
GENETICS OF LIPID NABOLISM IN 
CHICKENS AND NICE 

BY 

EMMANUEL A. PSANTE 
BSc. (Hons), Legon 

Thesis submitted to the University of Edinburgh 
for the degree of Doctor of Philosophy. 

October, 1988 

University of Edinburgh 
Institute of Animal Genetics 
West Mains Road 
Edinburgh EH9 33N 



DEDICATION 

To my family 



Page 

Contents (i) 

Acknowledgements  

Summary  

List of Tables (vi) 

List of figures  

List of Abbreviations  

chapter 1 General Introduction to present study 1-9 

Chapter 2 General Literature Review 10-41 

2.1 	Physiology of fat deposition 11 

2.2 	Site of lipogenesis 16 

2.3 	Enzymes and metabolic control 18 

2.4 	Regulation of lipogenesis 22 

2.5 	Methods of studying Lipogenesis 31-39 

a) Selection Methods 31 

b) Biochemical Methods 32 

2.6 	Discussion of Review of Literature 39-41 

Chapter 3 Materials and Methods 42-60 

3.1 	Animals and Management 43 

3.2 	Reagents 47 

3.3 	Enzyme extraction 48 

3.4 Enzyme assay procedures 	 49 

3.5 Coenzyme extraction 	 51 

3.6 Principle of coenzyme assay procedure 	52 

3.7 Coenzyme assay protocol 	 52 

3.8 BCA Protein assay 	 53 

(i) 



3.9 Administration of radioactive substrates 54 

3.10 Lipid extraction and counting of 

radioactivity 55 

3.11 Plasma preparation 56 

3.12 Plasma very low density lipoprotein 

(VLDL) concentration assay 56 

3.13 Blood glucose estimation 57 

3.14 Radioimmunoassay of Insulin 58 

3.15 Principle of Insulin assay 58 

3.16 immunoassay procedure 	 58 

3.17 Statistical analysis 	 59 

Chapter 4 Activities of NADPH-generating enzymes and 

metabolite pool size of NPDP+NPIDPH 	 61 

Chapter 5 Rate of incorporation of 3H of 3  H 2  0 into 

total lipids 	 100 

Chapter 6 Rate of flux through the specific fatty 

acid synthesis pathway 	 117 

Chapter 7 Circulating levels of plasma insulin, blood 

glucose and very low density lipoprotein 

(VLDL) 	 135 

Chapter 8 General Discussion and Conclusions 	 147 

References 	 164 

Appendices 	 178 

Publications 	 183 



My sincere thanks to Dr. Grahame Bulfield for his immense 
assistance in the planning and conduct of this research work, as 
well as his unfliching interest and support throughout the work. 

My thanks are also due to Professor W.G. Hill, my University 
supervisor, for his encouragement and support in all matters 
affecting my studies and welfare and his keen interest in this work 
from beginning to end. 

I am very grateful to Dr. Jim McKay for his involvement in the 
initial stages of this research project, and for his invaluable 
contribution to making my stay in Edinburgh an unforgettable one. 

Special thanks are due to Dr. Harry Griffin for, among other 
things assisting in the flux determination in the VLDL broilers. 

A number of people contributed to this thesis through useful 
discussions and help in diverse ways and, for this reason Drs. 
Goddard, Harrison, and Sinnett-Smith (in alphabetical order) deserve 
special mention. I also wish to thank my colleague Ian Hastings for 
kindly allowing me to discuss part of his data (Table 6.4). 

I am grateful to all staff of the IAPGR, especially members of 
the Gene Expression Group, who through their warm and friendly 
attitudes provided a happy atmosphere for my studies. To the staff 
of the mouse houses at IAPGR and Kings Buildings I tender my 
gratitude for their selfless help in husbandry matters. 

I am indebted to the Association of Commonwealth Universities 
and the Ghana Government for their financial support, and to the 
AFRC for placing their Laboratory facilities at my disposal. 

Lastly, but certainly not the least, my gratitude goes to my 
wife Pauline, and daughter Elizabeth, for their love and support. 



(iv) 

SUMMARY 

Lines of chickens and mice selected directly for fatness were 

investigated for possible metabolic alterations, with the eventual 

aim of using the information as an aid to selection and genetic 

manipulation against fatness. 

The lines were 1) chickens selected divergently on the ratio of 

abdominal fat pad weight to body weight (French broilers), ii) 

chickens selected divergently on plasma very low density 

lipoproteins (VLDL) concentration (VLDL broilers) and iii) three 

replicated lines of mice selected divergently on the ratio of 

gonadal fat pad weight (GFPW) to body weight (F-line mice). 

The specific activities (Vmax) of four NADPH-generating 

enzymes, flux through the lipid synthesis pathway and blood 

parameters (plasma insulin, glucose, VLDL) which are invloved in 

lipogenesis were estimated at various ages. 

Whereas the French broilers showed consistent between line 

differences in N1DPH-generating enzyme activities, the activities of 

these enzymes in the VLDL broilers appeared not to have been 

affected by selection for fatness. No between line difference was 

found in the VLDL broilers for flux through the lipid synthesis 

pathway measured by the tritiated water method. It is concluded 

that some aspects of lipid metabolism other than lipogenesis may 
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have been altered in the VLDL broiler lines, and that fatness 

changed by selection through different physiological mechanisms. 

The Fat line of mice had consistently higher enzyme activities, 

rate of flux through the lipid synthesis pathway, and plasma 

immunoreactive insulin than the Lean line. The gonadal fat pad 

(GFP) appears to be capable of sufficient lipogenic activity to 

account for the three to four fold difference in its weight at 10 

weeks of age, to the exclusion of significant contribution from the 

liver. 

It appears that selection for fatness has altered the rate of 

flux through the main fatty acid synthesis pathway in the gonadal 

fat pad to an extent commensurate with the between line difference 

in its weight. The between line differences in enzyme activities 

and fluxes in this tissue were much more pronounced at 5 weeks than 

at 10 weeks, the age of selection. It is suggested that future 

study in lipid metabolism at the molecular level in the Fat and Lean 

mice be concentrated in the GFP, preferably at or before 5 weeks of 

age. 
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The primary aim of meat animal scientists is to produce meat 

animals which grow fast and are efficient enough to reduce the cost 

of production. This aim has largely been achieved, at least, in the 

modern broiler. In this species the age at market weight has been 

reduced by at least 50% in the last three decades through artificial 

selection for weight for age (Wyatt et al., 1982). Considerable 

increases in growth rate have similarly been achieved in other farm 

animal species. 

It is generally accepted that the remarkable increases in 

growth rate have led to correlated increases in deposition of fat in 

most meat animals, especially the modern broiler. Pigs are, 

perhaps, an exception because they are known to have become leantier 

with increase in growth rate (Kennedy et al., 1985). There is 

physiologically necessary fat (Leenstra, 1986) which protects 

delicate internal organs such as the heart and kidney. From the 

consumer's point of view there is also desirable fat which improves 

cooking quality of meat. 

In contrast, fat depots like abdominal and crop fat in broilers 

and backfat in pigs are considered undesirable (to the consumer) and 

even wasteful (to the producer). Excessive fat in meat is 

undesirable to the consumer because some heart diseases have been 

associated with excessive dietary intake of animal fat. To the 

producer, the cost of production is mainly a function of growth rate 

and feed cost, and so it is economically wasteful if a large 

proportion of feed is partitioned into fat which is considered a 

waste product. It is also energetically less efficient for an 
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animal to deposit fat than to deposit lean. This is because fat is 

nearly all energy rich dry matter, whereas lean is about 70% water 

(Leenstra, 1982). There is, therefore, a genuine problem requiring 

a lasting solution. 

Scientists have in recent times channelled a lot of time and 

resources into finding effective ways of dealing with this problem. 

On one hand, some researchers believe that nutritional manipulation 

can continue to be exclusively used to control fat deposition 

(Emmans, 1987), but the cost of high protein feeds limits this 

practice. On the other hand, there are many who believe that a 

genetic solution would be more lasting and cheaper in the long run 

(Leenstra, 1982). A genetic solution must be based on an optimum 

nutritional environment. A careful combination of the two 

approaches may therefore yield better results than either of them 

used separately. 

The success of a genetic approach, no doubt, depends on the 

availability of variation in fatness. There is an appreciable 

degree of variation in fatness in broilers (Littlefield, 1972; 

Griffiths et al., 1978; LeClercq, 1985). The presence of variation 

in fatness is borne out by the simple fact that it has been possible 

to create fat and lean chickens (LeClercq et al., 1980; Griffin et 

al., 1982b), mice (Sharp et al., 1984) and pigs (Muller, 1986) 

through artificial selection. 

There is, however, a paucity of information on the 

physiological mechanism by which direct selection for fatness 
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actually produces fat and lean birds and mammals. Before more 

effective selection programmes can be designed to produce leaner 

animals basic knowledge of the biochemical and physiological 

processes controlling the partitioning of feed energy into fat by 

animals. is required. 

The experiments described in this thesis were, therefore, 

designed to identify changes in metabolic pathways that could be 

ascribed to selection for fatness in mice and chickens. If any 

major differences were found in a specific metabolic pathway between 

the Fat and Lean lines, the relevant pathways could then be isolated 

and studied more closely at the molecular level. This detailed 

study could provide the requisite information on the mechanism of 

control of lipid metabolism at the physiological level, and if 

possible help identify the genes involved. Identification of such 

'trait genes' would, in turn, offer opportunities for genetic 

manipulation, and also help in the designing of selection programmes 

with greater efficiency. 

Divergently selected lines of mice (and chickens) were used in 

the present study because they may represent lines with genes fixed 

for either increased or decreased fatness. Fat and Lean lines of 

mice were created through 20 generations of divergent selection on 

the ratio of gonadal fat pad (GFPW) to body weight in 10-week old 

male mice (Sharp et al., 1984). 	Fat and Lean broiler lines, 

referred to in this thesis as French broilers (FB) were produced 

through divergent selection on the ratio of abdominal fat pad weight 

to body weight at 9 weeks of age for 7 generations (LeClercq et al., 



1980). Another Fat and Lean broiler lines referred to here as VLDL 

broilers were produced through 7 generations of divergent selection 

on plasma very low density lipoprotein (VLDL) concentration (Griffin 

et al., 1982b). Such lines constitute very appropriate models for 

investigating the genetic and physiological mechanisms controlling 

fat deposition. 

An important feature of the present study was that by using 

replicated selected lines of mice, observed metabolic differences 

between lines could be interpreted in terms of selection for fatness 

with greater certainty if the alterations were consistent across 

replicates (Falconer, 1973). Replicated Fat and Lean chicken lines 

were not available and so the possibility of the observed 

differences in the chickens lines having arisen by genetic drift 

cannot be ruled out. 

The first experiment was prompted by a report that fat and lean 

pigs had been successfully created through divergent selection on 

the sum of the specific activities (Vmax) of four (reduced) 

nicotinamide adenine dinucleotide phosphate (NADPH)-generating 

enzymes (Muller, 1986). The selection programme was based on the 

simple premise that NtDPH provides the requisite reducing equivalent 

for reductive biosynthesis of fatty acids from malonyl-CoI. (Langdon, 

1957). Therefore, the activities of the main enzymes generating 

this coenzyme would be expected to have a direct effect on 

lipogenesis, such that fat or non-starved animals would have higher 

activities than lean or starved animals. 



The four NADPH-generating enzymes were glucose 6-phosphate 

dehydrogenase, 6-phosphogluconate dehydrogenase, N1DP-malic 

dehydrogenase or malic enzyme and NPJ)P-isocitrate dehydrogenase. 

After 8 generations of direct selection on the sum of the specific 

activities of these four enzymes in backfat biopsy samples, the 

realised heritability was 0.88±0.26 and the high-low difference in 

sum of activities and backfat thickness were 2.5 and 3.6 phenotypic 

standard deviations respectively. 

This was a unique and rather unusual experiment because even 

though a large amount of variation exists at the enzyme level in 

mammals (Paigen, 1971; Bulfield, 1977), its link with growth is not 

well understood. In particular, when the activities of enzymes were 

measured in selected lines they were found to follow no consistent 

pattern (Martin, -1971a; 	Bulfield, 1980). These previous studies, 

however, had investigated enzymes activities in animals selected for 

weight for age, and not directly selected for fatness. There was, 

therefore, sufficient ground for re-assessing the situation in Fat 

and Lean animals. 

Whereas Muller (1986) actually selected pigs on the sum of 

activities of four NADPH-generating enzymes, in the present study, 

mice and chickens already selected for fatness were investigated for 

possible alterations in the activities of the same four 

DPH-generating enzymes. Animals from the F-line, French and VLDL 

broiler lines were used for this experiment. Enzyme activities were 

measured in the liver and gonadal fat pads (GFP) in the mice, and in 

only the liver of the chickens. The results which are described in 



7 

Chapter 4 showed that in the F-line mice and the French broilers the 

Fat lines generally had higher activities of the NADPH-generating 

enzymes than the Lean lines. The magnitude of the differences were, 

however, variable and of the order of a few percent. The VLDL 

broilers showed no consistent changes, suggesting that the 

activities of these enzymes were not affected by selection on high 

or low plasma VLDL concentration. This was surprising in view of 

the fact that plasma VLDL is the product of hepatic lipogenesis. A 

six fold difference in plasma VLDL concentration as reported for 

these chicken lines (Whitehead, 1988) was inconsistent with the 

suggested lack of difference in de novo lipogenic rates in the 

present study. 

The rate of total flux through the lipid synthesis pathway was, 

therefore, estimated by the tritiated water (3H20) method in F6 mice 

and the VLDL broilers. The results of this experiment form the 

subject of Chapter 5. The total flux study confirmed that selection 

for high or low plasma VLDL concentration may have altered some 

aspects of lipid metabolism other than lipogenesis. This conclusion 

poses a number of questions which may only be answered in future 

investigations. No further experiment was carried out with the VLDL 

broilers. 



The data on mice from the NADPH-generating enzyme activities 

and flux indicated remarkable between line differences in the 

gonadal fat pad at 5 weeks of age. The remaining experiments were, 

therefore, concentrated on mice because data from mice were 

interesting enough to justify further investigations. 

The investigations were narrowed down to the specific fatty 

acid synthesis pathway in F6 mice because independently collected 

data (I. Hastings, personal communication), on the activities of 

fatty acid synthetase, acetyl-COA carboxylase and ATP citrate lyase 

indicated over two fold between line difference in all three enzyme 

activities in the GFP at 5 weeks of age. These are the main three 

lipogenic enzymes of the fatty acid synthesis pathway. In addition, 

the magnitude of the differences in these enzyme activities were 

consitent with the between line difference in total flux (measured 

by the 3  H 2  0 method) in the same tissue, at the same age. Therefore, 

14C-precursors were used for in vivo estimation of the flux through 

the fatty acid synthesis pathway exclusively. The results discussed 

in Chapter 6 confirmed the GFP and 5 weeks as the relevant tissue 

and age respectively for lipogenic studies in mice selected directly 

for fatness. 

Another area that has not received sufficient attention is the 

role of hormones in lipid metabolism. Hormonal control of 

lipogenesis was therefore investigated by estimating the basal 

levels of plasma immunoreactive insulin in the Fat and Lean F6 

lines. Insulin affects lipogenesis by enhancing glucose uptake from 

circulation into cells, especially the adipocytes. 	It also 
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activates the three enzymes directly involved in the fatty acid 

synthesis pathway and reduces lipolysis. The results reported in 

Chapter 7 were found to be consistent with the observed changes in 

fluxes and lipogenic enzyme activities. Also in Chapter 7 are the 

results of VLDL concentration in the F6 mice which seem to suggest 

that lipid transport out of the liver to peripheral tissues may not 

contribute significantly to the accumulation of lipids in the 

gonadal fat pad. 

A number of conclusions have been drawn from the experiments 

described (Chapter 8), and some areas that need to be investigated 

further in the future have been suggested. 



General Introduction 

I 
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The primary aim of meat animal scientists is to produce meat 

animals which grow fast and are efficient enough to reduce the cost 

of production. This aim has largely been achieved, at least, in the 

modern broiler. In this species the age at market weight has been 

reduced by at least 50% in the last three decades through artificial 

selection for weight for age (Wyatt et al., 1982). Considerable 

increases in growth rate have similarly been achieved in other farm 

animal species. 

It is generally accepted that the remarkable increases in 

growth rate have led to correlated increases in deposition of fat in 

most meat animals, especially the modern broiler. Pigs are, 

perhaps, an exception because they are known to have become leanner 

with increase in growth rate (Kennedy et al., 1985). There is 

physiologically necessary fat (Leenstra, 1986) which protects 

delicate internal organs such as the heart and kidney. From the 

consumer's point of view there is also desirable fat which improves 

cooking quality of meat. 

In contrast, fat depots like abdominal and crop fat in broilers 

and backfat in pigs are considered undesirable (to the consumer) and 

even wasteful (to the producer). Excessive fat in meat is 

undesirable to the consumer because some heart diseases have been 

associated with excessive dietary intake of animal fat. To the 

producer, the cost of production is mainly a function of growth rate 

and feed cost, and so it is economically wasteful if a large 

proportion of feed is partitioned into fat which is considered a 

waste product. It is also energetically less efficient for an 
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animal to deposit fat than to deposit lean. This is because fat is 

nearly all energy rich dry matter, whereas lean is about 70% water 

(Leenstra, 1982). There is, therefore, a genuine problem requiring 

a lasting solution. 

Scientists have in recent times channelled a lot of time and 

resources into finding effective ways of dealing with this problem. 

On one hand, some researchers believe that nutritional manipulation 

can continue to be exclusively used to control fat deposition 

(Emmans, 1987), but the cost of high protein feeds limits this 

practice. On the other hand, there are many who believe that a 

genetic solution would be more lasting and cheaper in the long run 

(Leenstra, 1982). A genetic solution must be based on an optimum 

nutritional environment. A careful combination of the two 

approaches may therefore yield better results than either of them 

used separately. 

The success of a genetic approach, no doubt, depends on the 

availability of variation in fatness. There is an appreciable 

degree of variation in fatness in broilers (Littlefield, 1972; 

Griffiths et al., 1978; LeClercq, 1985). The presence of variation 

in fatness is borne out by the simple fact that it has been possible 

to create fat and lean chickens (LeClercq et al., 1980; Griffin et 

al., 1982b), mice (Sharp et al., 1984) and pigs (Muller, 1986) 

through artificial selection. 

There is, however, a paucity of information on the 

physiological mechanism by which direct selection for fatness 
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actually produces fat and lean birds and mammals. Before more 

effective selection programmes can be designed to produce leaner 

animals basic knowledge of the biochemical and physiological 

processes controlling the partitioning of feed energy into fat by 

animals is required. 

The experiments described in this thesis were, therefore, 

designed to identify changes in metabolic pathways that could be 

ascribed to selection for fatness in mice and chickens. 	If any 

major differences were found in a specific metabolic pathway between 

the Fat and Lean lines, the relevant pathways could then be isolated 

and studied more closely at the molecular level. This detailed 

study could provide the requisite information on the mechanism of 

control of lipid metabolism at the physiological level, and if 

possible help identify the genes involved. Identification of such 

'trait genes' would, in turn, offer opportunities for genetic 

manipulation, and also help in the designing of selection programmes 

with greater efficiency. 

Divergently selected lines of mice (and chickens) were used in 

the present study because they may represent lines with genes fixed 

for either increased or decreased fatness. Fat and Lean lines of 

mice were created through 20 generations of divergent selection on 

the ratio of gonadal fat pad (GFPW) to body weight in 10—week old 

male mice (Sharp et al., 1984). 	Fat and Lean broiler lines, 

referred to in this thesis as French broilers (FB) were produced 

through divergent selection on the ratio of abdominal fat pad weight 

to body weight at 9 weeks of age for 7 generations (LeClercq et al., 
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1980). Another Fat and Lean broiler lines referred to here as VLDL 

broilers were produced through 7 generations of divergent selection 

on plasma very low density lipoprotein (VLDL) concentration (Griffin 

et al., 1982b). Such lines constitute very appropriate models for 

investigating the genetic and physiological mechanisms controlling 

fat deposition. 

An important feature of the present study was that by using 

replicated selected lines of mice, observed metabolic differences 

between lines could be interpreted in terms of selection for fatness 

with greater certainty if the alterations were consistent across 

replicates (Falconer, 1973). Replicated Fat and Lean chicken lines 

were not available and so the possibility of the observed 

differences in the chickens lines having arisen by genetic drift 

cannot be ruled out. 

