractures, or in the re-establishment of 

blood flow, playing an essential role in the transport of oxygen and nutrients (Ishiko, Sumi, 

Yoshida, Hyun, & Ogita, 2001; Reynolds et al., 1992). Angiogenesis is regulated through a 

dynamic balance between the production and release of angiogenic/mitogenic substances or 

growth factors and by inhibitory or anti-angiogenic/anti-mitogenic growth factors (Espinosa 

Cervantes & Rosado Garcia, 2002 ; Folkman & Klagsbrun, 1987; Hazzard et al., 2002; 

Hudlicka, 1984). Still, there are situations when the body loses control over this process 

leading to some pathological situations due to excessive or insufficient blood vessel growth 

(Chavakis & Dimmeler, 2002; Reynolds et al., 1992). 

In mice, dietary restriction seems to reduce the development of brain tumours through a 

decrease in vascularization and an increase in the apoptotic index little interference on 

cellular proliferation (Mukherjee et al., 2002). However, these mechanisms are still not clear 

(Beecken et al., 2001; Mukherjee et al., 2002). Besides, in adipose tissue, angiogenesis 

might be responsible for a rebound weight gain after a diet restricted period, restoring 

metabolic levels (Morimura, Ishiko, Sumi, Yoshida, & Ogita, 2001). In long-day seasonal 

breeders, such as the hamster, increased angiogenesis and rapid renewal of testicular 

microvasculature is fundamental for physiologic recrudescence (Mayerhofer et al., 1989).  

However, in testicular tissue, little is known about the effects of dietary restriction in 

vascularisation and associated mechanisms involved in this process. Therefore, in order to 

better understand effects of dietary restriction on testicular function, the objectives of the 

present study were to clarify and compare the effects of different levels of under nutrition on 

testicular angiogenesis capacity, vascularization, tissue growth and regression, and 

seminiferous tubules function using the rabbit as an animal model. 

 

4.2. Materials and Methods 

4.2.1. Animals 

Fifteen New Zealand White male rabbits (Oryctolagus cuniculus cuniculus) were purchased 

from a registered breeder (Farmolap, Gafanha da Nazaré, Portugal) at an age of 10-12 
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weeks. The animals were randomly assigned to a control group (NZC, n=5), fed ad libitum, 

and to groups NZR (n=5) and NZHR (n=5), with two different levels of feed restriction (30% 

and 20% ad libitum feeding, respectively), for a period of 8 weeks (Table 5.1), inducing a 

weight reduction of 21.1% and 34.7% in groups NZR and NZHR, respectively. All 

experimental animals were fed on standard rabbit commercial pellets (Biona 701, Saprogal, 

Vila Chã de Ourique, Portugal) with the following composition: 14.9% crude protein, 2.7% 

crude fat, 14% crude fibre and 13% ash. Water was given ad libitum to all groups. All animals 

were given an initial adaptation period of four weeks to the animal facilities, which were 

maintained with controlled temperature (20±2ºC) and humidity (70±5%). Both European 

Union (European Legislation nº86/609/CEE) and Portuguese regulations and guidelines on 

care, use and handling of laboratory animal experimentation were followed. Experiments 

were monitored by competent veterinary authorities and approved by the Ethical committee 

of the Faculty of Veterinary Medicine (Lisbon, Portugal).  

 

Table 4.1 - Initial weight of experimental groups 

Experimental groups Initial weight (g) 

New Zealand Control (NZC)  3495.52 ± 67.67 

New Zealand Restricted (NZR)  4242.96 ± 46.93 

New Zealand Highly Restricted (NZHR) 3899,58 ± 105,39 

 

4.2.2. Collection and preparation of testicular tis sue 

The rabbits were anaesthetised and euthanized by inhalation using an overdose of 4% 

isofluorane (IsoFlo®, Veterinaria Esteve, Bologna, Italy). Testes were collected and cut 

transversally into small pieces, to be used for the different assays. Testicular tissue samples 

for histological studies were immediately placed in 4% buffered formaldehyde, fixed 

overnight, and dehydrated in a series of ethanol solutions and embedded in paraffin. 