The first experiment was prompted by a report that fat and lean 

pigs had been successfully created through divergent selection on 

the sum of the specific activities (Vmax) of four (reduced) 

nicotinamide adenine dinucleotide phosphate (NADPH)-generating 

enzymes (Muller, 1986). The selection programme was based on the 

simple premise that N1DPH provides the requisite reducing equivalent 

for reductive biosynthesis of fatty acids from malonyl-CoA (Langdon, 

1957). Therefore, the activities of the main enzymes generating 

this coenzyme would be expected to have a direct effect on 

lipogenesis, such that fat or non-starved animals would have higher 

activities than lean or starved animals. 



The four NADPH-generating enzymes were glucose 6-phosphate 

dehydrogenase, 6-phosphoglucoflate dehydrogenase, NADP-malic 

dehydrogenase or malic enzyme and NN)P-isocitrate dehydrogenase. 

After 8 generations of direct selection on the sum of the specific 

activities of these four enzymes in backfat biopsy samples, the 

realised heritability was 0.88±0.26 and the high-low difference in 

sum of activities and backfat thickness were 2.5 and 3.6 phenotypic 

standard deviations respectively. 

This was a unique and rather unusual experiment because even 

though a large amount of variation exists at the enzyme level in 

mammals (Paigen, 1971; Bulfield, 1977), its link with growth is not 

well understood. In particular, when the activities of enzymes were 

measured in selected lines they were found to follow no consistent 

pattern (Martin, 1971a; 	Bulfield, 1980). These previous studies, 

however, had investigated enzymes activities in animals selected for 

weight for age, and not directly selected for fatness. There was, 

therefore, sufficient ground for re-assessing the situation in Fat 

and Lean animals. 

Whereas Muller (1986) actually selected pigs on the sum of 

activities of four NADPH-generatiflg enzymes, in the present study, 

mice and chickens already selected for fatness were investigated for 

possible alterations in the activities of the same four 

NADPH-generating enzymes. Animals from the F-line, French and VLDL 

broiler lines were used for this experiment. Enzyme activities were 

measured in the liver and gonadal fat pads (GFP) in the mice, and in 

only the liver of the chickens. The results which are described in 
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Chapter 4-showed  that in the F-line mice and the French broilers the 

Fat lines generally had higher activities of the NDPH-generating 

enzymes than the Lean lines. The magnitude of the differences were, 

however, variable and of the order of a few percent. The VLDL 

broilers showed no consistent changes, suggesting that the 

activities of these enzymes were not affected by selection on high 

or low plasma VLDL concentration. This was surprising in view of 

the fact that plasma VLDL is the product of hepatic lipogenesis. A 

six fold difference in plasma VLDL concentration as reported for 

these chicken lines (Whitehead, 1988) was inconsistent with the 

suggested lack of difference in de novo lipogenic rates in the 

present study. 

The rate of total flux through the lipid synthesis pathway was, 

therefore, estimated by the tritiated water (3H20) method in F6 mice 

and the VLDL broilers. The results of this experiment form the 

subject of chapter 5. The total flux study confirmed that selection 

for high or low plasma VLDL concentration may have altered some 

aspects of lipid metabolism other than lipogenesis. This conclusion 

poses a number of questions which may only be answered in future 

investigations. No further experiment was carried out with the VLDL 

broilers. 



The data on mice from the NN)PH-generating enzyme activities 

and flux indicated remarkable between line differences in the 

gonadal fat pad at 5 weeks of age. The remaining experiments were, 

therefore, concentrated on mice because data from mice were 

interesting enough to justify further investigations. 

The investigations were narrowed down to the specific fatty 

acid synthesis pathway in F6 mice because independently collected 

data (I. Hastings, personal communication), on the activities of 

fatty acid synthetase, acetyl-Co1 carboxylase and ATP citrate lyase 

indicated over two fold between line difference in all three enzyme 

activities in the GFP at 5 weeks of age. These are the main three 

lipogenic enzymes of the fatty acid synthesis pathway. In addition, 

the magnitude of the differences in these enzyme activities were 

consitent with the between line difference in total flux (measured 

by the 3H0 method) in the same tissue, at the same age. Therefore, 

14C-precursors were used for in vivo estimation of the flux through 

the fatty acid synthesis pathway exclusively. The results discussed 

in Chapter 6 confirmed the GFP and 5 weeks as the relevant tissue 

and age respectively for lipogenic studies in mice selected directly 

for fatness. 

Another area that has not received sufficient attention is the 

role of hormones in lipid metabolism. Hormonal control of 

lipogenesis was therefore investigated by estimating the basal 

levels of plasma immunoreactive insulin in the Fat and Lean F6 

lines. Insulin affects lipogenesis by enhancing glucose uptake from 

circulation into cells, especially the adipocytes. 	It also 



activates the three enzymes directly involved in the fatty acid 

synthesis pathway and reduces lipolysis. The results reported in 

Chapter 7 were found to be consistent with the observed changes in 

fluxes and lipogenic enzyme activities. Also in Chapter 7 are the 

results of VLDL concentration in the F6 mice which seem to suggest 

that lipid transport out of the liver to peripheral tissues may not 

contribute significantly to the accumulation of lipids in the 

gonadal fat pad. 

A number of conclusions have been drawn from the experiments 

described (Chapter 8), and some areas that need to be investigated 

further in the future have been suggested. 
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2.1 Physiology of Fat Deposition 

The biosynthesis of lipids is a prominent metabolic process in 

most organisms. Higher animals have a limited capacity to store 

polysaccharides such as glycogen. When glucose is ingested in 

excess of immediate energy needs and storage capacity, it is 

converted by glycolysis into pyruvate and then acetyl—00A, from 

which fatty acids are synthesised (Fig. 2.1). These in turn are 

converted into triacyiglycerols (TG, triglycerides) and may be 

stored in very large amounts in adipose or fat tissues. The chief 

storage form of available energy in the animal cell is therefore the 

triacyiglycerols molecule. 

When the caloric intake of the bird is above its requirement 

for maintenance, growth of non-fat tissue heat loss and activity it 

fattens. Chickens become fatter as they age, and at a given age the 

heaviest birds are on average also the fattest (LeClercq, 1985). 

These observations are not unique to birds, but are generally 

applicable to mammalian species as well. 

A considerable amount of research has been conducted to 

describe the flow of nutrients towards fat and protein deposition in 

an animal. The evidence that selection for increased body weight 

results in increased voluntary food intake has led to the conclusion 

that appetite is the main determining factor of the amount of fat 

deposited (Gus et al., 1977; McCarthy and Siegel, 1983). The 

control of fat deposition has also been attributed to the endocrine 

status of the animal (Bergen, 1974; Bauman et al., 1982; LeClercq, 

1985), in particular, insulin. 
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Fig. 2.1: Schematic pathway for the synthesis of fatty acids. 

The enzymes of the pathway are as follows: 1. glucokinase; 

2. phosphorylase; 3. phosphoglucomutase; 4. hexose isomerase; 

5. phosphofructokinase; 6. F16Pase; 7. aldolase; 8. other 

enzymes of glycolysis; 9. pyruvate kinase; 	10. 	glucose 

6-phosphate dehydrogenase; 11. 6-phosphogluconate dehydrogenase; 

12. other enzymes of pentose phosphate pathway; 13. lactate 

dehydrogenase; 14. pyruvate carboxylase; 15. pyruvate 

dehydrogenase; 16. citrate synthetase; 17o aconitase; 18. 

isocitrate dehydrogenase (mitochondrial); 19. other enzymes of the 

tricarboxylic acid cycle (TCI); 20. 	fumarase; 	21. NN)P-malate 

dehydrogenase (mitochondrial); 22. aconitase (cytoplasmic); 23 

isocitrate dehydrogenase (cytosolic); 	24. 	NAD-malate 

dehydrogenase; 25. NADP-malate dehydrogenase (cytosolic); 26. 

ATP-citrate lyase; 27. acetyl-CoA synthetase (cytosolic); 28. 

acetyl-CoA carboxylase; 294 fatty acid synthetase. 
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Still other reseachers have looked to the lipogenic enzyme level in 

a bid to understand the physiological basis of fat deposition in 

pigs (Rogdakis, 1979; Muller, 1985, 1986), rats (Gandemer et al., 

1985), and chickens (Proudman et al., 1975; 	Bannister et al., 

1984). 

In spite of the basic similarity in the mode of fat deposition 

across species, there are differences in the extent of lipogenesis 

within and between species, and in the site of lipogenesis between 

species (see section 2.2 for review of literature on site of 

lipogenesis). In broilers for instance, fat is the most variable 

body component (Lohman, 1973) abdominal fat being far more variable 

than inter- and intra-muscular fat (Ricard, 1975; Leenstra, 1982). 

The coefficient of variation of total abdominal fat weight in 

broilers is 25 to 30 per cent (Leenstra, 1984). 	The heritability 

estimates reported for abdominal fat weight are variable and range 

from 0.47, males (Ricard and Rouvier, 1967) to >1, male + female 

(Leenstra, 1982). Most of the estimates are greater than 0.6, 

indicating a high additive genetic variation in abdominal fat. 

This additive genetic variation has been capitalised on to 

obtain Fat and Lean lines of animals through divergent selection 

using various criteria in various species. For instance, broiler 

strains have been selected on the ratio of abdominal fat pad weight 

to body weight (LeClercq et al., 1980), on abdominal fat pad weight 

(Lilburn et al., 1982a), and on plasma very low density lipoprotein 

(VLDL) concentrations (Griffin et al., 1982b). Mice have been 

selected on the ratio of gonadal fat pad weight to body weight 
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these various selection criteria made use of naturally occuring 

variation to produce fat and lean animals, gene mutations have been 

identified that confer extreme fatness on homozygous individuals. 

These include the obese gene in mice (ob) (Rath and Thenen, 1980) 

and Zucker rats (fa) (Bray and York 1971) and the adipose gene in 

mice (ad) (Bulfield, 1972)now described as db
ad ) 

Fat deposition could be considered a component of growth, if 

the efficiency of growth was simplistically defined as being a 

function of food intake in excess of maintenance and the 

partitioning of the excess energy into fat and and lean growth 

(Bishop, 1985). A biological phenomenon such as growth is the 

result of a complex but orderly arrangement of metabolic processes. 

To the metabolic researcher, establishing evidence of an association 

between a locus and production characteristics is but the first step 

in describing control. 

Current research into the fat problem in poultry has focussed 

on describing how the physiological differences among genotypes at 

the locus manifests this association. In seeking to explore the 

biochemical and physiological control of fat deposition in poultry 

and livestock species, an in depth understanding of the mechanism of 

lipid metabolism is necessary. To this end, there is the need to 

isolate all of the relevant areas of metabolism and investigate in 

detail only those indicated by preliminary results (Bulfield, 1980). 

The relationships between metabolic steps are often displayed 

as metabolic maps which show in a qualitative way the flow of 

synthetic and degradative pathways. The sequence of reactions and 

the enzymes that catalyse them have been identified for the major 

pathways of metabolism. Although this picture is by no means 
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complete, it is generally accepted that the major structure of 

living systems at this level is known. The measurable phenotype of 

a particular character is the qualitative outcome of the multiple 

interactions within a metabolic system. But the understanding of 

the steps involved is lacking. A word of caution was given by 

Bulfield (1980) that, in our bid to find metabolic solutions to our 

problems we must try and avoid jumping around the metabolic map to 

no logical purpose. 

In conclusion, a metabolic approach to manipulating fat 

deposition is feasible, though there is a paucity of information on 

metabolic biochemistry and its relation to metric traits. Classical 

selection methods have been used successfully to alter desired 

metric traits, without necessarily revealing the underlying 

physiological mechanism of control. It is believed that the 

accumulation of information on the biochemical/physiological control 

mechanism of metric characters such as growth will help the animal 

breeder in his quest to breed superior animals through enhancement. of 

classical selection methods and genetic manipulation (Bulfield, 

1980). 
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2.2 Site of Lipogenesis 

The biosynthesis of saturated fatty acids from their derived 

precursor, acetyl—CoA, occurs in all organisms, but is particularly 

prominent in the liver, adipose tissue and the mammary gland of 

higher animals (Lehninger, 1984). Species differences in the site 

of lipogenesis have been identified. 

In chickens, the liver is the major site of lipid biosynthesis. 

Adipose tissue is relatively unimportant as a site of fatty acid 

synthesis in this species although it does have the ability to 

esterify fatty acids to triacylglycerols (Evans, 1972; Leveille et 

al., 1975). The evidence suggests that, in chickens and presumably 

other avian species (Goodridge and Ball, 1967) fatty acids are 

synthesised almost exclusively in liver and are transported as 

triacyiglycerols (TG) in the plasma low density and very low density 

lipoproteins (VLDL) to the adipose tissues for storage. In Fat and 

Lean broiler lines 65 and 68 percent respectively of de novo fatty 

acid synthesised derive from the liver (Saadoun and LeClercq, 1983). 

In pigs and ruminants, adipose tissue is responsible for 

virtually all fatty acids synthesised (O'Hea and Leveille, 1969; 

Romsos et al., 1971). In ruminants the adipose tissue may 

contribute as much as 90% of the total body fatty acids synthesised 

(Vernon, 1980). Thus single organs or sites have been identified in 

chicken and pigs as the main if not the sole site of lipogenesis. 

The situation in mice and rats is not as clear cut. In mice 

fed ad libitum, the liver and adipose tissue account for 22 and 7 
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percent respectively of the total synthetic rate of fatty acid, 

measured by incorporation of tritium (3H) of tritiated water 
3  H 2  0 

(Hollands and Cawthorne, 1981). Several authors (Kannan et al., 

1976; Baker et al., 1978; Cawthorne and Cornish, 1979) reported 

that the liver and adipose tissue together contribute only between 

10 and 40 percent of the overall synthesis depending on experimental 

conditions and methods used. They attributed the bulk of fatty acid 

biosynthesis in the mouse to the 'rest of the 	carcass'. 

Publications on the anatomical site of fatty acid synthesis in the 

remaining carcass are contradictory. 

In normal mice, the total rate of fatty acid synthesis in the 

liver was about two fold greater than that in all adipose tissue 

regions combined, whereas in genetically obese mice the rate of 

fatty acid synthesis was more rapid than in lean mice in both liver 

and adipose tissue (Hems et al., 1975). Most of the extra 

lipogenesis occurred in the adipose tissue. It was concluded that 

at all ages and at all times of the day the adipose tissue is the 

main site of the excess fatty acid synthesis in obese mice which are 

ingesting a starch based diet. 

In rats the liver plays a greater role than adipose tissue in 

de novo fatty acid synthesis (Gandemer et al., 1983; Hems et al., 

1975; Masoro, 1977). Previous studies in rats by Hausberger et al. 

(1954), Favarger (1965), reached the opposite conclusion. There are 

considerable differences in the lipogenic capacity of adipose 

tissues located in different parts of the body of an individual 

animal (Benjamin et al., 1961; Anderson et al., 1972; 	Ingle et 
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al., 1972; Gandemer et al., 1983). 

Therefore any biochemical studies of lipid metabolism must be 

designed with species differences in the site of lipogenesis, the 

localization of adipose tissue, and genetic background, in mind. 

These complications make comparison across species difficult. From 

the figures given by Hollands and Cawthorne (1981) the liver is the 

single organ with the highest contribution, though with rare 

exceptions (Rath and Thenen, 1980) it never plays a preponderant 

role in fatty acid synthesis in mice. Yet the rate of lipogenesis 

varies in the liver more than in any other organ or tissue (Rath and 

Thenen, 1980). 

2.3 Enzymes and metabolic control 

The science of quantitative genetics is based upon the 

principle that many traits, including those of 	commercial 

importance, are affected by segregation at many loci. To increase 

the frequency of favourable alleles at these loci it is necessary to 

be able to identify individuals which carry such alleles and use 

them preferentially for breeding. 

Current genetic theory includes the concept that genes may 

control the activity of enzymes and hence affect the rate of 

particular biochemical processes, or more precisely the rate of flux 

through a system (Land, 1981). One can therefore, consider the 

theoretical possibility of identifying all the enzymes making up the 

group of pathways, examining the effects of changes in activity of 

each enzyme on the expression of the trait, determining which enzyme 
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is limiting that expression, testing for genetic variation and then 

selecting directly on the locus which controls that enzyme for 

alleles which would change enzyme activity favourably, thereby 

increasing the level of expression of the trait in question. 

The assumption would then be that the enzyme was a direct 

product of the allele, and so in the absence of any environmental 

effect on the action of that gene the heritability of the 'trait' 

would be high. The rate of response would therefore be high and 

there will be no restriction to the expression of the commercial 

trait. Such an assumption would, perhaps, be validated by the use 

of transgenic animals which have extra copies of a specific gene 

controlling the activity of a specific enzyme. 

Enzyme activities, like most physiological and biochemical 

parameters are continuous variables in nature, and the genetic 

control of this variation is poorly understood. The study of 

quantitative physiological measures and the association between 

these and production characteristics is much different from that of 

looking at single segregating loci. 

In a multi-enzyme pathway the effects on the flux (rate of 

formation of product in a steady state) of changes in activity of 

any of the enzymes is given by the control coefficients of those 

enzymes (Kacser and Burns, 1979). The control coefficient defined 

as the fractional change of flux produced as a result of an 

infinitesimal fractional change in the activity of an individual 

enzyme, is a quantitative measure of the 'importance' of any enzyme, 
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in regulating flux through the pathway. Control is shared among all 

the enzymes, and the relative value of the coefficients is a measure 

of this share. 

The sum of the control coefficients for any particular system 

is unity, and this is called the summation property (Kacser and 

Burns, 1979). This has several relevant consequences; 	in 

particular, when there are many enzymes, (n), the expected control 

coefficient of any one (1/n) will be very small; and moreover, if 

the activity of any one enzyme is changed so that its control 

coefficient is reduced, the coefficients of other enzymes will 

increase and vice versa. 

The implications of the Kacser and Burns (1979) theory are 

that, before enzyme activities can be used as a criterion for 

selection a) they must have high control coefficients and b) there 

must be genetic variation at loci controlling enzymes with high 

coefficients in the population under selection. 	This theory 

suggests that no one enzyme can be referred to as rate controlling 

or limiting. It, therefore, no doubt, questions the validity of 

using maximum activities (Vmax) of enzymes for 	predicting 

quantitative differences between organisms or populations. 

To calculate a flux control coefficient for an enzyme in 

practice, it is necessary to alter the enzyme activity in vivo 

without altering anything else in the system. In mammals, the only 

way usually available to alter enzyme activity is to change the 

nutritional or hormonal environment of the animal. This causes a 
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whole range of complex alterations in the system and therefore is 

most unsatisfactory (Bulfield, 1968). Transgenic animals with known 

alterations in specific enzyme activities may provide opportunities 

for the in vivo determination of flux control coefficients in 

future. A method of determining control coefficients for systems 

studied in vitro has been proposed (Torres et al., 1986), though the 

reporters agree that a study of metabolic regulation must be made in 

vivo in order to draw physiological conclusions. They applied their 

method to a model pathway and confirmed that the summation property 

was fulfilled. 

Enzyme activities only represent the potential and not actual 

synthesising rate in vivo. The circulating levels of substrates and 

other metabolites and interactions between different enzymes in vivo 

are often not known. It is technically more difficult to measure 

flux control coefficients than to measure Vmax. Therefore, in spite 

of the fact that Wax may not exactly reflect in vivo conditions, it 

might justifiably be used in place of control coefficients as a 

selection criterion as has been done by Muller (1986). 

The opportunities for genetic change in fatness, therefore, are 

among other things, dependent on the extent of genetic variation in 

lipogenic enzyme activities, and our ability to identify the animals 

with superior genetic merit for lipogenic enzyme activities. There 

is a large amount of variation at the enzyme level (Paigen, 1971; 

Harris, 1980; Bulfield, 1977), but the link with growth has not yet 

been established. 
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2.4 Regulation of Lipogenesis 

Genotype X environment (GxE) interaction is an important 

feature in breeding programmes designed to utilize efficiently the 

genetic variation for a particular trait4 There are a number of 

environmental factors acting either singly or together to influence 

the genetic differences in lipogenic rates in animals. These are 

among other things (1) Nutrition (2) Age (3) Sex (4) Light-dark 

cycle and (5) Hormones. 

a) Nutrition 

Nutrition is the most important environmental influence on 

abdominal and carcass fat deposition. The effects of nutritional 

factors on body composition were first described by Fraps (1943), 

who was able to produce chickens with widely varying amounts of body 

fat by adjusting dietary constituents. Subsequently, several 

reporters have investigated the specific effects of dietary protein, 

energy and energy to protein (E:P) ratio on the body composition of 

chicks. 