Sections were cut (6 µm thick) with a rotatory microtome (LeicaR RM2125RT), stained with 

Periodic Acid Shiff reagent (PAS; Sigma) and evaluated under the light microscope 

(Olympus CH30). For DNA, RNA and protein content determination, the tissue was 

immediately stored at –80ºC. 

For mitogenesis assays, 60 mg of testicular tissue were incubated in 2ml of culture medium, 

for 24h, in a tissue incubator (Biosafe Eco- Integra Biosciences, Chur, Switzerland; 37ºC, 

5%CO2, 95% air) on a shaker (Titertek; Huntsville, AL, USA; 150 rpm). The culture medium 

consisted of DMEM and Ham’s F12 (1:1v/v) supplemented with 0.1% BSA, penicillin 

(100IU/ml) and streptomycin (100µg/ml; all reagents from Sigma, St. Louis, MO, USA). 
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Negative controls consisted of culture media with no testicular tissue. After incubation, media 

were stored at –70ºC for mitogenesis assays. 

4.2.3. Blood collection and testosterone determinat ion 

Blood samples (2ml) were collected from the heart into heparinized tubes (Monovettes- 

Sarstedt, Numbrecht, Germany) and transported on ice to the laboratory, centrifuged and 

stored at –20ºC. Plasma testosterone was determined using solid-phase radioimmunoassay 

(Coat-a-Count Total Testosterone, TKTT1, Siemens Medical Solutions Diagnostics, Los 

Angeles, CA, U.S.A.). Intra-assay coefficient of variation for all samples was 2%, calculated 

according to Rodbard (1974). 

 

4.2.3. Determination of DNA, RNA and protein conten t 

To assess testicular DNA concentration, 100 mg of testicular tissue were minced and 

homogenized with a polytron (Ultraturrax T8, IKA- Werke, Staufen, Germany) in 1.2 ml of 

digestion buffer (100nM NaCL, 10mM Tris-Cl, pH 8, 25mM EDTA, pH 8, 0.5% sodium 

dodecyl sulfate, 0.1mg/ml proteinase K) and was kept at 4ºC. The digest was deproteinized 

by successive phenol/chloroform/isoamyl alcohol extractions, recovered by ethanol 

precipitation, dried and resuspended in buffer as described elsewhere (Ausubel et al., 1992).  

Finally, DNA quantification was determined using a UV photometer (Ultrospec 3100 pro) at a 

wavelength of 260 nm. 

For RNA determination, 100 mg of testicular tissue were ground and homogenized in Trizol 

reagent followed by the addition of chloroform. This separates the solution in two phases with 

RNA remaining on the top, in the aqueous phase. The RNA was recovered by precipitation 

with isopropyl alcohol and quantified in a UV spectrophotometer at 260 nm (Chomczynoki & 

Mackey, 1995). 

Determination of protein concentration was performed on sample homogenates by using the 

Coomassie Plus protein assay (Pierce Chemical Co, Rockford, IL, USA). Bovine serum 

albumin was used as standard. Tissue hyperplasia is indicated by cell content of DNA while 

ratios of RNA:DNA and protein:DNA are considered to be an index of tissue hypertrophy 

(Baserga, 1985; Reynolds et al., 1992). 

 

4.2.4. Morphologic assessment and microvascular den sity evaluation 

Microscopic slides were observed by light microscope (Olympus CK40, Wetzlar-Nauborn, 

Germany) in order to identify any pathological changes. Since no clinical, gross or 

microscopic changes were observed, morphological assessment and microvascular density 

evaluation were performed. For each animal, 28 randomly selected fields were photographed 

using a light microscope at 1000x magnification. The total percentage areas occupied by 

seminiferous tubules as well as percentage of seminiferous tubules containing sperm cells 
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were calculated. In the same histological fields, testicular vascular areas were measured by 

using computerized image analysis (Scion Image – NIH, USA). No distinction was made 

among arterioles, venules or capillaries. Vascular density was assessed as the percentage of 

the area occupied by blood vessels with respect to the entire area of each micrograph 

(Ferreira-Dias et al., 2006; Ferreira-Dias, Serrao, Costa Durao, & Silva, 2001). For each 

animal, vascular area was considered as the mean value of the area of blood vessels 

assessed for that animal (Ferreira-Dias et al., 2006) . The mean number of blood vessels 

was also determined for each animal. 