Until recently nutritional manipulation was the only means of 

controlling excessive fatness in broilers (LeClercq, 1985). This 

will continue to be the major means of controlling fatness, until 

any pronounced effects of the various selective breeding methods are 

seen in commercial broilers (Whitehead, 1986). The nutritional 

approach is, however, constrained by financial and other 

considerations. Nutritional, effects on lipogenesis are manifest 

through diet composition, feeding regime, intake in excess of 

maintenance needs, fasting, overfeeding, etc. Although a detailed 
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discussion of the influence of nutrition on lipogenesis is not 

appropriate, it is worth noting that nutritional effects on lipid 

metabolism cannot be overemphasised. 

b) Age 

The responsiveness of regulatory enzymes to produce fat 

deposits in the chicken is probably age dependent (Allee et al., 

1971). The percentage of fat in the whole body increases linearly 

with the age of chickens (Edwards, 1971; Kubena et al., 1972). 

There is little information about the activities of enzymes involved 

in fatty acid biosynthesis in the chicken at different ages. 

The rate of lipogenesis in the chick embryo is very low. Soon 

after hatching the activity of citrate cleavage enzyme (ATP citrate 

lyase) increases and other enzymes increase at one week. However, 

in the adipose tissue the enzyme activities remain low from late 

embryonic stages until 4 weeks after hatching (Goodridge, 1968a). 

In rats, liver glucose 6-phosphate dehydrogenase (G6PDH) 

activity is relatively low during the suckling stage, and malic 

enzyme (ME) activity is absent before the age of 20 days (Madvig and 

Abraham, 1980; Hahn and Kirby, 1973). This postnatal developmental 

pattern of hepatic lipogenic enzyme activities is reflected in the 

rates of total lipid and fatty acid synthesis in the liver - low 

values in suckling rats, a large increase immediately after weaning 

and high values in young adults (<3months) (Gandemer et al., 1982; 

Godbole and York, 1978). There is thus a defined pattern in 

lipogenesis from immature to adult stages. 
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A similar in vivo pattern has been observed in mice (Rath and 

Thenen, 1980), although there was a sharp drop in hepatic fatty acid 

synthesis in old adult mice. In young adult rats, however, hepatic 

fatty acid synthesis remained high (Gandemer et al., 1982; Godbole 

and York, 1978). These observations are not contradictory, because 

in all studies in rodents in which hepatic fatty acid synthesis 

remained high, young 3-month old animals were used. A drop in 

hepatic lipogenesis in vivo was only reported in 5-month old mice 

(Rath and Thenen, 1980). In rats also a drop in the activity of the 

main lipogenic enzymes was noted only at later ages (>5months), 

(Leveille, 1972). 

In the perirenal and dorsal subcutaneous adipose tissue of 

rats, in vivo lipogenesis was characterised by low values in 

suckling rats, very high values betweeen weaning and 50 days of age 

and greatly reduced values in adult rats (Gandemer et al., 1985). 

These in vivo results confirmed their previous observations 

concerning changes in the main lipogenic enzymes (acetyl-Co1 

carboxylase, malic enzyme and glucose 6-phosphate dehydrogenase) in 

rat adipose tissue during growth (Gandemer et al., 1979). 

In castrated pigs, a similar developmental pattern in the 

adipose tissue was observed - low values in the period immediately 

before and after weaning (19 to 25 days) and a very marked peak at 

36 or 42 days (Anderson and Kauffman, 1973). 

It has been suggested that the elevation of enzymatic 

activities at weaning was related to the change from a lipid rich 
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milk diet to a carbohydrate based diet (Ballard and Hanson, 1967). 

This hypothesis was confirmed in rats (Lockwood et al., 1970) and in 

mice (Smith and Abraham, 1970). It was shown that early weaning 

with a lipid free diet prematurely activated liver lipogenic 

activity. But nutritional factors alone were not responsible for 

the observed enzymatic changes (Taylor et al., 1967). 

Depending on the type of animals (mice or rats) the rise in 

hepatic enzyme activity was strongly reduced between 36 and 50 days 

of age. Adipose tissue lipogenic activity was at a peak during this 

period. The same processes were reported between 40 and 50 days of 

age in the specific activity curves of ATP citrate lyase and 

pyruvate kinase (Webb and Bailey, 1975). 

In conclusion, therefore, the pattern of lipogenesis strongly 

depends on age, and the relative importance of liver and adipose 

tissue in their contribution to lipogenesis varies with age. Given 

an optimal diet composition and under a given feeding regime, an 

optimal age for each species (and relevant tissue) must be 

determined for effective comparative studies of lipogenic enzyme 

activities. 

C) Sex 

Sex is an important non-nutritional factor influencing 

lipogenesis. Pullets have more abdominal and carcass fat than 

cockerels, with sexual dimorphism increasing with age (Gyles et al., 

1982; Becker et al., 1981; Hood and Pym, 1982). 	It has been 

reported that fat accumulation in female broilers starts at an 
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earlier age than in males (Edwards, 1971). Moreover, in females the 

tendency to deposit and accumulate fat after 7 weeks of age seems so 

strong that it cannot be prevented even by feeding diets with 

relatively high protein concentrations. Nevertheless, some effects 

of protein were still apparent at 9 weeks of age. 

In contrast, the natural trend of male broilers to accumulate 

fat after 8 weeks of age could be counteracted to a considerable 

extent by raising the dietary protein concentration (Bartov et al., 

1974). In physiologically mature birds (when growth of adipose 

tissue is due solely to cellular hypertrophy) the weight of the 

abdominal fat pad was positively related to adipose cell volume for 

female chickens, whereas the data for males were much more variable 

(Hood and Pym, 1982). 

At a given percent body fat, however, male birds generally have 

larger deposits of fat than females in the abdominal region (Hood 

and Pym, 1982), but in absolute terms the amount of abdominal fat in 

females is a larger part of total fat than in males (Hankansson et 

al., 1978). Not much work has been done in rodents to compare 

differences in fatness between the sexes. However, most studies, 

like the present, have used either male or female rodents (Gandemer, 

1985), probably in recognition of the possible sex differences in 

lipid metabolism. 
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Light - Dark Cycle 

There are significant diurnal rhythms in metabolic processes. 

In both lean and obese mice aged 6-7 weeks, the total rate of 

lipogenesis was faster during the dark hours (Hems et al., 1975). 

This study was based on the incorporation of 
3  H of 3  H 2  0 into total 

fatty acids. The increase in fatty acid synthesis during the night 

was not associated with marked changes in the blood glucose 

concentration in either lean or obese mice. DeGasquet et al. 

(1977) also reported that the normal nocturnal feeding habit of the 

rat (like the mouse) was accompanied by diurnal changes in plasma 

insulin concentration. These two studies may suggest that the 

increase in fatty acid synthesis in mice or rats during the dark 

period may be taking place in the presence of elevated insulin 

level, but ironically no change in blood glucose concentration. 

During the dark period of the 24-hour cycle in rats there is an 

increase in hepatic cholesterol (Edwards et al., 1972) and in fatty 

acid synthesis measured by incorporation of '4C-acetate (Kimura et 

al., 1970). In rats such increased rates of fatty acid synthesis in 

the dark period were not associated with comparable rhythm in 

assayable fatty acid synthetase activity (Bruckdorfer et al., 1974). 

Hormones 

Following similar studies by researchers in human and mammalian 

obesity, the hormonal and neuro-hormonal control of lipid metabolism 

has been investigated in poultry. 
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1) Insulin: The primary hormone associated with the control of 

lipogenesis in mammals is insulin, but its role in birds has not 

been well defined (Langslow and Hales, 1971). Insulin is reported 

as being hypoglycaemic in the chicken, and in contrast to its effect 

in most mammalian species, it elevates circulating free fatty acid 

level (Goodridge, 1964; Nir and Levy, 1973). 	In birds, as in 

mammals, insulin is known to enhance glucose uptake into liver 

cells, lipogenesis and lipoprotein lipase (LPL) activity in adipose 

tissues (LeClercq, 1985). The exact role of insulin in birds was 

re-examined (Capuzzi et al., 1971), and it was shown that insulin 

stimulates lipogenesis in incubated hepatocytes of chickens, this 

effect being more pronounced both in vivo and in vitro from liver 

tissues of hypophysectomised birds (Kompiang and Gibson, 1976). 

This suggests that growth hormone partially inhibits the effect of 

insulin, and has been confirmed in vitro with both avian and 

mammalian growth hormones (Harvey et al., 1977). Insulin has 

neither lipolytic nor anti-lypolytic actions in chick adipocytes 

(Goodridge, 1968a; Langslow, 1971). 	Chicken adipose tissue 

responds poorly to insulin, but this cannot be ascribed to the 

insulin used, because essentially the same response was observed 

from bovine or chicken insulin (Goodridge, 1968a). The Fat chicken 

line of LeClercq et al. (1980) was found to have slightly higher 

plasma insulin levels than the Lean line (Simon and LeClercq, 1982). 

Preweaning obese mice (at 18 days) exhibited higher levels of 

plasma insulin and increased adipose tissue weight, but surprisingly 

fatty acid synthesis was not elevated at this age. In fact, it was 

significantly lower than that in lean animals due to low rates of 
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synthesis in all tissues, especially the carcass (Rath and Thenen, 

1980). 

Thyroxine: It has been demonstrated that hypophysectomy 

depresses hepatic malic enzyme activity in chicks and that thyroxine 

injections increase hepatic malic enzyme activity in both intact and 

hypophysectomised birds (Chandrabose and Bensadoun, 1971). 

When food and water intake are held constant intraperitoneal 

injection of thyroxine reduces, rather than increases, hepatic malic 

enzyme activity in intact chicks (Balnav, 1973). It was therefore 

suggested that thyroxine increases basal metabolism, thereby 

reducing energy available for fatty acid synthesis and the need for 

NADPH (Balnav, 1973). This illustrates the need for carefully 

monitoring food intake in lipogenic studies. 

Thyroxine exerts a direct effect on the liver (Goodridge et 

al., 1974), but the mechanism whereby it affects hepatic fatty acid 

synthesis in the chick remains to be established. 

Glucagon: Glucagon appears to play a major role in the 

regulation of fatty acid synthesis in the chick liver. Its release 

may be stimulated by insulin injection, thus explaining the increase 

in plasma free fatty acid levels in the chick following insulin 

injection. Glucagon is lipolytic in the chicken (Hazelwood, 1971), 

and chicken adipocytes are extremely sensitive to its lipolytic 

action (Langslow, 1972). 
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Addition of glucagon or c-NIP to isolated chick liver cells or 

liver slices inhibited fatty acid synthesis (Goodridge et al., 

1974). This inhibition was probably mediated by adenyl cyclase and 

changes in c-AMP. The inhibition could also have resulted from the 

ability of glucagon to stimulate lipolysis and thereby elevate the 

intra-hepatic concentration of fatty acyl Coh (Goodridge et al., 

1974). 

Other hormones which potentiate lipolysis in rat adipose tissue 

are adrenaline, noradrenaline and ACTH, but chicken adipocytes are 

insensitive to these except at very high doses (Langslow, 1972). 

iv) Sex Hormones: Sexual maturity brings about new mechanisms 

controlling lipogenesis that interfere with those operating in the 

sexually immature bird (Simon and LeClercq, 1983; LeClercq, 1984). 

Sex hormones can influence lipogenesis in birds. For example, 

oestrogen induces an increase in body fat (LeClercq, 1984). This 

effect of oestrogen may partially explain the higher fat content of 

females and also why the genetically Lean and Fat lines of chicken 

become less divergent, with regard to fat content, as they approach 

sexual maturity (Simon and LeClercq, 1982; LeClercq, 1984). Driot 

et al. 	(1979) observed a ten-fold rise in plasma levels of 

testosterone in cockerels, lasting from 12 to 22 weeks. This rise 

coincided with the period of sexual maturity and may have a direct 

or indirect effect on lipogenesis. 
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2.5 Methods of studying lipogenesis 

a) Selection Methods 

A few selection experiments using various direct and indirect 

criteria have been addressed to the problem of fatness in poultry. 

Calipers designed to measure the size of the abdominal fat pad in a 

live bird, while promising in the hands of some (Pym and Thompson, 

1980), were inadequate in the hands of others (Gyles and Maeza, 

1981; Stewart and Washburn, 1981). Pym and Thompson (1980) found a 

phenotypic correlation of 0.68 between caliper measurement and 

abdominal fat weight in 90 randomly selected broiler-type male 

chickens at 12 weeks of age. 

Fat and Lean broiler lines were obtained using hand palpation, 

with lipid metabolism and feed intake considered the causative 

factors for the difference between the lines (Lilburn et al., 

1982a,b). 	A major shortcoming of this method and caliper 

measurements is the lack of reproducibility when operated by 

different persons. 

The reliability of abdominal fat pad size of spent parents 

(Gyles et al., 1982, 1984) as a predictor of this trait in their 

progeny is a reasonable concept but is complicated by the feeding 

programmes of the parents (ad libitum or restricted). This 

approach, like sib selection to be mentioned below, requires 

pedigree information which may not be available in all programmes. 
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Experiments were initiated where divergent selection of 

abdominal fat pad size was based on data from sacrificed sibs 

(LeClercq et al., 1980). Through ten generations distinct Fat and 

Lean broiler lines were produced, and are now being used to further 

the understanding of the physiology of lipid metabolism. Fat and 

Lean lines of mice were also produced by divergent selection on the 

ratio of gonadal fat pad weight to body weight (Sharp et al., 1984). 

Chicken and mice from these two lines were used in the present 

study. 

Selection for improved feed efficiency is likely to produce 

leaner birds (Pym and Solvyns, 1979). Its feasibility, however, may 

depend on reliable methods for effectively selecting for feed 

efficiency. Measurement of individual feed intake is also labour 

intensive and costly, though it is done under experimental 

conditions. These methods, in spite of the various shortcomings 

pointed out, have been used successfully to create fat and lean 

animals. They do not, however, provide information at the 

physiological level on the control mechanism of lipid metabolism 

underlying their success. 

b) Biochemical Methods 

In a bid to find new methods for reducing fatness by genetic 

means, several research programmes have been aimed at finding a link 

between some biochemical or physiological markers and fatness. 

Quantitative genetics traditionally adopts a 'black box' approach, 

with the results that often selection for a desired trait could lead 

to an undesirable change in another production trait of importance. 
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For instance, selection for leanness could result in a reduction in 

fertility and/or growth rate. 

Biochemical genetics can have a well defined target e.g. a 

specific metabolic pathway or enzyme, and may be able to reduce the 

degree of undesirable associations between traits. It however, 

usually offers opportunities for indirect selection, and may involve 

destruction of some of the experimental subjects. Despite this 

disadvantage, it is a reliable way of understanding the 

physiological and molecular processes underlying the phenotypic 

expression of the genes controlling the desired trait. Some of the 

methods used in studying the biochemical genetics of fat metabolism 

are as follows. 

i) Use of Radioactive Tracers: The use of radiolabels provides a 

powerful tool for investigating flux (rate of formation of products 

at a steady state) through the lipid synthesis pathway. The 

measurements in vivo and in vitro of the rate of incorporation of 

['4C]-labelled precursors into fatty acids have been used to study 

the relative rates of fatty acid synthesis between Fat and Lean or 

fast and slow growing lines of mice (Smith and Abraham, 1970) and 

rats (Gandemer et al., 1985). This method has also been used to 

study the relative importance of liver and adipose tissue in lipid 

biosynthesis and transport in the domestic chick (O'Hea and 

Leveille, 1969). It has been shown that 14  C glucose or acetate are 

not good precursors for studies of this kind because they do not 

provide a correct estimate of lipid synthesis in all tissues, 

especially in the liver (Hems et al., 1975; Baker et al., 1978). 
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The use of ['4C]-acetate  precursor appears to underestimate the 

hepatic contribution and overestimate the extra hepatic contribution 

to total fatty acid synthesis in the rat (Romsos and Leveille, 

1974). This is because blood glucose is of minor significance as a 

carbon source in the liver of mice (Hems et al., 1975; Salmon et 

al., 1974) and rats (Clark et al., 1974). In contrast, comparisons 

of the rates of fatty acid synthesis from (14C]-glucose  to total 

fatty acid synthesis measured by using tritiated water (3H20) have 

shown that, in mouse adipose tissue, glucose is the major source of 

carbon in the fed state (Hems et al., 1975; Baker et al., 1981). 

During fasting however glucose is a minor precursor for fatty acid 

synthesis in the mouse adipose tissue (Baker et al., 1981). 

The use of 3  H 2  0 to obtain estimates of fatty acid synthesis in 

chickens (Leveille et al., 1975; Lilburn et al., 1982b) and rats 

(Gandemer et al., 1985) would overcome any bias due to differences 

in substrate specific activity from tissue to tissue. Glucose-U-14C 

would, however, be a logical physiological precursor to be used for 

studies of lipogenesis in the chicken which typically consumes a 

high carbohydrate diet. 

A high degree of correlation (r=0.96) has been found in 

chickens between the incorporation of '4C from glucose-U-'4C and of 

3H from 3  H 2  0 into lipid (Goodridge, 1968). Since 3H would be 

incorporated into newly formed lipids, regardless of source of 

substrate or carbon (Leveille et al., 1975; Hollands and Cawthorne, 

1981), its use provides an accurate measure of total lipid 

synthesis. The high correlation between the incorporation of 3H and 
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of 14  C into fatty acids indicates that the latter does represent an 

accurate measure of the fatty acid synthesis (Leveille et al.. 

1975). 

Although most authors report that the use of 3  H 2  0 is the most 

reliable technique, the low rate of incorporation (10 to 10 of 

the dose injected) (Baker et al., 1978) requires the use of a large 

dose of radioactivity, and is difficult to apply to larger animals. 

ii) Plasma Very Low Density Lipoprotein Concentration: A phenotypic 

correlation of about 0.7 was found between plasma very low density 

lipoprotein (VLDL) concentration in chicken and total abdominal fat 

pad weight (Griffin et al., 1982a). Plasma low density and very low 

density lipoproteins constitute the main transport form of 

triacylglycerols (triglycerides, TG) from the liver to the adipose 

tissue for storage. From the knowledge that most of the 

triacylglycerols accumulating in chicken adipose tissue is derived 

from the liver (O'Hea and Leveille, 1969) and diet, Griffin et al 

(1982a) hypothesised that the rate of fat, deposition in broilers 

might be influenced by the concentration 	of 	available 

triacylglycerols in circulation. This hypothesis was substantiated 

in their preliminary experiments. 

Only VLDL are effective substrates for lipoprotein lipase, the 

enzyme involved in transferring triacylglycerols to adipose tissue. 

A high phenotypic correlation (r=0.9) was found between plasma VLDL 

and TG (Griffin et al., 1982a). A turbidi metric assay technique was 

therefore developed and used to select broilers divergently on 
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plasma VLDL1 concentration (Griffin et al., 1982b). A three fold 

difference in VLDL concentration between the high and low lines was 

produced after 4 generations of selection. This difference was 

accompanied by significant differences in body fat content but 

little difference in body weight. Birds from the 7th generation 

were used in some of the experiments described in the present study. 

The relationship between plasma triacyiglycerol concentrations 

and body fat content in broilers had earlier been examined (Bartov 

et al., 1974), and the conclusion was that measurements of plasma 

triacyiglycerol were unsuitable as criteria for predicting carcass 

fatness. Similarly, Mirosh et al. 	(1980) found no correlation 

between total plasma lipid concentrations and abdominal fat content 

of broilers in fasted birds. 

The conflicting results could be due to the fact that Bartov et 

al. (1974) used small numbers of birds in their studies, and the 

degree of phenotypic correlation obtained was not reported. The 

dramatic reduction in hepatic lipogenesis in birds following a short 

period of fasting could explain the finding of Mirosh et al. 

(1980). 

Hormonal, Studies: A review is given in section 2.4 (e). 

Anti-fat cell antibodies: Antibodies raised against plasma 

membrane from fat cells of rats have been purified and injected back 

into young rats, resulting in a 30% reduction in total body fat 5-6 

weeks after the treatment (Flint, 1986). Similar antibodies have 
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been produced against chicken, sheep and pig fat cells, and 

antibodies are capable of destroying chicken fat cells in vitro. 

The success of the technique in vivo is being assessed in these farm 

species. 

v) Lipogenic Enzymes Activities: There is little information in the 

literature on the effect direct selection for fatness has on 

lipogenic enzyme activities in chicken, in particular, and other 

species. Most published studies of lipogenic enzymes have focussed 

on their responses to overfeeding, fasting and changes in feed 

composition, in chicken (Leveille et al., 1975; 	Shapira et al., 

1978), rats (Gandemer et al., 1982), and mice (Stanley et al., 

1986). Some lipogenic enzyme studies have followed developmental 

changes in mice (Stuart and Abraham, 1970; Back et al., 1985). 

Most attempts to look for genetic variation in lipogenic enzyme 

activities have used lines of chickens (Proudman et al., 1975; Hood 

and Pym, 1982), mice (Martin, 1974a,b) and rats (Gandemer et al., 

1979), not selected directly for fatness but for fast or slow growth 

rate, or body weight at a fixed age. Naturally occuring light and 

heavy breeds of chickens have also been used. In such animals 

fatness arises as a correlated response (not a direct response) to 

selection. It is therefore hardly surprising that weak associations 

between fatness and enzyme activities have been reported. 

The Fat and Lean chicken lines created by selection for high or 

low abdominal fat pad size (Lilburn et al., 1982a; LeClercq et al., 

1980) have not been studied enzymologically, though lipogenic 
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studies, based on the relative rates of incorporation of 3H of 

have been done (Saadoun and LeClercq, 1986). Although most of the 

lipogenic enzymes studies have found slightly higher activities in 

Fat chickens than Lean ones, the association with degree of fatness 

has been low. To date no heritability estimates have been reported 

for the activity of lipogenic enzymes in chicken, because this area 

has not been considered important. 

In pigs, it has been shown (Steele et al., 1972; Rogdakis, 

1979; Muller, 1986), that the variation in N1DPH-generating enzyme 

activity has an appreciable genetic component and may be easily 

altered by selection. A heritability estimate of 0.88±0.26 has been 

reported for the sum of four NADPH-generating enzyme activities in 

pigs (Muller, 1985). 

When the narrow-sense heritability of seven enzyme activities 

in a random breeding population of mice (Q  Stock, Falconer, 1973), 

was calculated (Bulfield and Walker, 1974) it was found that sic of 

them were not significantly different from zero, and in addition 

they had large standard errors (e.g -0.10±0.32 for alcohol 

dehydrogenase). The Q-mice had been selected for 6-week body weight 

(not fatness), and not all the enzymes measured were lipogenic. 

The general picture is that there is useful variation in the 

activity of enzymes for growth (fat deposition being a component of 

growth) and, therefore, the low association reported could be due to 

our inability to identify individuals with superior genetic merit 

(because of lack of accurate techniques), or that there is a large 
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environmental variance which could possibly be reduced by carefully 

designed experiments. The situation is probably complicated by the 

fact that enzyme activity may be related to growth via the buffering 

of a system of enzymes operating together to control in vivo flux 

(Kacser and Burns, 1973). 

2.6 Discussion of Review 

In this section I will discuss and summarise some of the 

salient points of the review of literature, and consider where more 

information is needed. 

Various direct selection methods have been used to obtain Fat 

and Lean chicken lines, and differences in fatness between different 

genetic stocks have been found. Thus genetic variation in fatness 

is not limiting. What is lacking, however, is an understanding of 

the physiological basis underlying these genetic differences. 

A biochemical approach has an advantage over classical 

selection methods in providing the requisite knowledge. Such 

invaluable knowledge can be utilised in selection programmes for 

quick responses, since undesirable associations between traits may 

possibly be reduced or avoided. We are, however, faced with a 

problem of which physiological or metabolic area to investigate. 

Often only physiological correlates to production traits can be 

measured directly and the successful use of such measures depends on 

the degree of genetic correlation, amount of additive genetic 

variation, and our ability to identify individuals with the best 

alleles. 
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A number of biochemical and physiological parameters have been 

investigated for their link with fat deposition, in various species, 

the most promising at the moment being plasma VLDL concentration in 

chickens. Some factors tending to mask genetic differences in 

lipogenesis have been discussed. The most important of these 

factors is nutrition, but detailed discussion of this broad subject 

was considered inappropriate in this thesis. Even though these 

environmental effects cannot be completely dissociated from 

lipogenesis, they could reasonably well be standardised to allow for 

the manifestation of genetic differences in lipogenesis between 

lines. Appetite alone cannot explain the observed differences in 

fatness. Lipogenic enzymes have been investigated in chicken, mouse 

and rat lines whose fatness result from correlated responses to 

selection for growth rate or body weight at a fixed age. Such 

studies have invariably found low associations between the lipogenic 

enzyme activities and degree of fatness. A more conclusive study 

would be one using lines (replicated wherever possible) of animals 

directly selected for fatness. Such lines would have genes fixed 

for increased or reduced fatness and would therefore be the most 

appropriate experimental subjects for studies of this kind. 

Enzyme activities are seldom considered as potential candidates 

for use as criteria in selecting against fatness in chickens, 

probably because of the manifold environmental influence. This 

reservation is borne out by the fact that chicken lines selected 

specifically for fatness by LeClercq et al. (1980) and Lilburn et 

al. (1982a), have been investigated for changes in most 

physiological parameters, except lipogenic enzyme activities. Since 
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fat deposition is a component of growth, variation in fat deposition 

found between different genetic stocks could at least partly be 

explained by variation in enzyme activities. Much as current 

research into the control of lipid metabolism is geared towards the 

biochemical/physiological aspects, any information obtained cannot 

be put to practical use without the use of classical selection 

methods. The best approach would be to apply selection methods to 

an identified biochemical marker for fatness. 

The success of the biochemical framework within which genetic 

differences in fatness in pigs have been studied, that is, 

measurement of NADPH-generating enzyme activities, is a sufficient 

justification for re-examining the situation in lines of chickens 

and mice which have directly been selected for fatness over a number 

of generations. The possible role of enzymes in the response to 

selection for fatness in these lines was the first problem tackled 

in the present study. 
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3.1 EXPERIM12IThL ANIMALS 

a) Mouse Stock 

Mice used for the experiments described in this thesis were 

sampled from the Fat (F)-lines of the G-strains of mice established 

specifically for studies of body composition (Sharp et al., 1984). 

The F-lines were divergently selected for fat percentage using as 

selection criterion, the ratio of gonadal fat pad weight (GFPW) to 

body weight (BW) in 10 week-old males. The phenotypic correlation 

between percentage GFPW and percentage total body fat is high 

(r=0.9; Jagot et al., 1980; Rogers and Webb,1980). 

There were three replicates of the F-line and within each there 

were three contemporary lines-High (H), Low (L) and Control (C) 

lines. The high and low lines are referred to in this thesis 

interchangeably as Fat (F) and Lean (L) lines respectively. The 

replication was necessary in order to distinguish between genetic 

drift (sampling) and selection effects in the interpretation of the 

possible physiological differences among the lines (Falconer, 1973). 

Correlated responses in litter size, ovulation rate and 

prenatal survival at the 10th generation were studied (Brien et al., 

1984), but no consistent differences were found in the F-lines. A 

study at generation 16 (Bishop, 1985) revealed that there were 

between line differences in percent body fat which increased with 

age. The divergence started at about 4 weeks of age and the (H-L)/C 

divergence of the selection criterion (GFPW/BW) was 151%. It was 

also found in this study that all the lines had a similar lean 

(non-fat) mass at all ages. The Fat line had a higher intake during 
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the faster growth periods, however, maintenance requirements 

appeared to be solely a function of lean mass, not body weight. The 

Fat line was therefore the more efficient due to increased 

intake/maintenance ratio (Bishop, 1985). The responses up to 

generation 20 have been reported recently (Hastings and Hill, 1988). 

These preliminary results were presumed to hold good at the time of 

this study (August 1985-September 1988) since they had not been 

proved otherwise. 

After 20 generations of selection the lines were considered 

divergent enough to provide an opportunity for investigating 

correlated responses in physiology, metabolism and gene products. 

Selection was therefore, relaxed and the lines maintained for 

further investigations. 

b) F6 mice 

A cross was made between the replicates of the F lines and 

between replicates of the L1 lines after generation 20 to derive 

lines referred to as F6-lines in this thesis. Selection was 

continued in the F6-lines using the criterion ratio of dry weight to 

wet weight at 14 weeks of age. A high phenotypic correlation (r= 

-0.997) has been found between percentage body water and body fat 

(Rogers and Webb, 1980). There was one Control line which was not 

used in the present study. No replicates were maintained. F6 mice 

were used at generation 6 (generation 26 with respect to the 

original selection programme) for experiments described in chapters 

5, 6 and 7. 
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C) Breeding and management of mice 

The mice were initially bred at the Genetics Department, 

University of Edinburgh and were transferred to the IAPGR Roslin 

just after weaning. They were put on the IAPGR mouse diet for at 

least one week before being sacrificed for experiments at 5 weeks. 

The mice used at 10 weeks were kept on this diet ad libitum till 

they were of the required age. Parent mice were later kept at IAPGR 

Roslin to ensure that enough mice were available when required and 

also to eliminate the need to transfer mice from one animal house to 

another. They were put under a lighting regime of 12h daylight, 12h 

darkness. 

d) chicken Stocks 

i) French Broilers: To understand the physiological control of 

fattening in broilers, Fat (F) and Lean (L) lines were derived from 

the White Rock type, through sib selection (LeClercq et al., 1980). 

The selection criterion was the ratio of abdominal fat weight to 

live weight in males at 9 weeks of age. There were no Control nor 

Replicate lines. 

Birds from the 10th generation were transferred from INRA, 

France to the IAPGR, Scotland for physiological studies. Some of 

these broilers were sampled for 	the determination of 

NDPH-generating enzyme activities and are referred to in this 

thesis as French broilers (FB). Birds used in the present study 

were hatched and reared at the IAPGR, and were maintained on ad 

libitum feeding. The lighting regime was 12h daylight, 12h 

darkness. 
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Initial reports published on these French broiler lines have 

indicated that the observed differences in fat content are not due 

to feed intake, basal energy requirements, nor digestive utilization 

of dietary energy but rather due to differences in metabolic 

utilization of energy (LeClercq and Saadoun, 1982). At generation 7 

the Fat line had higher levels of insulin, 26% higher rate of 

lipogenesis (measured by the 3  H 2  0 method) and five fold more 

proportion of fat (abdominal fat pad weight to body weight ratio) 

than the Lean line (LeClercq, 1988). 

The French broilers were used for the experiments described in 

this thesis, based on the published differences in proportion of fat 

and lipogenic rates in vivo between the Fat and Lean lines (Saadoun 

and LeClercq, 1983, 1987). Two years after collecting the data of 

this study, however, the Fat and Lean French broiler lines 

maintained at IAPGR were found not to differ in abdominal fat weight 

(Guo, personal communication). At the time of collecting these data 

(August 1985-March 1986) there was absolutely no reason to doubt the 

published claims (Saadoun and LeClercq, 1983, 1987) to necessitate 

cross checking. It is possible that the genetic gains may have been 

lost through lack of proper management, in the two years -a possible 

effect of GxE interaction. 

ii) VLDL Broilers: Fat and lean broiler lines were produced in 

Edinburgh by selecting White Rock type broilers divergently on the 

concentration of plasma very low density lipoprotein (VLDL) (Griffin 

et al., 1982). These lines differed three fold at generation 4 in 

VLDL concentration, and had diverged 34% in total body fat at 
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generation 3 (Whitehead and Griffin, 1984). A study in 10 week-old 

birds at generation 4 by Bannister et al. 	(1984) found higher 

specific activities of fatty acid synthetase (+20%), ATP citrate 

lyase (+28%) and N1DP-malate dehydrogenase (+27%) in the Fat (High 

VLDL) than the Lean (Low VLDL) line. These Fat and Lean broiler 

lines were developed and maintained at the IAPGR where the present 

study was carried out, and samples were taken from the 7th 

generation for both the lipogenic enzyme activity and flux studies. 

The lines had diverged six fold in the criterion of selection 

(plasma VLDL concentration) at the 7th generation when they were 

sampled for the experiments described in this thesis (see Whitehead, 

1988). 

3.2 Reagents 

All radioactive chemicals were obtained from Amersham 

International, U.K; Optiphase NP, a scintillant, was obtained from 

LKB (Instruments) Ltd; BCA protein assay reagents were obtained 

from Pierce (UK) Ltd. The radioimmunoassay kit for insulin assay 

was obtained from Novo Biolabs, Denmark. Sheep antibody and Normal 

guinea pig serum were obtained from the Scotish Antibody Production 

Unit, Edinburgh. All other reagents were obtained from Sigma 

Chemical company (UK). 
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3.3 Enzyme Extraction 

A common extraction procedure was adopted for both the mice and 

chickens. To eliminate the possible effect of diurnal variation on 

lipogenesis, both species were killed by cervical dislocation 

between 9.00aiu and lO.00aiu at the appropriate ages. The abdominal 

cavity was opened up and the liver was quickly excised and weighed. 

The whole of the mouse liver and about lg of chicken liver were 

placed on aluminium foil, kept on ice. The gonadal fat pads (GFP) 

of the mice were also removed and similarly kept on ice. The GFP, 

like the liver, is a discrete depot that can be dissected out 

quickly and accurately. No adipose tissue was sampled from the 

chicken, because initial analysis indicated very low activities of 

the NADPH-generating enzymes in this tissue. 

To facilitate rapid preparation of homogenates for all the 

assay procedures a single homogenising buffer (0.25M Aristar sucrose, 

1mM dithiothreitol, 1mM EDT1 di-sodium salt, 0.05M Tris pH 7.4) 

was used for both the mouse and chicken tissues. A known weight of 

liver or GFP was homogenised 5 times with 3 times (v/w) of the 

extraction buffer at 5°C using a Tri-R (Camlab) homogeniser at 

setting 9, pestle size S21 and mortar size S35. The homogenisation 

lasted about 10 seconds per sample after which the tube was quickly 

put into an ice bucket. At 5 weeks of age (but not at 10 weeks) the 

gonadal fat pads were pooled from pairs of mice before adequate 

homogenates could be obtained. 

The homogenate was transferred into lOmi centrifuge tubes and 

spun at 60,000g for 60 minutes at 5°C in a Beckman Ultra Centrifuge 
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Model H. The mitochondria and other subcellular particles were 

sedimented at this speed, their integrity being maintained by the 

isotonic sucrose in the buffer. The cell free supernatant was 

aspirated with fine tip Pasteur pipettes and put into disposable 

Eppendorf tubes pre-cooled on ice. This was used as the basic 

material for all the enzyme assays. All operations were carried out 

at 0-5°C before incubation to 30°C in the Reaction Rate Analyser. 

Dilutions where necessary were done with the extraction buffer. The 

enzyme assays were carried out immediately and the remaining 

supernatants were stored at -80°C for protein determination later. 

3.4 Enzyme Assays 

The activities of all the enzymes were measured by connecting 

them to N1DP-linked reactions (Bulfield and Moore, 1974). The rate 

of appearance of colour as NPDPH formed was followed at 340nm in an 

LKB Reaction Rate Analyser 8600, fitted with a recorder. This 

semi-automated Reaction Rate Analyser had a pre-warming tunnel set 

at 30°C. The instrument could be programmed to delay for 10 seconds 

before reading the absorbance, after automatically injecting and 

stirring the specific substrate for each enzyme. The 10 seconds 

delay would allow for temperature equilibration and any enzyme 

tending to show a lag phase before reaching maximum activity. 

The linearity and proportionality of reaction rates to 

concentration of tissue extracts were tested in preliminary trials. 

Appropriate dilutions where necessary, and suitable volumes of 

tissue extract were determined for each enzyme. 
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The Reaction Rate Analyser was calibrated to inject lOOul of 

the specific substrate to start the reaction, the total volume being 

imi per cuvette. Cuvettes with 10m light path were used. With the 

exception of hepatic activity of glucose 6-phosphate dehydrogenase 

(G6PDH) the recorder speed was set at 4cnVmin and the reaction was 

measured for 1 minute. The very low activity of G6PDH in the liver 

of both species necessitated special instrument adjustments for this 

enzyme. The recorder speed was 2cnVmin, background zeroing was on 

setting 0.2 and the reaction was measured for 2 minutes. 

Spontaneous activity was observed in only G6PDH activity in the 

liver but this was largely reduced by leaving the reaction mixture 

on the bench for 15 minutes prior to addition of the substrate. 

The following reagents were common to all enzymes: 0.66mM 

-NADP, 0.1mM Tris pH 7.4, distilled water and 5mM MgCl2  for all but 

malic enzyme (ME) which required 15mM MnSO4  as catalyst. The 

reagents were individually made up and stored at -20°C, except 

glucose 6-phosphate (G6P) which was freshly made daily. The 

reagents were mixed daily just before use in the ratio of 1 part of 

each to 6 parts of distilled water. The appropriate dilutions for 

liver extracts, volumes of tissue extract and substrate added 

automatically to start the reactions were as follows: 

G6PGH (E.0 1.1.1.49): no dilution, 30u1 mouse or chicken liver 

extract, 20u1 mouse GFP extract, 15moles D-Glucose 6-phosphate. 

6PGH (E.0 1.1.1.44): no dilution, 20ul mouse or chicken liver 

extract, 30u1 mouse GFP extract, 0.1mM 6-Phosphogluconic acid. 
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ME (E.0 1.1.1.40): N/10 dilution, 75ul mouse or 30u1 chicken liver 

extracts, 30u1 mouse GFP extract, 15 umoles Disodium-malic acid. 

IDH (E.0 1.1.1.42): N/10 dilution, 30u1 mouse or chicken liver 

extract, 30u1 mouse GFP extract, 5mM D,L-Isocitric acid. 

3.5 Coenzyme extraction 

The mice were sacrificed under similar conditions as for the 

enzyme assay, but the liver and GFP were quickly frozen in liquid 

nitrogen and kept at -80°C until analysed. The tissues were 

partially thawed and homogenised as for the enzyme assay. A 

ten-fold dilution of the liver homogenate was made by adding 0.5m1 

homogenate to 4.5m1 homogenising buffer (same as for enzymes) into a 

12cmx75cm test tube. Similarly, a five-fold dilution was made of 

the GFP homogenate by adding known volumes of homogenate to 

appropriate volumes of buffer. This variation in the method of 

dilution for GFP was made necessary by the disparity in sizes of the 

tissue between lines and between ages. No tissues were pooled at 

any age. 

The tubes containing the appropriately diluted tissue 

homogenates were immersed in boiling water for 5 minutes. The heat 

treatment was to destroy the endogenous glucose 6-phosphate 

dehydrogenase activity. The tubes were cooled on ice and then 

centrifuged at 4°C for 10 minutes at 1000g. The supernatant was 

used for the microassay of the concentration of NADP+N1DPH. 
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3.6 Principle of assay procedure 

When NADP is added to a suitably buffered mixture of phenazine 

methosuiphate (PMS), MTT tetrazolium (thiazolyl blue), 

glucose 6-phosphate and glucose 6-phosphate dehydrogenase, enzymic 

cycling is initiated. The NADPH produced reduces thiazoyl blue, in 

the presence of PMS, to the corresponding purple-coloured formazan. 

The rate of reduction of thiazolyl blue is proportional to the 

concentration of coenzyme. The absorbance of this formazan can be 

read at 556nm in a spectrophotometer. 

3.7 Coenzyme assay protocol 

The method used to measure N1DP+NADPH levels in the F-line mice 

was a modification of that of Nisselbaum and Green, (1969). The 

reaction mixtures contained 25u1 of a solution of 5.0mg/mi MTT 

tetrazoliuxn, 400u1 of 1.0mg/mi phenazine methosulphate (PMS), 375ul 

of 	0.01M glucose 6-phosphate, 50ul of 	glucose 6-phosphate 

dehydrogenase (200U/ml); and 600u1 of O.1M glycylglycine buffer, pH 

7.4, that contained 0.1M nicotinamide. The pH of the final reaction 

mixture was 7.4. 

The reaction mixture was warmed to 37°C for 10min and the 

reaction was started by addition of 50ul of NDP standards or tissue 

extracts that contained the coenzyme. The increase in absorbance at 

556nm was measured by means of a Beckman DV Spectrophotometer 

operated manually. The total reaction volume was 1.5mi, and a 

reliable change in absorbance was obtained in 5 minutes of the 

reaction at 37°C. The spectrophotometer was zeroed on a blank 

prepared without coenzyme, thus automatically correcting for the 
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blank reading. The amount of N1DP+N1DPH was read off a standard 

curve and the results were expressed as ug NADPH produced per gram 

tissue per 5mins at 37°C. 

3.8 BCA Protein Assay 

Soluble protein in liver and GFP was determined in the tissue 

homogenates stored at -80°C after the enzyme assays as follows: The 

homogenates were completely thawed and gently mixed thoroughly. An 

aliquot of each sample was diluted N/50 with distilled water into 

Eppendorf tubes, whirli-mixed and kept on ice. A working reagent 

was prepared by adding BCA reagent A to reagent B in the ratio 50:1. 

To each LP4 tube (3 repeats/sample) imi of the working reagent was 

added. 

To prepare a standard curve, aliquots of Bovine serum albumin 

(BSA) stock solution (10mg/mi) were diluted with distilled water to 

give 0,1,2,3,5,8mg/mi BSA. Appropriately diluted BSA or N/50 sample 

(50u1) was added to each LP4 tube. A ratio of 20:1 was maintained 

between the working reagent and the sample or BSA standard. The 

tubes were then incubated at 45°C for exactly 30 minutes after which 

they were cooled to room temperature. The purple reaction mixtures 

were transfered to cuvettes and their absorbances at 562nm were read 

against water. The mean absorbance of 3 blanks containing imi of 

the working reagent and 50ul of distilled water was subtracted from 

the mean absorbance reading of each sample. 