 

4.2.5. Mitogenesis  assays 

The ability of testicular tissue conditioned media to stimulate mitogenesis of bovine aortic 

endothelial cells (BAEC) was studied as described by Redmer, Grazul, Kirsch, & Reynolds 

(1988). Briefly, BAEC (2x104cells/ml) were allowed to attach to the bottom of a 24-well culture 

plate (Nucleon-Nunc, Ballerup, Denmark) for 24h, in a tissue incubator (Biosafe Eco- Integra 

Biosciences, Chur, Switzerland; 37ºC, 5%CO2, 95% air; Ferreira-Dias et al., 2006). Samples 

of testicular conditioned media were added in triplicate wells at a final concentration of 30% 

(30% conditioned media by the samples +70% DMEM), and incubated for another 72h. 

Afterwards, in order to assess BAEC proliferative response, the number of these cells in 

each well was determined using a Neubauer chamber under the light microscope (Olympus 

CK40, Wetzlar-Nauborn, Germany), and further compared to negative controls (with no 

testicular tissue). The percentage of BAEC proliferation in testicular conditioned media was 

calculated with respect to negative controls, which were considered 100% of cell mitogenesis 

(Ferreira-Dias et al., 2006).  

 

4.3. Statistical analysis 

Statistical differences concerning sperm cell count, serum testosterone concentration, and 

testicular microvascular density evaluation, endothelial cells mitogenesis, DNA, RNA, and 

protein content, RNA:DNA, and protein:DNA among groups were analyzed by one-way 

ANOVA. The level of significance was set at p<0.05. Whenever a significant difference was 

detected, a Bonfferoni ´s multiple comparison test (GraphPAD PRISM Version 4.00, San 

Diego, CA; USA) was performed. 

 

4.4. Results 

Testicular histological sections were examined for assessment of the area occupied by 

seminiferous tubules as well as percentage of seminiferous tubules with sperm cells. No 

significant difference among experimental groups was detected on the percentage of area 
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occupied by seminiferous tubules (figure 4.2) and on the percentage of tubules that 

contained sperm cells (figure 4.3).  

 

 

 

 

 

 

 

 

 

Nevertheless, plasma testosterone showed a marked decrease in group NZHR, compared to 

groups NZC and NZR (figure 4.4).  
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Figure 4.2 - Area occupied by seminiferous tubules in rabbit testicular tissue. Values are 
expressed as mean ± SEM. NZC – New Zealand control; NZR – New Zealand Restricted; NZHR – 
New Zealand Highly Restricted.  

Figure 4.3 - Seminiferous tubules containing sperm cells in rabbit testicular tissue.  NZC 
– New Zealand control; NZR – New Zealand Restricted; NZHR – New Zealand Highly Restricted. 
Values are expressed as mean ± SEM 
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Testicular microvascular area in Group NZHR rabbits was increased compared to group NZR 

and control group NZC (figure 4.5).  

 

 

 

 

 

However, the number of testicular blood vessels was the highest in the ad libitum fed 

animals, when compared to both feed restricted groups (figure 4.6). 

0

10 

20 

30 

40 

50 

60 

70 

80 

90 

100

NZC NZR NZHR 

V
as

cu
la

r 
ar

ea
 (

%
) 

a 

ab 

b 

0

0.5 

1

1.5 

2

2.5 

3

3.5 

4

4.5 

NZC NZR NZHR

P
la

sm
a 

te
st

os
te

ro
ne

 (
ng

/m
l) 

a a 

b 

Figure 4.4 - Plasma testosterone in rabbits. NZC – New Zealand control; NZR – New Zealand 
Restricted; NZHR – New Zealand Highly Restricted. Values are expressed as mean ± SEM. Bars with 
different letters differ significantly (p<0.001).  