A standard curve was prepared by plotting the mean absorbance 

units at 562nm against protein concentration of the BSA. Protein 
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content of the unkown samples were read from the BSA standard curve, 

taking into account the dilution factor. Units were mg protein per 

gram tissue. 

3.9 Administration of Radioactive substrates 

a) Mice: Tritiated water (3H20) and [14Cl-acetate and citrate were 

administered by intraperitoneal injection into the F6 mice. Though 

this method was subject to greater experimental errors than 

intravenous injection, it was easier and less stressful to the mice 

(Cawthorne and Cornish, 1979). Intravenous injection would be 

expected to reduce experimental errors because the label would be 

discharged directly into the blood stream. This method, however, 

requires that the tail veins be dilated by application of external 

source of heat to the tail (Baker and Huebotter, 1972). This heat 

treatment will almost certainly disturb the metabolic rates of the 

mice by raising their body temperature. 

Each mouse was, therefore, injected intraperitoneally with 

either lmCi and 1.5mCi of 3  H 2  0 in O.lml saline (0.9% w/v) at 5 and 

10 weeks respectively, or 5uCi [U-14C]-acetate  or (1,5-'4C]-citrate 

at both 5 and 10 weeks. The mice were left in a fume capboard for 

60 minutes after 3  H 2  0 injection and 30 minutes after [
14C]-acetate 

or citrate injection. Incorporation of 3H into fatty acids is 

linear after 60 minutes of injection (Volpe and Marasa, 1975; Hems 

et al., 1975), and there is little transport of newly synthesised 

triacyiglycerols from liver to peripheral tissues during a 60-minute 

period (Haft, 1973; Hollands and Cawthorne, 1981). The linearity 

with time was checked in initial experiments and found to be so. 
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At the appropriate time after injection of the radioactive 

substrates, the mice were anaesthesised with diethyl-ether and the 

abdominal cavity was quickly opened up. The heart was punctured and 

blood samples were collected with syringes rinsed with 5% heparin 

and put into heparinised Eppendorf tubes. The liver and GFP were 

quickly removed, weighed and frozen in liquid nitrogen. The frozen 

tissues were stored at -80°C until analysed. 

b) thickens: Each VLDL broiler was injected intravenously with lmCi 

(at 3 weeks) and 1.2 (at 6 weeks) of 3  H 2  0 in lm]. saline (0.9%). 

Blood (lml) was drawn from the wing vein 15 minutes after injection 

and put into tubes containing O.1M EDTA (20u1/ml blood) as 

anticoagulant. The birds were rapidly killed by injecting a lethal 

dose of sodium pentobarbitone. The abdominal cavity was opened up 

and the liver was quickly removed and weighed, and about ig was 

immediately frozen in liquid nitrogen and stored at -80°C until 

analysed. 

3.10 Lipid Extraction 

The extraction procedure was the method of Foich et al. 

(1957), with some modifications. About 0.5g of liver or gonadal fat 

pad (whole tissue at 5 weeks) was accurately weighed and homogenised 

in 4m1 of chloroform:methanol (1:1) mixture and 2m1 of 0.88% KC1. 

To reduce the number of transfers of sample the homogenisation was 

done in a 30m1 centrifuge tube, using a Polytron homogeniser. The 

polytron head (pestle) and the sides of the tubes were rinsed with 

6m1 chloroforxn:methanol (1:1). To each centrifuge tube was added 

2m3. of 0.88% KC1, 4m1 chloroform and 20u1 of 1r4 HC1. The contents 
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were thoroughly mixed and centrifuged for 10 minutes at 1000g. The 

upper phase (water, methanol, water-soluble tissue extracts) was 

aspirated and discarded. The lower (chloroform) phase was washed 

with 4m1 methanol:distilled water (1:1) to get rid of residual 3  H 2  0 

or 4C label. The samples were centrifuged a second time and the 

upper phase was aspirated and discarded. Chloroform phase (5m1) was 

accurately pipetted into weighed mini-scintillation vials and dried 

under air. The vials were weighed again for 	gravimetric 

determination of amount of lipid in the tissues. Radioactivity in 

the dried total lipids was counted with a scintillation counter 

after addition of 0.5m1 methanol and 4m1 Optiphase MP. 

3.11 Plasma preparation 

Plasma from both the mice and chickens were prepared by 

centrifuging blood at 1500rpm for 10 minutes at 4°C. Plasma for 

insulin, blood glucose and VLDL assay in mice were stored at -20°C 

until analysed. To prevent precipitation of triacyiglycerols from 

plasma by heparin (H.D. Griffin, personal communication) 0.1M EDT 

was used as anticoagulant. Though the precipitation would only 

affect the VLDL assay, heparin has also been reported to interact 

directly with insulin receptor and thereby inhibits binding of 

insulin (Kriaucivnas et al., 1987). 

3.12 VLDL Assay 

Plasma of mice and chickens used for VLDL concentration 

estimation was prepared as explained in section 3.11. 	The 

Turbidimetric assay procedure (Griffin et al., 1982) was validated 

for mice before measurements were taken. The reagent mixture 
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consisted of 20mM Tris pH 7.4, 150mM NaCl, 150mM MgCl 2.6H20 and 

0.025% Heparin. Series of LP4 tubes were set up and 0.1ml plasma or 

saline (for Blank) was added (3 repeats per sample). The mixture 

was whirli-mixed and allowed to stand on the bench for 30 minutes 

after which the absorbance was read at 540nm on a Spectrophotometer. 

Units for VLDL concentration were Absorbance (A). 

3.13 Blood Glucose Estimation 

Quantitative enzymatic determination of glucose in plasma of F6 

mice was done with the Glucose (Trinder) kit supplied by Sigma 

Chemical Company, U.K. 

Series of LP4 tubes were set up (3 repeats per sample) for 

reagent blank, glucose standard, and unkown samples. Glucose 

(Trinder) reagent (lml) was pipetted into each tube and warmed to 

37°C. At accurately timed intervals 5u1 of isotonic saline (for 

blank), standards or unknown samples was added to appropriately 

labelled LP4 tubes and gently mixed by inversion. 

Each tube was incubated for exactly 10 minutes at 37°C and the 

change in absorbance was read at 505nm in 	a 	Beckman 

Spectrophotometer which was initially zeroed with water as 

reference. The absorbance of the blank was subtracted from the 

absorbance of the standards and unkowns. Glucose concentration in 

the unkown samples was calculated by the following formula: 

Glucose concentration (mg/dL) of sample= 

x Concentration of Standard 



3.14 RadioinmltinOassay of Insulin 

Basal levels of insulin in the F6 mice were determined by 

radioimmunoassay (RIA) using an assay kit designed for rat insulin 

and known to cross-react with mouse insulin (supplied by Novo 

Biolabs). The original protocol of the kit was found to be 

unsatisfactory for the assay of mouse insulin. The protocol was 

therefore validated for mouse insulin by making major modifications. 

For instance, a second antibody was used for the precipitation step 

instead of using 95% (v/v) ethanol. (see Novo Catalogue No. 20 for 

details of protocol). 

3.15 Principle of insulin assay 

The principle of the procedure is as follows: when insulin 

reacts with a constant amount of antibody a complex is formed in the 

presence of surplus antibody. When 1251-insulin is added it binds 

to the surplus antibody from the first reaction, leaving surplus 

1251inSU1in The bound '251-insulin is then precipitated whilst 

the free 1251-insulin remains in the supernatant. The radioactivity 

of the precipitate (cprn) has an inverse relationship with the amount 

of unlabelled insulin in the sample. The insulin content of the 

unkown can therefore be read from a standard curve. 

3.16 Tmnnoassay procedure 

Insulin standard (blank, 0,1,2,4ng/ml) or unkown samples 

(lOOul) were pipetted into 12cmx75cm glass tubes (standards and 

unkowns were assayed in triplicates). To each tube was added lOOul 

of anti-porcine insulin guinea pig serum (1:18000). The contents 
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were mixed on Vortex and incubated at 4°C for 24 hours. 

1251-label].ed porcine insulin (lOOul) was added to three empty tubes 

(total counts) then to all assay tubes whilst maintaining the 

temperature at 4°C. The mixture was mixed on vortex and incubated 

for 4 hours at 4°C. The bound 1251-insulin was precipitated with 

200u1 of a second antibody (sheep anti-guinea pig antibody supplied 

by the Scotish Antibody Production Unit). Normal guinea pig serum 

(lOOul) was added to give bulk to the precipitate. 	After 

precipitation the tubes were centrifuged at 3,800rpm for 30 minutes 

at 4°C. The supernatant was decanted and discarded. Radioactivity 

of the precipitate was counted on a Clini-Gammer counter. A 

standard curve of counts per minute versus insulin concentration 

(ng/ml) was plotted. The insulin concentration of the unkown 

samples was read from the standard curve. 

In a preliminary trial of the assay procedure serially diluted 

mouse plasma was assayed for insulin and found to be parallel to the 

standard curve. 

3.17 Statistical analysis 

The specific activities of enzymes were expressed on both a per 

gram tissue and a per mg soluble protein basis. This was because 

the mode of expression of the enzyme activities affected the ranking 

of changes between the directions of selection, especially in the 

GFP of the mice. 

The analysis was done within tissues, within ages because both 

an initial analysis and data inspection showed that the enzymes 



behaved differently in different tissues and at different ages. 

Analysis of variance on the mouse data was based on the following 

model: 

YIjk=U + D i + R + DR1 + e1k 

where Y ijk  is the observation on the 
kth  sample of the j th  replicate 

of the i th  direction of selection; u is the overall mean; D is 

the effect of the 1th  direction of selection (H,L,C; 1=1,2,3); 

is the effect of the j th  replicate (j=1,2,3); 	DR ij  is the 

interaction between direction and replicate; and ek  is the 

residual error. 

This model is justified by the fact that there was a time lapse 

between replicates to facilitate management and as Such lines within 

replicate were correlated because of common environmental effects. 

The replicates might also have differed as a result of drift 

variance which has to be taken account of. It would therefore 

appear that a more correct error term for testing between direction 

and replicate differences would be the DR 1j  term which, it must be 

noted is confounded with differences among lines due to genetic 

drift. 

Data on the mouse NDP+NADPH pool size (Chapter 4) were 

analysed with an identical model. The enzyme activities of both the 

French and VLDL broilers were analysed with Student's t-test within 

ages. Data from the experiments described in Chapters 5,6 and 7 

were analysed by t-test within ages, within tissues. Some problems 

arising from the type of statistical analysis used in Chapter 4 is 

discussed in section 4.4. 



Activities of NADPII-Generating Enzymes 

And Metabolite Pool Size Of N1DP+NN)PH 
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4.1 

As discussed in Chapter 1, Muller (1986) successfully produced 

fat and lean pigs through divergent selection on the sum of the 

activities of four NPDPH-generating enzymes. The remarkable results 

of this unusual selection experiment in pigs formed the basis of the 

experiment described in this chapter. The present experiment 

differed from the pig experiment in that animals selected directly 

for fatness using several different selection criteria were 

investigated for possible correlated alterations in the same four 

enzyme activities viz glucose 6-phosphate dehydrogenase (G6PDH), 

6-Phosphogluconate dehydrogenase (6PGDH), NPDP-malic dehydrogenase 

or malic enzyme (ME) and NADP-isocitrate dehydrogenase (IDH). 

It is appropriate at this stage to point out the role of N1DPH 

in lipid metabolism since the rationale for both the pig and the 

present experiments was the rate of production of this coenzyme by 

specific enzymes. When NN)PH is oxidised to NADP the H+  released 

provides the reducing equivalent for the reduction of malonyl-CoA to 

fatty acids (Langdon, 1957). 

The basis for the present experiment, therefore, was that fat 

non-starved animals would be expected to produce more NADPH than 

lean non-starved ones, if there is a difference in lipogenic rates 

between lines. This investigation was carried out in mice and 

chickens. The mice were sampled from the F-lines which were 

produced by 20 generations of divergent selection on the ratio of 

gonadal fat pad weight (GFPW) to body weight at 10 weeks of age 

(Sharp et al., 1984). 
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Also investigated for possible alterations in the enzyme 

activities were Fat and Lean broiler lines produced by using two 

different selection criteria (French broilers and VLDL broilers), 

thus adding a further interesting dimension. The French broilers 

were selected divergently on the ratio of abdominal fat pad weight 

to body weight in 9-week old males for 10 generations (LeClercq et 

al., 1980). The VLDL broilers were selected divergently on the 

concentration of plasma very low density lipoprotein (VLDL) in 

6-week old male birds for 7 generations (Whitehead and Griffin, 

1984). 

The objective of this experiment was therefore to determine the 

levels of the specific activities (Vmac) of G6PDH, 6PGDH, ME and IDH 

in the F-line mice, French broilers and VLDL broilers. The F-line 

mice had a Control line and three replicated selection lines, but 

the French and VLDL broiler lines had neither Replicates nor 

Controls. In accordance with quantitative genetics theory, however, 

the upward and downward selected lines serve as controls for each 

other. The lack of replication in both chicken selection 

experiments, however, presents problems which will be discussed 

later. 

A separate experiment complementary to the NADPH-generating 

enzyme activities determination will be briefly introduced at this 

point. There are a group of metabolites in intermediary metabolism 

that participate in moiety-conserved cycles. An example of such a 

group of metabolites is NADP-NADPH (the oxidised and reduced forms 

of nicotinamide adenine dinucleotide phosphate). The cycle is said 
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to be 'conserved' when the group of interconvertible metabolites 

turn over rapidly, while the synthesis and degradation of the moiety 

is slow. The sum of the concentration of these metabolites then 

remains, for all practical purposes, constant within the timescale 

of turnover of the individual metabolites (Hofmeyer et al., 1986). 

This theory suggests that an important aspect of lipid metabolism to 

be investigated under the present framework is the pool size of the 

coenzyme NADP+NADPH between the Fat and Lean lines of mice. An 

experiment was therefore designed to determine the NTDP+N1WPH levels 

in the liver and the GFP of the Fat and Lean P6 mice. The F6 mice 

have been described in Chapter 3 section 3.1(b). The results of 

this experiment would demonstrate whether the high and low F-line 

mice merely differed in the levels of the coenzyme or in the rate of 

turnover of this intermediary metabolite. 

4.2 DESIGN OF EXPERIMENT 

Mice: 10 male mice were used per line (F,L,C) for enzyme activity 

determinations at 5 and 10 weeks of age in all three replicates, 

except the Control where only animals from the first replicate were 

used. For the concentration of NDPH+NADP only 6 male mice per line 

were used instead of 10. Gonadal fat pad (GFP) tissues were pooled 

from pairs of mice at 5 weeks for the determination 	of 

NADPH-generating enzyme activities (but not for the concentration of 

NPJ)PH+NADP) because of their extremely small sizes at this age. 

Enzyme activities and concentration of NADPH+NADP were measured in 

both liver and gonadal fat pads. 
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Chickens: 8 male birds were used per line (F,L) at dayold, 14days, 

28days and 49days, from both the French and VLDL broiler lines. 

only hepatic enzyme activities were determined because an initial 

study indicated very low activities for all four enzymes in 

abdominal fat tissues in the chickens (see sections 3.3 and 3.4 for 

detailed experimental procedure). 

4.3 RESULTS 

Body parameters of mice 

Tables 4.1 and 4.2 show the least square means of body and 

liver weights and gonadal fat pad weight (GFPW) at both 5 and 10 

weeks of age for the F-line mice used for the determination of 

NADPH-generating enzyme activities and concentration of NPDPH+NADP 

repective1y. There was no difference between the Fat (F) and Lean 

(L) lines in body and liver weights but the control line was higher 

than both the F and L lines. The GFPW at 5 weeks of age was 

1.73-1.80 fold higher in the Fat than the Lean line in the two 

groups of mice. The control had about the same GFPW as the F line 

at 5 weeks of age in the group of mice used for the enzyme activity 

determinations but was higher than both selected lines in the group 

used for the microassay of NPDPH+NADP concentration. There was a 

three-fold difference in GFPW at 10 weeks of age (P<0.05-0.001) in 

both groups of mice. 



KEY TO TABLES 

The symbols defined below will apply to all Tables presented in this 

Thesis. 

.ANOVA 	Analysis of variance 

DxR 	Interaction between direction of selection and replicates 

Sym 	Symmetry=( F+L)/2-C 

F 	Fat line 

L 	Lean line 

C 	Control line 

BW 	Body weight 

LW 	Liver weight 

GFPW 	Gonadal fat pad weight 

G6PDH 	Glucose 6-phosphate dehydrogenase 

6PGDH 	6-Phosphogluconate dehydrogenase 

ME 	Nalic enzyme (NADP-Malic dehydrogenase) 

IDH 	Isocitrate dehydrogenase 

* 	P<O.05 

** 	P < 0.01 

*** 	P < 0.001 



Table 4.1 

Least Square means of Body weight (BW), Liver weight 
(LW) and gonadal fat pad weight (GFPW) of Fat (F), 
Lean (L) and Control (C) F-line mice used for enzyme 

activity determination. 

LINE 	BW 	LW 	 GFPW 

	

(g) 	(g) 	 (g) 

F 23.62±0.721 1.451±0.051 0.3810±0.0202 
C 25.83±1.441 1.645±0.051 0.3773±0.0202 
L 23.09±0.721 1.415±0.102 0.2213±0.0405 
F/L 1.02 1.02 1.72 

10 WEEKS 

F 	37.93±0.613 2.220±0.071 0.8453±0.0261 
C 	40.95±1.232 2.276±0.142 0.5293±0.0523 
L 	35.90±0.613 2.132±0.071 0.2843±0.0261 
F/L 	1.06 	1.05 	3.04*** 

Differences between F and L means have been compared 
by Linear contrast 
Line means have been pooled over 3 replicates. 



Table 4.2 

Least Square means of Body weight (BW), Liver weight 
(LW) and gonadal fat pad weight (GFPW) of Fat (F), 
Lean (L) and Control (C) F-line mice used for the 

N1DP+NDPH determination. 

LINE 	BW 	 LW 	GFPW 
(g) 	(g) 	 (g) 

5 WEEKS 

F 22.29±0.64 1.412±0.057 0.1794±0.014 
C 26.64±1.29 1.669±0.113 0.2019±0.027 
L 21.35±0.64 1.269±0.057 0.1044±0.014 
F/L 	1.04 
	

1.11 
	

1.80 

10 WEEKS 

F 38.01±0.95 1.882±0.063 0.9847±0.044 
C 35.34±1.85 2.102±0.123 0.5194±0.085 
L 34.93±0.95 1.691±0.063 0.2975±0.044 
F/L 1.09 1.11 3.27* 

Differences between F and L means have been compared 
by Linear contrast 
Line means have been pooled over 3 replicates. 
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The analysis of variance on body parameters of the two groups 

of mice indicated significant difference in direction of selection 

for only gonadal fat pad weight (GFPW) at 10 weeks of age (Tables 

4.3 and 4.4). Partitioning of the between direction of selection 

sums of squares shows that whilst the variation in GFPc' was mainly 

that between the F and L lines, the variation in body and liver 

weights was predominantly due to assynunetry (Tables 4.3 and 4.4). 

Specific enzyme activities 

a) Mouse liver 

The least square means of specific activities of all four 

enzymes at both 5 and 10 weeks of age have been presented in Table 

4.5. For all four enzymes and at both ages the Fat line had higher 

activities of three of the four NADPH-generating enzymes than the 

Lean line regardless of whether the results were expressed on a per 

gram or on a per mg protein basis (referred to below as the "mode of 

expression of results). The only exception was in G6PDH at 10 weeks 

of age where there was a 1:1 relationship between the F and the L 

lines in both modes of expression of results. Even though the 

Control line was sometimes lower than the Lean line it was largely 

lower than the Fat line except for IDH on a per gram liver basis at 

5 weeks, where it was equal to the Fat line. A comparison of the 

ratio of F:L between - 5 and 10 weeks indicates that the between line 

differences in either mode of expression were bigger at 5 weeks than 

at 10 weeks (Table 4.5). 



Table 4.3 

ANOVA of Body weight (Bw), Liver weight (LW), and 
gonadal fat pad weight (GFPW) of F-line mice used 

for enzyme activity determination. 

SOURCE 	d.f 
	

N SQUARE 

LW GFPW (d.f)1  

M. 

F vs L 	1 4.1554 
Sym 	1 73.359 
Replicate 2 45.585 
D X R 	2 31.160 
Residual 63 15.603 

0.02360 0.18720 1 
0.62930 0.04133 1 
0.38430 0.00517 2 
0.08747 0.02928 2 
0.07784 0.00615 28 

10 WEEKS 

F vs L 	1 62.200 0.15100 4.72081** 
Sym 	1 195.86 0.10830 0.01512 
Replicate 	2 90.224 1.69671 0.02841 
D X R 	2 13.369 0.40986 0.01492 
Residual 	63 11.275 0.15115 0.02051 

(d.f)'=d.f for 5 weeks GFPW only; tissues 
were pooled from pairs of mice. 



Table 4.4 

ANOVA of Body weight (BW), Liver weight (LW), and 
gonadal fat pad weight (GFPW) of F-line mice used 

for Nl½DP+NDPH determination. 

SOURCE 	d.f 

BW LW GFPW 
5 WEEKS 

F vs L 1 8.4150 0.18346 0.05060 
sym 1 147.91 0.77618 0.02591 
Replicate 2 161.01 1.12460 0.02679 
D X R 2 27.962 0.41734** 0.01178 
Residual 35 7.4460 0.05775 0.00332 

F vs L 1 80.657 0.31150 4.0130* 
Sym 1 0.8463 0.70150 0.10410 
Replicate 2 40.538 0.19840 0.16486 
D X R 2 26.763 0.05731 0.13213* 
Residual 35 15.252 0.06742 0.03207 
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Table 4.5 

Least square means of specific enzyme activities in 
liver of Fat (F), Lean (L) and Control (C) F-line mice. 

LINE 	G6PDH 	6PGDH 	ME 	 ID!! 

PER 7127737R 

per mg soluble protein 

F 29.50±1.82 49.38±1.29 93.94±.47  403.8±8.33 
C 18.28+2.87 41.79±2.04 92.20±8.65 355.6±13.2 
L 18.91±1.82 34.50±1.29 74.46±5.47 352.1±8.33 
F/L 1.56 1.43 1.26 1.15 

per gram liver 

F 2.183±0.102 3.171±0.146 3.733±0.073 5.338±0.185 
C 1.501±0.200 2.447±0.293 3.307±0.146 5.364±0.370 
L 1.411±0.102 2.017±0.146 2.799±0.073 3.936±0.185 
F/L 1.55 1.57 1.33* 1.36* 

per mg soluble protein 

F 11.42±0.518 31.20±0.602 86.79±3.31 368.8±7.04 
C 8.861±1.043 25.70±1.202 68.15±6.63 318.7±14.1 
L 11.50±0.518 26.88±0.602 74.39±3.31 347.6±7.04 
F/L 0.99 1.16* 1.17 1.06 

per gram liver 

F 1.017±0.0436 2.304±0.133 2.786±0.051 6.236±0.214 
C 0.824±0.0873 1.926±0.266 2.365±0.101 5.216±0.428 
L 1.008±0.0436 2.141±0.133 2.346±0.051 4.668±0.214 
F/L 1.01 1.07 1.19* 1.34 

Differences between F and L means have been compared by 
linear contrast. 
Line means have been pooled over replicates; n=10-30 
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Table 4.6 

PNOVA of specific enzyme activities in liver of F-Line 
mice at 5 and 10 weeks of age. 

SOURCE 	d. f 	MEAN SQUARE 

G6PDH 	6PGDH 	ME 	IDH 

5 WEEKS 

per mg soluble protein 

F VS L 1 1221.1 2213.5 3792.8 26652 
Sym 1 2521.1* 0.2117 639.28 4980.0 
Replicate 1 1902.6 392.00 24547 14269 
D X R 1 116.04 421.07 17163 101330 
Residual 45 66.219 33.308 599.40 1387.4 

per grant liver 

F VS L 1 8.9400 19.694 13.104* 29.498* 
Sym 1 1.0549 0.2559 0.2558 6.3423 
Replicate 2 7.2976 26.154 1.0116 1.4499 
D X R 2 0.8074 2.3766* 0.2778 0.7261 
Residual 63 0.3136 0.6435 0.1613 1.0275 

per mg soluble protein 

F VS L 1 0.0952 280.45* 2307.9 6738.2 
Sym 1 81.339 133.83 1858.0 18679 
Replicate 2 4.0870 7.6030 520.53 410.27 
D X R 2 46.820** 8.3710 656.71 1156.7 
Residual 63 8.0630 10.560 329.30 1488.5 

per gram liver 

F VS L 1 0.13501 0.4002 2.8996* 36.911 
Sym 1 0.42638 1.0514 0.48480 0.6684 
Replicate 2 0.20973 2.5285 0.57298 5.9076 
D X R 2 0.30746** 2.2271 0.02997 6.4856* 
Residual 63 0.05716 0.5312 0.07598 1.3753 
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With the data from mouse liver expressing the results either 

way did not drastically alter the order and direction of the between 

line differences. Considering enzyme activities on a per gram basis 

the overall change between the Fat and Lean lines ranged from about 

33-57% at 5 weeks of age and 1-34% at 10 weeks of age depending on 

the enzyme being considered. This difference was far lower than the 

three fold difference in GFPW found at 10 weeks of age. There 

appeared to be a tendency for specific enzyme activities to decline 

slightly with age in both the F and L lines but IDH tended to remain 

high or increase slightly with age on a per gram basis (Table 4.5). 

A ranking of enzyme activities in a descending order, in both 

modes of expression would be as follows: IDH, ME, 6PGDH, G6PDH. 

Based on a per mg protein, and assuming that these four enzymes were 

the only suppliers of NADPH in the cytosol, then at 5 weeks of age 

the two hexose monophosphate shunt enzymes, G6PDH and 6PGDH together 

contributed 14% and 11% of the total NADPH in the liver of the Fat 

and Lean lines respectively. At 10 weeks of age these enzymes 

together contributed only 8% in both the F and L lines. Since IDH 

was about 4 times as active as ME, the data in Table 45 would 

suggest that the former enzyme was probably the dominant supplier of 

NADPH in the liver of mice selected directly for fatness. 

In the liver at 5 weeks of age even though the replicates 

differ, the data in Appendix 1 showed that on a per gram basis the 

Fat line was consistently higher than the Lean line in the specific 

activities of all four enzymes. On a per mg soluble protein basis, 

however, IDH and ME activities both showed reversed trends in 
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replicate two. Protein concentration was not determined in 

replicate 1 at 5 weeks and so the more likely direction of change on 

per mg protein cannot be assumed (Appendix 1). At 10 weeks of age 

similar consistent trends in the liver in all 3 replicates could 

only be seen for ME and IDH irrespective of the mode of expression. 

In making reference to the within replicate analysis as above only 

consistent trends of possible biological importance are worth 

noting, because the statistical significances attached cannot be 

emphasised for reasons given later. 

The analysis of variance table of specific enzyme activities in 

liver is presented in Table 4.6. 

b) mouse GFP 

In the GFP the activities of G6PDH and ME showed a reversed 

order between the F and L lines at both 5 and 10 weeks of age when 

specific activities were expressed on a per grain GFP basis (Table 

4.7). This difference though not in a direction consistent with 

increased or decreased fatness, was just statistically significant 

at 10 weeks of age for both enzymes (P<0.05). This apparent anomaly 

may be a biological phenomenon and not just a spurious event because 

the reversed order for these two enzymes was consistent at 10 weeks 

in all three replicates (Appendix 4). The possibility of any 

special association between G6PDH and ME is, however, not 

intuitively obvious. 



Table 4.7 

Least square means of specific enzyme activities in the 
gonadal fat pad (GFP) of Fat (F), Lean (L) and Control 

(C) F-line mice. 

LINE G6PDH 	 6PGH 	 ME 	 IDH 

per mg soluble protein 

F 427.2±42.1 207.0±30.7 310.7±23.5 256.3±20.0 
C 343.5±66.6 179.3±48.5 234.2±37.1 211.8±31.6 
L 326.8±42.1 186.2±30.7 138.1±23.5 201.4±20.0 
F/L 1.31 1.11** 2.25 1.27 

per gram GFP 

F 4.061±0.306 1.547±0.127 2.001±0.119 0.7480±0.058 
C 5.201±0.612 1.875±0.254 2.054±0.238 0.7546±0.116 
L 4.877±0.306 1.011±0.127 2.098±0.119 0.3930±0.058 
F/L 0.83 1.53 0.95 1.90* 

10 WEEKS 

per mg soluble protein 

F 284.4±15.0 131.0±7.59 122.3±6.74 184.5±7.86 
C 233.0±30.0 81.90±15.2 63.61±13.5 96.02±15.7 
L 269.7±15.0 88.74±7.59 54.20±6.74 125.7±7.86 
F/L 1.05 1.48* 2.26* 1.47 

per gram GFP 

F 1.882±0.160 1.590±0.077 0.836±0.060 0.7003±0.033 
C 3.722±0.321 1.883±0.153 1.406±0.121 0.7197±0.067 
L 4.470±0.160 1.283±0.077 1.476±0.060 0.4200±0.033 
F/L 0.42** 1.24 0.57* 1.67* 

Differences between F and L means have been compared by 
linear contrast 
Line means have been pooled over 3 replicates; n=10-30 
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IDH and G6PDH showed higher activities per grain GFP in the Fat 

than the Lean line and the difference was significant (P<0.05) for 

IDH at both ages. The 60-70% between line difference in IDH 

activity at 10 weeks of age was consistent in all replicates 

(Appendix 4). All four enzymes exhibited a change in •a direction 

consistent with fatness and leanness (i.e higher in the Fat than the 

Lean line) when activities were expressed on a per mg soluble 

protein basis (Table 4.7), but significant differences (P<0.05) were 

found for only 6PGDH and ME at 10 weeks of age. ME was the only 

enzyme which showed a two fold difference on a per mg protein basis 

at both 5 and 10 weeks of age, but only the 10 week difference was 

statistically significant at the 5% level. 	No significant 

assyinmetry (data not shown) was found for any enzyme at either age 

but sometimes the Control was higher than the selected lines, as for 

example in G6PDH activity on a per grain GFP basis at 5 weeks of age. 

Yet with the exception of the apparent anomalies pointed out for 

G6PDH and ME on a per grain basis, the Fat line was always higher 

than the Lean line. 

In the GFP a ranking on enzyme activities in a descending order 

on a per mg protein basis for both lines would be as follows: 

G6PDH>6PGDH=ME=IDH (Table 4.7). This order of ranking is completely 

different from that found in the liver (IDH>ME>6PGDH>G6PDH). An 

interesting relationship observed between G6PDH and 6PGDH was that 

whereas the latter was more active in the liver, in the GFP the 

order reversed (cf Tables 4.5 and 4.7). Similar observations have 

been made in rats (Weber et al., 1960). 
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Table 4.8 shows the 1NOVA of specific enzyme activities in GFP 

at 5 and 10 weeks of age. No significant difference was found for 

any enzyme at 5 weeks of age, but Table 4.8 indicates that most of 

the variation for ME was between the Fat and Lean lines, with 

negligible contribution from assymmetry in both modes of expression. 

Table 4.9 shows (A) the least square means and (B) PNOVA of the 

sum of activities of all four NDPH-generating enzymes (expressed on 

a per mg protein basis). In both the liver and gonadal fat pad and 

at both ages the Fat line had higher activity than the Lean line. 

The highest between line difference (F/L; 41% higher in the F than 

the L) occurred in the GFP at 5 weeks of age. The sum of activities 

in the GFP at 5 weeks in all three lines (F,C,L) was about twice as 

high as in the liver at the same age. 

Coenzyme concentration in mice 

Table 4.10 shows both (A) the least square means and (B) PNOVA 

of the concentration (ug per gram tissue) of NN)P+NN)PH in both the 

liver and the GFP of F6 mice at 5 and 10 weeks of age. The least 

square means indicate that within tissues the Fat and Lean lines had 

similar concentrations of N1DP+NADPH, but the control line exhibited 

higher levels than both selected lines as found for the body 

parameters. There was a slight tendency for the Lean line to have 

higher levels of NADP+NPDPH than the control, and the consistency of 

this trend in all three replicates, in the liver at 5 weeks of age 

was confirmed by the within replicate analysis (Appendix 5). 



Table 4.8 

ANOVA of specific enzyme activities in gonadal fat 
pad (GFP) of F-line mice at 5 and 10 seeks of age 

SOURCE 	d. f 	MEAN SQUARE 

G6PDH 6PGDH ME IDH 

per mg soluble protein 

F vs L 1 50392 2154.7** 149010 15069 
Sym 1 5618 1499.2** 480.98 1445 
Replicate 1 89655 80578** 48383 45439 
D X R 1 33053 0.13285 46399 11857 
Residual 20 17734 9404.9 5514.6 3993 

per gram GFP 

F vs L 1 4.9858 2.1333 0.07105 0.71456* 
Sym 1 3.2149 2.1170 0.00015 0.15553 
Replicate 2 2.9110 0.2435 0.48440 0.01937 
D X R 2 2.0598 0.1876 0.48290 0.03349 
Residual 28 1.4027 0.2416 0.21309 0.05046 

10 WEEKS 

per mg soluble protein 

F vs L 1 3248.0 26808* 69543* 51875 
Sym 1 23317 9396.2 7281.7 41845 
Replicate 2 1046.9 150.90 1653.9 13927 
D X R 2 3617.6 678.99 1205.6 5840.1* 
Residual 63 6726.3 1725.9 1362.8 1853.6 

per gram GFP 

F vs L 1 100.46** 1.4199 6.15040* 1.1787* 
Sym 1 3.5708 2.3870 0.74400 0.30529 
Replicate 2 3.0367 1.9237 0.47120 0.26245 
D X R 2 0.2997 0.5900*  0.07020 0.02141 
Residual 63 0.7709 0.1757 0.10910 0.03340 
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Table 4.9 

Least squares means (A) and ANOVA (B) of sum of four 
NAIDPH-generating enzyme activities (nmol/min/mg protein) 

in F-line mice. 

 Sum of activities 

5 WEEKS 10 WEEKS 

LINE LIVER 	GFP LIVER 	GFP 

F 576.6±11.4 	1201±91.1 498.2±9.02 	722.2±31.7 
C 497.9±18.1 	968.8±144 421.4±18.0 	474.5±63.3 
L 480.0±11.4 	852.5±91.1 460.4±9.02 	538.3±31.7 
F/L 1.20 	1.41 1.08 	1.34* 

 

SOURCE d.f MEAN SQUARE d.f MEAN SQUARE 

LIVER GFP LIVER GFP 

F vs L 1 93250 607890 1 21481 507220* 
Sym 1 9201.6 16835 1 40145* 161720* 
Replicate 1 63660 1033100 2 505.95 5238.1 
D X R 1 210760*** 	256510 2 1218.3 1904.2 
Residual 45 2618.1 82998 63 2440.8 30080 

Mean±SE of 10-30 mice 
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Table 4. 10 

1NOVA (A) and Least square means (B) of metabolite pool 
size of NADP-I-NADPH (ug/gram tissue) in liver and gonadal 
fat pad (GFP) of F-line mice at 5 and 10 weeks of age. 

(A) LEAST SQUARE MEANS 

LIVER GFP 

LINE 5 WEEKS 10 WEEKS 5 WEEKS 10 WEEKS 

F 42.97±1.38 43.43±1.62 17.69±0.72 17.30±0.452 
C 59.82±2.77 50.76±3.15 24.69±1.44 18.34±0.878 
L 48.97±1.38 43.82±1.62 16.13±0.74 17.90±0.452 
F/L 0.88 0.99 1.10 0.97 

ANNA 

SOURCE 	d.f 	 MEAN SQUARE 

5 WEEKS 10 WEEKS 

LIVER GFP LIVER GFP 

F vs L 1 324.06 21.124 1.2950 3.1330 
Sym 1 1380.5 431.02 357.89 3.8430 
Replicate 2 1244.5 181.91 383.09* 60.909* 
D X R 2 25.863 20.603 5.7305 3.1913 
Residual 35 34.425 9.3101 44.268 34.515 

Differences between F and L means have been compared by 
linear contrast. 
Mean±S.E of 6 mice per line. 



81 

The ANOVA in Table 4.10(B) indicated no significant effect for 

direction of selection, but the differences between replicates was 

emphasised more in this experiment than in the enzyme activity 

study. 

Enzyme activities in French Broilers 

The Fat and Lean French broilers had the same mean body and 

liver weights and mg soluble protein concentration in the liver 

(Table 4.11). These observations were consistent with reports by 

LeClercq et al. (1980) who established the lines. 

The Fat line had 48-52% higher activity of G6PDH at dayold than 

the Lean line, and this difference was significant at the 0.1% level 

irrespective of the mode of expression of the results (Table 4.12). 

The specific activity of 6PGDH was consistently higher in the Fat 

line than the Lean whether the activity was expressed on a per gram 

or on a per mg soluble protein basis (Table 4.11), but the 

statistical significance depended on the mode of expression of the 

activity. 

Malic enzyme activity was also consistently higher in the Fat 

line than the Lean at all ages and in both modes of expression; 

though none of these between line differences was significant and 

the magnitude of the difference was variable between ages (Table 

4.12). The lowest activity of ME occurred at dayold, coinciding 

with the highest activity of IDH. The activity of IDH was higher in 

the Fat line at all ages but 14days, and significant (p<0.05) 

differences occurred at dayold on a per gram wet weight basis, 



Table 4. 11 

Body weight (BW), Liver weight (LW) and Liver soluble 
protein (LP) in Fat (F) and Lean (L) French broilers. 

AGE LINE BW LW 12 
(days) (g) (g) (mg/g) 

0 F 40.58±1.30 1.067±0.0620 76.10±3.70 
L 41.62±1.70 1.076±0.180 74.70±3.50 
F/L 0.98 0.99 1.02 

14 F 208.2±9.80 6.000±0.470 93.16±3.20 
L 205.8±6.90 5.856±0.270 87.04±2.90 
F/L 1.01 1.02 1.07 

21 F 315.0±19.0 11.04±1.00 84.80±5.20 
L 297.8±12.0 10.52±0.610 84.04±2.40 
F/L 1.06 1.05 1.01 

49 F 1456±75.0 42.27±3.10 91.63±2.40 
L 1443±56.0 43.88±2.30 83.15±1.30 

F/L 1.01 0.96 1.10 

Differences between lines have been compared by 
t-test; n=8 per line 
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Table 4.12 

Hepatic specific activities of N1½DPH-generating enzymes in 
Fat (F) and Lean (L) French broilers. 

AGE LINE G6PDH 	6PGDH 	NE 	IDU 
(days) 

unlnin/gram liver 

0 F 0.4687±0.0200 1.420±0.0820 2.732±0.270 56.70±0.420 
L 0.3112±0.0160 1.330±0.0701 1.932±0.210 44.50±0.390 
F/L 1.52*** 1.07 1.41 1.27* 

14 F 0.5970±0.0602 2.280±0.1201 39.84±2.60 24.04±1.60 
L 0.5920±0.0670 1.860±0.0610 38.92±3.20 25.20±1.30 
F/L 1.18 1.23* 1.02 0.95 

21 F 0.7190±0.0411 2.091±0.0561 39.95±2.40 26.43±0.921 
L 0.6050±0.0372 1.607±0.0590 34.03±1.52 25.45±0.950 
F/L 1.18 1.24*** 1.17 1.04 

49 F 0.7250±0.0641 1.607±0.1010 34.50±3.91 43.40±6.20 
L 0.8370±0.120 1.193±0.0350 29.70±3.02 23.26±1.40 
F/L 0.86 1.35*** 1.16 1.87* 

nnl/min.4ng protein 

0 F 6.190±0.132, 18.74±0.650 36.90±4.59 741.0±0.0283 
L 4.182±0.162 17.76±0.561 26.50±3.60 593.2±0.0392 
F/L 1.48*** 1.06 1.39 1.25 

14 F 6.369±0.491 24.39±0.991 428.3±24.2 260.3±18.9 
L 6.841±0.739 21.46±0.690 450.0±36.1 291.2±17.2 
F/L 0.93 1.14 0.95 0.89 

21 F 8.569±0.480 25.26±1.62 483.0±40.9 316.6±16.1 
L 7.330±0.671 19.98±1.01 409.8±28.4 304.4±13.3 
F/L 1.17 1.26 1.18 1.04 

49 F 7.970±0.748 17.56±0.990 373.0±36.3 467.0±57.2 
L 10.08±0.152 14.40±0.621 359.0±38.4 281.0±20.1 
F/L 0.79 1.22 1.04 1.66* 

Mean-i-SE of 8 birds. 
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and at 49days in both modes of expression. The specific activities 

per mg protein of all four enzymes have been summed up and presented 

in Table 4.13 (part A). The Fat line exhibited significantly higher 

(P<0.05; 19-27%) activity than the Lean at all ages except 14days. 

This sum was dominated by IDH and NE activities. 