Figure 4.5 - Vascular areas in rabbit testicular tissue. NZC – New Zealand control; NZR – New 
Zealand Restricted; NZHR – New Zealand Highly Restricted. Values are expressed as mean ± SEM. 
Bars with different letters differ significantly (p<0.05). 
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Nevertheless, when the presence of angiogenic factors in culture media was indirectly 

assessed by the evaluation of endothelial cell (BAEC) mitogenesis, an increase in cell 

proliferation was also observed when these cells were incubated in the presence of testicular 

conditioned media from the experimental rabbits subjected to the highest feed restriction 

(Group NZHR). Therefore, there was an increase in BAEC proliferation from control group 

NZC and group NZR to group NZHR (figure 4.7). No difference was observed on BAEC 

proliferation for negative controls (data not presented).  

 

 

 

  

In order to assess testicular growth or regression, DNA, RNA and protein concentrations 

were quantified (Table 4.2). Despite no change in DNA content among groups, RNA content 
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Figure 4.6 - Number of blood vessels per section of rabbit testicular tissue. NZC – New Zealand control; NZR – 
New Zealand Restricted; NZHR – New Zealand Highly Restricted. Values are expressed as mean ± SEM. Bars with 
different letters differ significantly (p<0.05) 

Figure 4.7 - Proliferation stimulation of BAEC in testicular conditioned media. NZC – New Zealand control; 
NZR – New Zealand Restricted; NZHR – New Zealand Highly Restricted. Values are expressed as mean ± SEM. 
Bars with different letters differ significantly (p<0.05). 
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decreased in both diet restricted groups (NZR and NZHR) compared with ad libitum fed 

rabbits. In addition, protein content also decreased significantly in all diet restricted rabbits. 

When compared to ad libitum fed animals, protein content in rabbit testes significantly 

decreased in groups NZR and NZHR. Additionally, values for RNA:DNA were also lower in 

testicular tissue in feed restricted groups NZR and NZHR. Testicular protein:DNA showed a 

tendency to decrease in groups NZR and NZHR  rabbits, when compared to control group 

animals (group NZC; p=0.06). 

 

Table 4.2 - Concentrations of DNA, RNA, protein, RNA:DNA, and protein:DNA in testicular tissue  

Variable  Group Mean ± SEM 

DNA (mg/g of tissue) 

NZC 0.95 ± 0.20 

NZR 1.13 ± 0.09 

NZHR 1.07 ± 0.01 

RNA (mg/g of tissue) 

NZC 31.96 ± 5.77a 

NZR 20.66±4.07b 

NZHR 19.91±0.68b 

Protein (mg/g of tissue) 

NZC 57.64 ± 1.74 a 

NZR 43.29 ± 1.25 b 

NZHR 36.38 ± 7.63 b,c 

RNA:DNA 

NZC 38.93 ± 8.30a 

NZR 18.81 ± 4.01b 

NZHR 18.59 ± 0.49b 

Protein:DNA 

NZC 90.71± 26.70 

NZR 39.46± 4.05 

NZHR 40.01 ± 9.67 

Variables with different superscripts differ significantly (a vs. b, p<0.05; a vs. c, p<0.01). NZC – New Zealand control; 
NZR – New Zealand Restricted; NZHR – New Zealand Highly Restricted. 
 

 

4.5. Discussion 

Changes in nutrition can lead to profound responses in reproductive efficiency. In male 

ruminants, nutritional signals strongly affect the reproductive system; however, the 

responses are partly independent of changes in gonadotrophin secretion. The gametogenic 

tissue responds quickly to changes in nutrition, but the endocrine compartments are less 

affected (Martin & Walkden-Brown, 1995). 
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4.5.1. Seminiferous tubule area  

In the present study, seminiferous tubule area and sperm cell presence did not change 

among experimental groups. According to the present results, it appears that food restriction 

did not induce structural changes in seminiferous tubule morphology. Previous work in 