Enzyme activities in VLDL Broilers 
high and low,: 

The DL broilers had the same body weight at all ages (Table 

4.14). Liver weight and mg soluble protein were similar between 

lines at all ages but 49days where the Fat line had significantly 

higher (P<0.01) liver weight and significantly lower liver protein 

(P<005) than the Lean line. The hepatic activity of G6PDH was 

higher in the Lean than in the Fat line at all ages except at dayold 

where there was a 1:1 relationship between the lines regardless of 

the mode of expression of the results (Table 4.15). The only 

significant difference (P<0.01) occurred at 14days of age. The 

activity of 6PGDH was not significantly different at any age in both 

modes of expression, though at dayold and 49days the Lean line 

tended to be slightly higher than the Fat line on a per gram tissue 

basis. 

Nalic enzyme showed no significant difference between the lines 

but in both modes of expression the trends were in a direction 

consistent with fatness and leanness in the lines. This pattern of 

changes in ME activity in the VLDL broiler lines was strikingly 

similar to that observed in the French broiler lines. IDH activity 

like G6PDH, tended to be higher in the Lean than the Fat line, 

though not consistently so (Table 4.15). The very low ME activity 



Table 4.13 

Sum of specific activities of four NPDPH-generating 
enzymes (nmol/min/mg protein) in liver of (A) French 

broilers and (B) VLDL broilers. 

French broilers 

AGE Fat Lean Ratio(F/L) 
(days) 

0 797.0±13.0 653.0±39.0 1.22* 
14 719.4±30.0 769.3±35.0 0.94 
28 854.0±31.0 719.1±35.0 1.19* 
49 851.0±90.0 669.1±55.0 1.27 

VLDL broilers 

0 517.1±19.0 587.8±24.0 0.88 
14 670.2±31.0 628.0±51.0 1.07 
28 738.0±49.0 690.0±49.0 1.07 
49 447.2±33.0 424.1±30.0 1.05 

Mean±SE of 8 birds 
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Table 4.14 

Body weight (BW), Liver weight (LW) and soluble liver 
protein (LP) in Fat (F) and Lean (L) VLDL broilers. 

92 

AGE LINE BW 
(days) (g) 

0 F 44.82±1.50 
L 44.38±1.50 
F/L 1.01 

14 F 361.5±18.0 
L 341.6±15.0 
F/L 1.05 

21 F 1156±36.0 
L 1150±38.0 
F/L 1.01 

49 F 2459±125 
L 2411±120 
F/L 1.02 

Mean±SE of 8 birds 

	

LW 	LP 

	

(g) 	(mg/9) 

1.327±0.079 82.26±1.70 
1.397±0.093 79.89±2.50 

	

0.95 	1.03 

14.59±0.90 99.30±4.00 
12.31±0.69 97.00±2.40 

1.18 	1.02 

40.85±2.00 86.76±1.90 
39.41±2.20 91.42±3.10 

	

1.04 	0.95 

96.30±11.0** 97.70±3.90* 
51.60±3.60 109.8±3.10 

	

1.87 	0.88 



Table 4.15 

Hepatic specific activities of NADPH-generating enzymes in 
Fat (F) and Lean (L) VLDL Broilers. 

AGE LINE 	G6PDH 	6PGDH 	ME 	IDH 
(days) 

tunol,4nin/grarn liver 

0 F 0.5350±0.025 1.387±0.120 1.617±0.18 38.87±1.40 
L 0.5375±0.029 1.446±0.110 1.314±0.22 43.47±2.00 
F/L 1.00 0.96 1.23 0.89 

14 F 0.5200±0.023 2.009±0.150 36.30±1.80 26.84±1.70 
L 0.7920±0.045 1.970±0.046 30.30±3.70 27.69±1.60 
F/L 0.65 1.02 1.20 0.97 

21 F 0.6920±0.050 2.064±0.087 38.30±3.50 22.70±1.30 
L 0.8470±0.130 1.975±0.140 36.74±3.30 22.86±2.10 
F/L 0.82 1.05 1.04 0.99 

49 F 0.5620±0.520 1.451±0.070 17.86±2.70 24.18±2.20 
L 0.7160±0.058 1.624±0.064 17.80±2.70 25.88±2.20 
F/L 0.78 0.89 1.00 0.93 

nmoluin/mg protein 

0 F 6.521±0.330 16.81±1.300 19.81±2.40 474.0±19.0 
L 6.710±0.25 18.31±1.700 16.75±3.20 546.0±25.0 
F/L 0.97 0.92 1.18 0.87 

14 F 5.310±0.360 20.41±1.600 372.0±29.0 272.4±19.0 
L 8.240±0.600 20.39±0.680 314.0±40.0 286.0±17.0 
F/L 0.64 1.00 1.18 0.95 

21 F 7.990±0.570 23.81±0.930 444.0±42.0 261.8±14.0 
L 9.410±1.501 21.77±1.700 409.0±43.0 250.0±23.0 
F/L 0.85 1.09 1.09 1.05 

49 F 5.750±0.430 14.96±0.760 179.9±25.0 246.6±16.0 
L 6.510±0.460 14.81±0.520 166.4±27.0 236.4±19.0 
F/L 0.88 1.01 1.08 1.04 

Mean-4-S.E of 8 birds 
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which coincided with the highest IDH activity at dayold was also 

observed in the VLDL broilers as for the French broilers. 

The sum of activities of the four NN)PH-generating enzymes in the 

VLDL Broilers is presented in Table 4.13 (Part B). Even though the 

Fat line was generally higher than the Lean line the highest between 

line difference was only +7%. 

4.4 DISCLJSSEXJ 

F-line mice 

The specific hepatic activities of the four dehydrogenases 

G6PDH, 6PGDH, ME and IDH have been altered with a reasonable degree 

of consistency in the F-line mice by the selection process. The 

genetic association between fatness and NADPH-generating enzyme 

activity patterns can be inferred from the present experiment with 

greater certainty because replicated lines were used, and the 

possibility of the lines having differed by chance has been excluded 

by the use of appropriate statistical analysis. Even though fewer 

statistically significant differences were found due to lack of 

power for the relevant tests, an average change of 15-57% in enzyme 

activities at 5 weeks of age in both modes of expression may be a 

significant metabolic change. 

Since enzyme activities were determined as the rate of 

production of NPDPH under saturation conditions it is not possible 

to deduce from these data whether in the mouse liver G6PDH and 6PGDH 

are less important than ME and IDH as regards the supply of NADPH 

required for reductive biosynthesis of fatty acids in vivo. 



However, the evidence in the literature is that, in vivo, the hexose 

monophosphate pathway is responsible for the synthesis of 60-80% of 

the NADPH required for fatty acid synthesis (Katz et al., 1966, 

Conover, 1987). 

Isocitrate dehydrogenase (IDH) was four times as active as ME 

in the experimental conditions of the present study but, 

surprisingly, this enzyme seldom is mentioned in relation to 

lipogenesis. 	IDH is said to be the most active cytosolic 

NADPH-generating enzyme in the corpus luteum of sheep, pig and 

superovulated rat, and has a very much higher specific activity than 

the enzymes of porcine, bovine or rat liver and heart (Stevenson et 

al., 1983). In spite of the relatively lower hepatic activities of 

G6PDH and 6PGDH, a consideration of the between line differences at 

5 weeks of age reveals that the selection process may have had 

greater effect on these two enzymes (55-57%) than on ME and IDH 

(33-36%) when activities were expressed on a per gram wet weight 

basis. 

In the GFP at both ages a comparison between the two modes of 

expression of results for G6PDH and ME activities leads to opposite 

conclusions of what are essentially the same results. On a per gram 

basis it would appear that the Lean line exhibited a higher activity 

for G6PDH and ME than the Fat line at both ages, and this 

observation was fairly consistent across the three replicates 
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especially at 10 weeks of age (Appendix 4). Such a situation would 

arise if the Fat line had substantially bigger adipocytes than the 

Lean resulting in a dilution effect of the enzyme activities. Large 

adipose cells are lipogenically more active than small adipose 

cells, because the activity appears to be related to the cell 

surface area (Lindsay, 1983). However, if hypertrophy takes place 

and is not accompanied by a corresponding change in the metabolic 

apparatus then expressing metabolic rates per grain wet weight would 

be expected to assign lower activities to the line with bigger cells 

(Hems et al., 1975). The cellularity status of these mouse lines is 

not known at present. If this situation obtains under the present 

experimental conditions then the fact that the activities (per grain 

tissue) of 6PGDH and IDH consistently changed in a direction 

consistent with high or low fatness at both ages (Appendices 2 and 

4), might have significant biological implications. IDH but not 

6PGDH on a per gram basis showed bigger between line differences 

(1.90 fold) which were also significant (P<0.05) at both ages. IDH 

however, appeared to have the lowest activity in this tissue 

relative to the other enzymes on a per gram GFP basis at both ages. 

It was concluded from work done on isolated rat adipocytes that 

cytosolic NADPH-linked isocitrate dehydrogenase does 	not 

substantially contribute to the formation of cytosolic NADPH (Kather 

and Brand, 1975). A similar conclusion can be arrived at in the 

present study on IDH activity in the GFP. This represents a 

complete reversal of its apparent role in the liver, and serves to 

emphasise that observations made in one tissue within a species 

cannot be extrapolated to another tissue, let alone to another 

species. 
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When the results for the GFP were expressed on a per mg soluble 

protein basis the Fat line consistently had higher activities of all 

four enzymes than the Lean line. The decision as to which of the 

liver and adipose tissue makes greater contribution to fat 

deposition is obviously dependent on how the enzyme activities are 

expressed. This highlights the problem of what is the most suitable 

way to express results of this type especially in the adipose 

tissue. Since enzymes are proteins and protein synthesis is a 

function of metabolic capacity expressing the results on a per mg 

soluble protein basis seems more appropriate. 

The hexose monophosphate shunt pathway is probably more active 

in the GFP than it appears to be in the liver, because G6PDH had the 

highest activity of the four enzymes regardless of how results were 

expressed. It was, however, ME which behaved in a unique way in 

that it was the only enzyme in the GFP which maintained more than 

two fold diffference between the Fat and Lean lines at both ages on 

per mg protein basis. This observation would suggest that this 

enzyme plays an important role in lipid metabolism. Malic enzyme 

has been strongly associated with lipogenic rates under varied 

nutritional conditions (Gandemer et al., 1985; Romsos and Leveille, 

1974), but its exact role in lipid metabolism is as yet unclear. In 

rat liver ME is not detectable until several days after birth 

(Ballard and Hanson, 1967). Such observations led to the conclusion 

that it has no relation to N1DPH utilization in hepatic fatty acid 

synthesis in mice (Madvig and Abraham, 1980). The pattern of 

changes in ME observed in the GFP on a per mg protein basis in the 

present experiment calls for a closer look at this enzyme, in 
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particular its relationship if any to the rate of flux through the 

fatty acid synthesis pathway in the GFP. 

In spite of the differences found between the Fat and Lean 

lines in NADPH-generating enzyme activities, the results of the 

coenzyme concentration suggest that the important metabolic 

alteration is not in the metabolite pool size of N1DP+NADPR between 

the lines, nor in the activity of any individual NADPH-generating 

enzyme (though this aspect has been altered) butmight bein the rate 

of interconversion between the available NPDPH and NIDP. The 

coenzyme is probably present in both lines at the same level, 

implying that the in vitro measurement of rate of production of 

NADPH is a close reflection of NADPH-generating enzyme activities in 

vivo. The Fat line appears to turnover NPDPH+NtDP faster than the 

Lean line, suggesting the Fat line has a higher rate of lipogenesis. 

French Broilers 

The liver is said to be the main organ in birds responsible for 

lipid synthesis (O'Hea and Leveille, 1969). Even though the 

selection process appeared not to have affected liver weights, 

significant between line differences in the activities of G6PDH and 

IDH at dayold may be of biological importance. The absence of 

replication and controls in these French broiler lines would make 

the interpretation of results in terms of selection responses 

questionable especially where the differences involved are not very 

substantial. Yet the trends between the Fat and Lean lines in the 

activities of all four enzymes are too consistent to be entirely 

attributed to random drift. 



93 

Much as G6PDH had the lowest activity relative to the other 

three enzymes, the high statistically significant (P<0.001) between 

line difference at dayold is remarkable. The importance of the 

hexose monophosphate shunt pathway regarding the supply of NADPH is 

made doubtful if a comparison is made between the sum of G6PDH and 

6PGDH versus the sum of ME and IDH at any age. This conclusion is 

in agreement with other reports (Shapira et al., 1978; Bannister et 

al., 1984). These two enzymes probably could have responded 

substantially to selection for fatness because of their consistent 

trends, but may well have been constrained by the tissue and the 

species involved. G6PDH had about three to four fold higher 

activity in rat adipose tissue than in the liver (Weber et al., 

1960), demonstrating that the levels of particular enzyme activities 

depend on the tissue and species being studied. The pattern of the 

relative activity of G6PDH in the liver and GFP of the F-line mice 

from the present experiment appears to confirm this observation. 

The role of ME in hepatic lipogenesis in the chicken is also 

unclear because despite the consistently higher activity in the Fat 

than the Lean line, it exhibited its lowest activity at dayold. The 

fact that the lowest activity coincided with the highest activity of 

IDH measured is probably not coincidental. Similar observations 

were made in the VLDL broilers and may suggest that IDH activity 

compensates for the deficiency of ME at dayold. If it were so then 

ME and IDH are together the main enzymes supplying the requisite 

N1DPH for lipogenesis in the liver of birds. Since IDH activity 

remains high at all ages perhaps its role in the supply of reducing 
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equivalents required for fatty acid biosynthesis has been 

underestimated. 

Lipogenic rates in vivo as measured by the incorporation of 3H 

of 3  H 2 
 0 were reported to be 26% higher in the Fat line than the Lean 

line (Saadoun and LeClercq, 1983, 1987). The changes in NIDP4. 

enzyme activities in the present experiment were of the order of a 

few percent. The question remains as to whether or not 26% change 

in flux or a change in enzyme activities of the same or lower order 

of magnitude can account for the three fold difference in abdominal 

fat pad weight reported by Saadoun and LeClercq (1983). 

VLDL Broilers 

The VLDL broilers provide an interesting comparison for the 

trends in enzyme activities found in the French broilers, both in 

terms of selection responses and the developmental profiles of the 

NPDPH-generating enzyme activities. It is worth re-stating that the 

French and VLDL broiler lines have been selected by completely 

different methods, and under entirely different conditions. A 

direct quantitative comparison between the two populations may 

therefore reveal whether or not different selection criteria produce 

Fat and Lean lines through the same physiological mechanisms. 

The reversed trends in G6PDH activity and 1DB at dayold in both 

modes of expression was contrary to expectation. If only these two 

enzymes were involved in the supply of NADPH, a foregone conclusion 

would be that lipogenic activities were higher in the Lean than in 

the Fat line. But ME activity as also observed in the French 
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broiler lines was consistently higher in the Fat than the Lean line, 

though statistical significance as observed for the French broilers 

was again lacking. The activity of ME alone was higher than the two 

hexose monophosphate enzymes put togther except at dayold, where 

like the French broiler lines, it appeared IDH provided the 

requisite NPDPH in the cytosol. The fact that IDH activity remained 

high at all ages, as observed in the French broilers clearly has 

some important biological implications. What is not intuitively 

clear is the reversed order between the high and low VLDL lines 

irrespective of the mode of expression. 

It is perhaps important to point out at this stage some 

problems encountered in the analysis of data which are not at all 

typical of this study. Most selection experiments are not 

replicated and as such comparisons of any direct response or 

physiological measurements are made between only two means, for 

example high and low, using commonly Student's t-test. Such studies 

often declare high statistical significances without taking account 

of drift variance. It is, therefore, not possible to confirm if the 

differences so declared arose through drift variation or were true 

genetic differences. 

Replication is necessary for genetic interpretation of data 

from selection experiments for the foregoing reasons (Falconer, 

1973) but the number of replicates often maintained in any selection 

experiment in unfortunately constrained by labour and cost 

considerations. 	An inevitable problem that arises when data 

collected from such experiments are to be correctly analysed as 



explained above, is that too few degrees of freedom are found for 

the valid error term (e.g 	ij 	thus giving the test for the 

relevant effect (between lines) a very low power. Under such 

circumstances it is very difficult. to declare statistical 

significance. 

The results presented above have been analysed using the 

correct quantitative genetics approach with the result that fewer 

significant differences were found than would have been the case had 

the lines been compared within replicates. If this unvoidable 

problem is kept in mind the biological importance of the results 

might not be lost, regardless of the apparent lack of statistical 

significance. In order that some consistent trends in enzyme 

activities and anomalies which might not have been seen as such had 

only one replicate been used could be pointed out, within replicate 

analyses were put in the Appendices and have been referred to where 

appropriate. 	Ironically between line differences in enzyme 

activities of the two chicken populations were compared by t-test 

because the original experiments were not replicated. Subsequent 

experiments done on the F6 mice which were not replicated, however, 

are presumably protected by the results of the present experiment. 

4.5 CONCLUSION 

The evidence available from the present experiment suggests 

that divergent selection for fatness in mice has led to correlated 

alterations in NADPH-generating enzyme activities. The results seem 

to suggest that the GFP is the more important lipogenic tissue 

(relative to the liver) in mice selected directly for fatness. 
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Estimates of the relative contribution of the liver and adipose 

tissue to lipogenesis depend on how the results are expressed. Of 

the four NADPH-generating enzymes analysed in the mice IDH and ME 

appear to be capable of producing substantially greater amounts of 

N1DPH than G6PDH and 6PGDH in the liver, but paradoxically selection 

for fatness seems to have caused greater divergence between the Fat 

and Lean lines in the activities of the latter two than the former 

two enzymes. The fact that IDH appeared to show a more consistent 

between line difference across replicates and ages than ME in the 

liver would suggest that IDH is probably more important for the 

supply of NADPH in the cytosol of the liver. The N1DPH-generating 

enzyme activities have, however, been determined in vitro at 

saturation but, it is not known if the enzymes are present at 

saturation levels in vivo. 

In the GFP ME seems to show the largest difference between the 

Fat and Lean lines at both ages, though G6PDH has the greatest 

activity in the GFP at both ages. The pentose phosphate pathway 

probably plays a more significant role in the adipose tissue in the 

supply of cytosolic NN)PH than does the liver of mice. 

The pattern of changes in enzyme activities in the F-line mice 

has been sufficiently consistent to justify further investigations 

into the relationship between direct selection for fatness and 

correlated physiological changes. A faster rate of interconversion 

between NADP and NFDPH in the Fat line suggests a higher rate of 

fatty acid synthesis. This is because it is the 	released when 

NI½DPH is oxidised that reduces malonyl-CoA to yield fatty acids 



(Langdon, 1957). Since enzyme activities only give an indication of 

the potential synthetic abilities of the fatty acid synthesis 

pathway the next plausible aspect of lipid metabolism to be 

investigated within the present framework was the flux through the 

fatty acid synthesis pathway in the Fat and Lean mouse lines. 

Experiments conducted to investigate changes in flux will be 

described in the next two chapters. The implications of the results 

of the present experiment on the results from the pig selection 

experiment (Muller, 1986) will be discussed in Chapter 8. 

In the French broilers, the 26% higher rate of total fatty acid 

synthesis in the Fat than in the Lean line is about the same order 

of change found in the specific activities of G6PDH, 6PGDH, ME, and 

IDH in the present experiment. The results of the enzyme activities 

of the French broilers perhaps need to be interpreted with some 

reservation for reasons given in section 3.1 (d)i. As these French 

broiler lines had already been extensively studied at the 

biochemical/physiological level, presumably based on the observed 

differences in abdominal fat pad weight, the present results 

contribute positively to reported observations (LeClercq, 1988). No 

further work was done in the French broiler lines. 

The pattern of changes in the enzyme activities of the VLDL 

broilers was not very consistent and may well not have been affected 

by selection on plasma VLDL concentration. This may not be too 

surprising because the criterion of selection for fatness was an 

indirect one and may have altered some other aspect of lipid 

metabolism other than lipogenesis. A measure of the rate of lipid 



synthesis between the high and low VLDL lines may help explain the 

observed enzyme activities. The total flux through the fatty acid 

synthesis pathway in the VLDL broilers has been determined and is 

partly the subject of chapter 5. 

A general conclusion that can be drawn from a tentative 

comparison of the enzyme activities of the French and VLDL broiler 

lines is that different selection criteria probably produce fat and 

lean animals through different physiological mechanisms. 
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5.1 INTRODUCTIGN  

As discussed in chapter 4 enzyme activities only measure the 

potential for lipid synthesis and not the actual rate of synthesis 

(Gandemer et al., 1985). A measure of the flux (rate of formation 

of products at a steady state) through the fatty acid synthesis 

pathway was therefore required. Since the flux is a measure of the 

actual rate of lipid synthesis any differences found between the 

lines would confirm the importance of the differences in 

NPDPH-generating enzyme activities found in the mice. The lack of 

consistent pattern in N1DPH-generating enzyme activities in the VLDL 

broilers in the previous experiment suggested that lipogenesis may 

not have been altered between these lines. In estimate of the flux 

was therefore required to confirm this observation in the Vr.JDL 

broiler lines. 