Sprague-Dawley rats showed that a severe feed restriction and weight reduction to 50-60% 

of control animals also did not have any effect on the number of sperm cells in the cauda 

epididymis and on the number of homogenization resistant spermatids in the testis (Chapin, 

Gulati, Barnes, & Teague, 1993). Also, the increase in vascular endothelial growth factor 

(VEGF) concentration in cultured bovine testis tissue did not affect the percentage of 

seminiferous tubule cross sections that contained germ cells (Schmidt, de Avila, & McLean, 

2006). In this study, no changes were found on the presence of sperm cells inside the 

seminiferous tubules, even though different endothelial cell proliferation was induced by 

angiogenic factors produced by rabbit testes in the three experimental groups evaluated. 

 

4.5.2. Plasma testosterone 

In the present work, plasma testosterone was significantly decreased only in the restricted 

food group NZHR. These results are consistent with previous studies. In fact, short term (6 

weeks) 40% caloric restriction resulted in a suppression of in vitro Leydig cell function and 

serum testosterone in Brown Norway rats, when compared to controls (Chen, Luo, Liu, 

Brown, & Zirkin, 2005). In adult rats, a 3 day starvation period caused a plasma decrease in 

testosterone, even though their Leydig cells were capable of in vitro testosterone production 

(Grizard, Artonne, Grizard, & Boucher, 1997). Also, in growing male rats, since caloric 

restriction decreased circulating testosterone, availability of nutrients may affect the 

mechanisms that modulate the circadian variation of the pituitary-gonadal axis (Chacon et 

al., 2004).  The testosterone decrease observed in the severely food restricted rabbits in the 

present study may be ascribed to nutritional impairment and might be explained by a similar 

mechanism.  

 

4.5.3. RNA, DNA and protein concentration 

The decrease in RNA, protein concentration, Protein: DNA and RNA: DNA in the testes from 

restricted fed rabbits reflects the under nutrition imposed on the experimental animals. Even 

though testicular cells appeared not to undergo any significant decrease in number, as 

suggested by a similar DNA concentration among experimental groups, protein synthesis 

might have been impaired due to under nutrition.  

Testicular regression has also been reported in white-footed mice (Peromyscus leucopus) in 

response to receiving 70% of control intake for 8 weeks (Young et al., 2000). On the 

contrary, in another study in Sprague-Dawley rats receiving 70% of a control diet showed 
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significant testes weight gain as compared to control animals (Gursoy et al., 2001). Also in 

Sprague-Dawley rats, a similar feed restriction showed no Leydig cell atrophy, 

haematological, blood biochemical and pathological observations, in contrast to males 

receiving only 55% of feed ad libitum (Seki, Yamaguchi, Marumo, & Imai, 1997).   

The rabbits that were subjected to the most restricted food intake on this experiment 

presented an increased testicular microvascular area, in spite of the number of testicular 

blood vessels being the highest in the ad libitum fed animals. This increase in testicular 

microvascular area in the most restricted experimental group was simultaneous with a raise 

in in vitro endothelial cell mitogenesis, suggesting a higher concentration of angiogenic 

factors in testicular tissue, even though its physiologic meaning is poorly understood. Since 

no difference was observed on BAEC proliferation for negative controls, these data show that 

endothelial cell proliferation did depend on testicular angiogenic activity. 

 

4.5.4. Conclusion 

Although angiogenesis has been well studied in developmental and pathological conditions, 

the role of angiogenic factors in mature blood vessels is not well known. It has been 

suggested that Leydig cells secrete angiogenic factors (Collin & Bergh, 1996). A study on 

adult mice supported the concept that VEGF stabilizes mature vessels in adult tissues, such 

as the testes (Maharaj, Saint-Geniez, Maldonado, & D'Amore, 2006). This angiogenic factor 

was low in quiescent adult testes (Mezquita, Mezquita, Pau, & Mezquita, 1999). However, 

endothelial cell proliferation was higher in male reproductive organs, such as the testes, than 

in liver, muscle and brain (Lissbrant, Lissbrant, Persson, Damber, & Bergh, 2003). A 

continuous turnover of endothelial cells, accompanied by apoptosis of these cells, has been 

reported in male reproductive organs under normal conditions (Collin & Bergh, 1996).  In the 

prostate, blood vessel endothelial cells are stimulated by locally synthesized androgens to 

produce paracrine growth factors which can promote growth of secretory epithelium (Franck-

Lissbrant, Haggstrom, Damber, & Bergh, 1998). Testosterone withdrawal decreased 

endothelial cell proliferation, showing that hormonally regulated endothelial cell proliferation 

is not unique to female reproductive tract but also takes place in male reproductive organs 

(Lissbrant et al., 2003). Besides, androgen receptors have been shown in endothelial cells in 

rat and human prostate (El-Alfy et al., 1999; Pelletier, Labrie, & Labrie, 2000). The high 

proliferation rate in endothelial cells suggests remodelling of the testicular microvasculature 

(Collin & Bergh, 1996), which might have occurred in the testes of the most food restricted 

rabbits (group NZHR), in the present study. Since in the hamster, increased angiogenesis 

and rapid renewal of testicular microvasculature is fundamental for physiologic seasonal 

testicular recrudescence (Mayerhofer et al., 1989), a raise in angiogenesis in the rabbit 

testes may be a compensatory mechanism to overcome nutritional impairment. However, 
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since testosterone production appeared to be impaired in the most food restrained rabbits 

(group NZHR), in which testicular angiogenic activity was the highest, angiogenesis in testes 

might not only be an androgen dependent process. Therefore, further studies of new 

mechanisms on testicular blood vessel growth should be investigated. 
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5.1. Concluding remarks 

The approach to the genetic and physiological mechanisms trough which the improvement of 

animal production is achieved includes, within the present work, the study of intermediate 

metabolism components, the identification of protein muscle expression and an evaluation of 

testicular angiogenic activity. Muscle growth and reproductive function represent major 

issues in animal production. Livestock selection aims at optimizing animal protein and energy 

deposition and at providing physiological conditions for the withstanding of main obstacles to 

growth. Amongst animal production limiting factors, food restriction is of paramount 

importance. It is thus relevant to analyze metabolic performances under this abiotic stress 

condition for it can help us identifying genetic and functional trends leading towards livestock 

productivity enhancement.    

Targeting critical metabolic sites as study objects is a main objective. Regulatory enzymes 

acting within the intermediate metabolism were chosen due to their control on energy and 

protein utilization.  

The effects of genetic selection on meat production on the intermediate metabolism reveal 

that the NZ breed manifested relatively to the wild rabbits a greater efficiency of the 

metabolic systems responsible for homeostasis with reflection on the maintenance levels of 

glycemia and accumulation of the hepatic energy reserves. The excretion process of the 

protein catabolism products seems to be more efficient in the NZ breed rabbits. In these 

animals the hormonal profile also seems to favour the homeostasis with advantage over WR. 

The muscle protein profile studied contributed to the identification of undernutrition metabolic 

markers (Myosin, α-crystalin chain β), highlighting the role of Actin as a structural muscle 

protein and identifying the function of enzymes (PK and β-enolase) towards the preservation 

of glycemia in the restricted animals. 

Food restriction induced a high testicular microvascularization simultaneously with an in vitro 

increment of endothelial cells mitogenesis, suggesting a higher concentration of testicular 

angiogenic factors in the restricted feed animals. This phenomenon might not be related with 

the androgenic concentration.  

As future work perspectives we can refer that the metabolic profiles evidenced in the 

conclusions of this work may contribute as parameters in defining selection criteria’s 

favourable towards meat production. The three strands of this work require extended studies 

for a better detail in the identification of these criteria’s (for instance: the study of other 

metabolic concentrations and enzyme activities that were not determined, hepatic 

proteomics, further knowledge of the angiogenic testicular mechanisms and the study of the 

transcription regulation processes involved in the synthesis of the regulatory enzymes of the 

intermediate metabolism. 
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