The radioisotopes of hydrogen and carbon, 3  H and 14C, have been 

used extensively in lipid biochemistry to measure the rate of 

synthesis of fatty acids both in vivo and in vitro (Windmueller and 

Spaeth, 1966; Cawthorne and Cornish, 1979; Baker et al., 1978). 

Whereas the use of 14C or 3  H labelled acetate or glucose may 

effectively measure the fatty acid synthesis from these precursors, 

it does not measure the overall rate of fatty acid synthesis (Miguel 

and Abraham, 1976). When tritiated water (3H20) is injected into 

animals it quickly equilibrates with body water. An experiment with 

chicks showed that plasma (plasma 	is 99% water, Hems et al., 

1975) had equilibrated by 1 minute (Brady et al., 1976). 
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Tritium (3H) is incorporated into lipids synthesised de novo 

between time of injection and time of sacrifice irrespective of the 

source of substrate or carbon (Gandemer et al., 1985). The 3H forms 

stable linkages with both even and odd numbered carbon atoms, either 

by getting incorporated directly or by exchange with the labile 

hydrogen of the pyridine nucleotide, N½DPH (Foster and Slum, 1963). 

The labelled lipids can then be extracted from the tissues and 

counted for radioactivity. Pre-formed lipids do not incorporate 

label (Windmueller and Spaeth, 1966). 

A hierarchical approach was adopted by investigating changes in 

flux in the whole area of lipid metabolism before concentrating on 

specific sections of the lipid synthesis pathway (Bulfield, 1980). 

Detailed analysis of specific pathways requires the use of specific 

radiolabelled intermediate precursors. In this preliminary study of 

lipid metabolism therefore, the H2O  method was used because, it 

measures the total flux or total rate of lipid synthesis in vivo 

(Hems et al., 1975; Cawthorne and Cornish, 1979). 

The total flux through the fatty acid synthesis pathway was 

therefore determined in the F6 mice and the VLDL broilers. F6 mice 

are derived from crossing the 3 replicates (within the Fat and Lean 

lines) of the F-line after 20 generations of selection. Selection 

for fatness was continued in the F6 line using the criterion of dry 

body weight to wet body weight ratio. The VLDL broilers were 

selected for high or low plasma very low density lipoprotein 

concentration for 7 generations. Details of these lines are given 

in chapter 3. 
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Radioactivity incorporated into total lipids was measured 

instead of fatty acids, because initial analysis showed that 99.5% 

of the counts in total lipids were found in methyl esters of fatty 

acids when extracted by add hydrolysis or trans-esterification 

(Vernon, 1975). Any variation between the selected lines was very 

likely to be present in the total lipids. The decision to use total 

lipids to compare the selected lines also meant reduced within line 

errors because extra experimental steps were avoided. 

Tritium content of total lipids was expressed as relative total 

activity calculated by dividing disintegrations per second (dpm) per 

gram tissue by dpm per ug atom of 3H in total body water (plasma), 

(see section 3.9 and 3.10 for experimental details). 

5.2 DESIGN OF EXPERIMENT 

MICE: Eight male F6 mice per line were used at 5 and 10 weeks of 

age, and flux measurements were made in both the liver and the 

gonadal fat pad. 

CHICKENS: Six male VLDL broilers were used per line at 3 and 6 

weeks of age, and only hepatic flux was determined. 

5.3 RESULTS 

Body par amaters of F6 mice 

Table 5.1 presents the arithmetic mean of body, liver and 

gonadal fat pad weights of the F6 mice used for the flux 

measurement. The Lean (L) line had significantly (P<0.05) higher 

body and liver weights than the Fat (F) line but the latter had 24% 



Table 5.1 

Body weight (BW), Liver weight (LW) and Gonadal fat pad 
weight (GFPW) of Fat and Lean F6 mice used for the 

measurement of 3H incorporation into total lipids. 

104 

5 WEEKS 

Fat 

BW 	18.65±1.300 
LW 	1.040±0.100 
GFPW 0.143±0.028 

Lean 

24.88±1.400 
1.429±0.110 
0.115±0.013 

Ratio( F/L) 

0.75** 
0.73* 
1.24 

1.20*** 
1.22** 
4.17*** 

10 WEEKS 

SW 	35.92±1.100 	29.96±1.100 
LW 	1.940±0.100 	1.590±0.100 
GFPW 1.000±0.100 0.240±0.020 

Differences between Fat and Lean lines have been 
compared by t-test 
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heavier gonadal fat pad (GFP) than the former at 5 weeks of age. At 

10 weeks of age the Fat line had higher body (+20%) and liver (+22%) 

weights than the Lean line and these differences were significant 

(P<0.01-0.001). There was a four-fold difference in GFP weight with 

the Fat line being significantly higher than the Lean (Table 5.1). 

incorporation into: 

Liver total lipids of F6 mice 

The Fat line incorporated 14 and 23% more tritium into total 

lipids in the liver than the Lean line at 5 and 10 weeks of age 

respectively (Table 5.2). Expressing the hepatic incorporation 

rates per grain or per mg soluble protein did not appear to affect 

the between line differences at either age. None of these 

differences was statistically significant. When incorporation rates 

were expressed per whole liver the Lean line was found to have 

higher activity than the Fat at 5 weeks of age. This was consistent 

with the significantly higher body and liver weights found in the 

Lean than the Fat line at this age. At 10 weeks of age, however, 

the Fat line incorporated 51% more label into total lipid on whole 

liver basis than the Lean line and this difference was significant 

at the 5% level. In both lines there was a tendency for the rates 

of incorporation to decrease from 5 weeks to 10 weeks of age. 

GFP total lipids 

In the GFP at 5 weeks of age the Fat line incorporated 69% more 

from 3  H 2 
 0 than the Lean line on a per gram basis (Table 5.2). 

This difference increased to two fold on a per mg protein basis, 

although the difference was still not statistically significant. At 

10 weeks of age the between line difference had disappeared on a per 



Table 5.2 

Rate of incorporation of 3H of 3H,0 into total lipids in 
liver and GFP of Fat and Lean F6 Mice. 

LIVER 

ug3H/b/ Fat Lean Ratio(F/L) 

g liver 105.7±6.710 92.51±4.901 1.14 
mg protein 1.289±0.082 1.131±0.060 1.14 
whole liver 112.3±18.01 130.2±8.710 0.86 

GFP 

g GFP 47.31±20.01 28.02±4.500 1.69 
mg protein 4.510±1.910 2.101±0.340 2.15 
whole liver 4.011±0.700 2.962±0.290 1.35 

10 WEEKS 

g liver 	91.90±8.100 	74.50±5.100 	1.23 
mg protein 1.079±0.095 0.8860±0.060 	1.22 
whole liver 181.1±22.21 	120.0±11.30 	1.51* 

GFP 

g GFP 	5.450±0.820 	5.570±0.490 	0.98 
mg protein 0.769±0.120 	0.531±0.047 	1.45 
whole liver 5.490±0.900 	1.330±0.200 	4.13*** 

Differences between lines have been compared by 
t-test; Mean±S.E of 8 mice. 
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grain basis, but interestingly, the Fat line appeared to have 

incorporated 45% more 3 H than the Lean line on a per mg soluble 

protein basis. On a whole GFP basis there was a four-fold 

difference between the lines which mirrored the four fold difference 

in gonadal fat pad weight (GFP). The drop in incorporation rates 

from 5 to 10 weeks of age seemed to be more pronounced in the GFP 

than it was in the liver. 

Liver total lipids of VLDL broilers 

Table 5.3 shows data on all measurements made in the Fat (high 

VLDL) and Lean (low VLDL) lines at 3 and 6 weeks of age. At both 

ages there was no difference between the lines In the rate of 

hepatic lipid synthesis whether expressed per gram wet liver or per 

whole liver. Body and liver weights did not differ significantly. 

The two lines had the same amount of total liver lipid. 

Since these lines were divergently selected on plasma very low 

density lipoprotein (VLDL) concentration plasma samples were assayed 

for the levels of this lipoprotein as a check on the synthesis 

rates. At 3 weeks of age a characteristic three fold difference 

(Griffin, HD; personal communication) was found between the lines 

and this difference was significant at the 1% level (Table 5.3). 

The difference at 6 weeks, however, was much less than the six fold 

difference in plasma VLDL concentration found in birds of the same 

7th generation that had been reared in pens on the same diet to 

about the same age (Whitehead, 1988). There was a higher rate of 

lipogenesis in both the Fat and Lean lines at 3 weeks than at 6 

weeks of age. 



Table 5.3 

Synthesis rate, body weight (W), liver weight (LW), total 
liver lipid (TLL) and plasma VLDL concentration in 3- and 
6-week old Fat (high VLDL) and Lean (low VLDL) broilers. 

Fat Lean Ratio(F/L) 

ugH/g liver/h 370.0±60.0 374.0±65.0 0.99 
ug H/liver/h (10) 7.200±1.60 7.300±1.20 0.99 

SW (g) 482.4±30.0 523.4±21.0 0.92 
LW (g) 	-2 18.73±1.90 19.61±0.39 0.96 

VLDL conc. (A) (10 	) 36.20±5.00 11.36±1.50 3.27** 
TLL 	(g) 1.742±0.24 1.770±0.13 0.98 

6 WEEKS 

ugH/g liver/h 53.10±10.0 50.70±4.90 1.05 
ug H/liver/h (10) 2.700±0.60 2.410±0.40 1.12 

BW (g) 1763 ±29.0 1916 ±66.0 0.92 
LW (g) 	-2 50.10±2.00 46.21±3.20 1.08 

VLDL conc. (A) (10 	) 15.00±3.00 8.000±1.00 2.13 
TLL 	(g) 5.072±0.88 4.410±0.52 1.15 

Differences between lines have been compared by t-test 
Mean-i-SE of 8 birds. 
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5.4 DISCUSSION 

In both the liver and gonadal fat pad (GFP) of the F6 mice the 

Fat line had higher rates of lipogenesis than the Lean line at both 

ages as would be expected. This trend was consistent whether rates 

of incorporation were expressed per gram liver or per mg protein, 

(except for GFP at 10 weeks where there was no between line 

difference on a per gram tissue basis). The magnitude of the change 

in specific activity (per mg protein) between the lines in both 

liver (14-22%) and GFP (1.5-2 fold) was of a smaller order than the 

four fold difference in GFPW at 10 weeks of age. Considering the 

specific activity per mg protein, the 14-22% difference between the 

lines at both ages in the liver and 69% difference in GFP at 5 weeks 

of age may sufficiently account for the difference in GFPW. The 

argument in support of such a speculation would be that providing 

the rate of degradation of fatty acids is substantially lower than 

the rate of synthesis, then a small change in rate of synthesis 

could over a period of time result in a several fold difference in 

lipid deposited. This hypothesis is further discussed in Chapter 8. 

Even though the Lean line had larger mean liver weight than the 

Fat line at 5 weeks of age, it did not have a higher rate of 

incorporation of 3 H either per gram or per mg protein than the Fat 

line. This may suggest that there has been a metabolic change 

between the lines at 5 weeks of age. On a whole liver basis at the 

same age, the Lean line which had a larger mean liver weight also 

had greater total activity than the Fat line. This only serves to 

demonstrate that total activity reflects changes in organ size 

rather than metabolic changes. This observation is highlighted in 
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the GFP at 10 weeks of age where the four fold difference in total 

activity is equal to the four fold difference in GFPW. It is for 

this reason that metabolic measurements have mainly been presented 

as specific activities in this thesis, either as per gram tissue or 

per mg protein. The argument in favour of expressing metabolic 

measurements per mg protein, especially for the adipose tissue has 

been discussed in Chapter 4. 

The reduction in lipogenic rates observed for the GFP with age 

was consistent with observations in rat adipose tissue (Gandemer et 

al., 1985). This reduction with age was much less in the liver. 

Since a similar age effect was observed in specific activities of 

NPDPH-generating enzyme activities in the F-line mice, it could be 

said that perhaps the metabolic events occuring at 5 weeks of age 

result in the differences in the phenotype (GFPW) observed at 10 

weeks of age. A comparison of lipogenic rates of liver and GFP at 5 

weeks of age on a per mg protein basis indicated that the latter 

tissue incorporated 3.5 and 1.9 fold more 3H than the former in the 

Fat and Lean lines respectively. 

The results of the lipogenic rates in the VLDL broilers raise 

questions about the mechanism of control of lipid metabolism in 

birds selected divergently on the concentration of plasma very low 

density lipoprotein. 

In birds, the liver is thought to be the main site of lipid 

synthesis (O'Hea and Leveille, 1969; Goodridge and Ball, 1967). It 

is also generally accepted that when lipid is synthesised in the 
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liver it is released into circulation predominantly in the form of 

plasma very low density lipoprotein (VLDL). VLDL, therefore, is the 

main transport form of lipid synthesised de novo in the bird. 

Through the action of lipoprotein lipase, enhanced by insulin, the 

VLDL is mobilised from circulation and stored mainly as 

triacyiglycerol in adipocytes (Griffin et al., 1982a,b). 	This 

theory was the basis for the initiation of a divergent selection 

experiment in chickens on plasma VLDL concentration (Griffin et al., 

1982b). 

It would therefore be expected from the above scheme that the 

three fold difference in VLDL concentration at 3 weeks found in the 

present study or the six fold difference at 6 weeks reported 

(Whitehead, 1988) would be accompanied by a proportional change in 

lipogenic rates. The lack of difference in rates of incorporation 

of 3  H of 3  H 2  0 observed in the present experiment is therefore 

surprising. The fact that similar amounts of total lipids 

determined gravimetrically were found in the liver of both lines at 

both 3 and 6 weeks of age, may suggest that lipid transport out of 

the liver is not limiting in either line. 

The unusually low plasma VLDL concentration at 6 weeks of age 

observed in the present study suggests that lipogenesis in the 6 

week-old birds may have been substantially depressed by the stress 

caused by handling of the birds prior to and during the experiment. 

It is however, conceivable that the possible difference between the 

Fat (high VLDL) and Lean (low VLDL) lines may not have been 

seriously affected since both lines 	experienced 	similar 



112 

environmental conditions. 

The investigation into the NtDPH-generating enzyme activity 

status of the VLDL broiler lines (see Chapter 4) revealed no 

consistent pattern between the lines. Only malic enzyme had 

consistently higher activity in the Fat line than the Lean at all 

ages, but the highest difference was 24% (on a per gram basis) at 

dayold. At the 4th generation of selection, however, Bannister et 

al. (1984) found significantly elevated activities of fatty acid 

synthase (+20%), ATP citrate lyase (+28%) and malic enzyme (+27%) in 

the livers of 9-week old Fat (high VLDL) birds. The former two 

enzymes are directly involved in the de novo fatty acid synthesis 

pathway. 

These earlier findings and the consistent pattern of changes in 

malic enzyme activity observed in the experiments discussed in the 

previous chapter would suggest that the possible difference in 

lipogenesis is probably too small to be measurable by the available 

techniques. Still, the six fold difference in VLDL concentration 

between the lines is too big to be sufficiently accounted for by 

small uruneasurable differences in lipogenic rates, because VLDL is 

not a terminal product in the plasma. 

The important question then is: what is causing the six fold 

difference in plasma VLDL concentration between the lines if there 

is no difference in lipogenic rates, and N1DPH-generating enzyme 

activities do not appear to have been affected by the selection 

process? Since post-heparin lipoprotein lipase activity has been 
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found to be slightly higher in the low VLDL line than the high line 

(Griffin and Hermier, 1988), it is possible that the low VLDL line. 

has an elevated rate of clearance of VLDL from circulation. 

Hypertriglyceridemia can arise through an increase in rate of 

VLDL secretion, an inhibition of VLDL clearance or a combination of 

the two mechanisms. Two possible explanations can therefore be 

proposed for the results obtained from the VLDL broilers. Firstly, 

the Fat and Lean lines may both Synthesise lipids in the liver and 

transport them into circulation at the same rate, the differences in 

VLDL concentration resulting from dferential clearance rates. The 

Fat (high VLDL) line has three fold more abdominal fat pad than the 

Lean (low VLDL), indicating that the former is depositing more 

lipids in the abdomen than the latter. This raises the important 

question of which organs (excluding the abdominal fat pad) are 

taking up the excess VLDL mobilised from circulation in the low VLDL 

line. If other organs like the heart and gizzard are found to have 

more lipid deposition in the Lean line than the Fat line, then the 

difference in plasma VLDL may be partially accounted for. The 

difference in abdominal fat pad weight may then not be fully 

attributable to deposition from plasma VLDL. 

Secondly, the observation that plasma 	-hydroxybutyrate 

concentrations are substantially greater in the low VLDL line than 

in the high VLDL line (0.86 vs 0.48 umoles/mi) (H. Griffin, 

personal communication) may suggest that direction of fatty acids to 

oxidation in the liver rather than VLDL synthesis makes a major 

contribution to the low rate of secretion in the low line. Studies 
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on perfused rat liver have shown that a high proportion of fatty 

acids synthesised de novo or derived from exogenous sources are 

oxidised to CO2  or converted to ketone bodies rather than exported 

as VLDL (Fukuda and Ontko, 1984). Furthermore, a lower rate of 

fatty acid oxidation has been shown to be a major cause of the high 

rate of VLDL synthesis in the obese Zucker rat (Azain et al., 1985). 

The first explanation is probably less plausible because 

results from an experiment in which VLDL clearance was blocked in 

both selected lines by injecting anti-lipoprotein lipase antibody 

indicated a three fold higher VLDL secretion rate in the high VLDL 

line (H. Griffin, personal communication). In addition, total 

lipoprotein lipase activities in adipose tissue, heart and leg 

muscle tended to be lower in the high VLDL line. However, there was 

no clear evidence from measurement of lipase activity in 

post-heparin plasma that a lower capacity to hydrolyse circulating 

VLDL made a major contribution to hypertriglyceridemia in these 

birds (H. Griffin, personal communication). 

The abdominal fat pad of birds is not totally inactive 

lipogenically and may be capable of a significant degree of 

lipogenic activity. The cummulative effect of a minor difference in 

lipogenic activity in the adipose tissue, however small, may 

contribute significantly to differences in abdominal fat pad weight 

in the long term. Thus the argument presented above for the 

ultimate importance of fractional synthesis rates in the F6 mice may 

hold good in the abdominal fat pad of the VLDL chickens. 
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A striking similarity between the F6 mice and the VLDL lines 

was the decline in lipogenic rates in both Fat and Lean lines with 

age. This, however, was not clear cut in the VLDL broilers because 

of a suspected depression of lipogenesis at 6 weeks of age triggered 

off by handling of the birds during the conduct of the experiment. 

5.5 ccLUsIcx 

The results of the experiment described in this chapter 

indicate that the Fat line of the F6 mice has higher rates of total 

flux through the lipid synthesis pathway than the Lean line in both 

liver and gonadal fat pad (GFP). The difference between the lines 

(F/L) in the liver appears to be higher at 10 weeks (23%) than at 5 

weeks (10), even though the total rate of flux at 5 weeks of age 

was higher than at 10 weeks in both lines, and in both tissues. The 

converse was true in the GFP where the between line difference was 

higher at 5 weeks (1.69-2 fold) than at 10 weeks of age (1-1.45 

fold). 

It can be concluded from the present experiment that mice 

selected directly for fatness have maximum lipogenic activities at 5 

weeks of age (or earlier), and a comparison between liver and GFP at 

this age when made on per mg protein basis points to the latter 

tissue as the more important site of lipogenesis. Even though 10 

Weeks was the age of selection, metabolic changes leading to the 

observed phenotype, GFPW, at 10 weeks of age seem to be the 

culmination of events starting or reaching a peak at 5 weeks of age. 

The overall change in total rate of flux through the lipid synthesis 

pathway is, however, lower than the four fold difference in gonadal 
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fat pad weight at 10 weeks of age. An estimate of the degradation 

rates of fatty acids synthesised de nova may help explain the 

observed differences. 

With the VLDL broilers, the lack of difference in total 

lipogenic rates between the Fat and Lean lines is in agreement with 

the lack of consistent pattern in the behaviour of N1DPH-generating 

enzymes in these lines discussed in the previous chapter. Detailed 

investigation is needed into the exact cause of the six fold 

difference in plasma very low density lipoprotein concentration. 

Possible causes have been suggested above but it was not practicable 

to follow them up for inclusion in this thesis. 

In line with the hierarchical approach adopted in the search 

for the particular aspect of lipid metabolism that has been altered 

by selection for fatness, the 3  H 2  0 method was the first stage in 

flux investigations (Bulfield, 1980). The flux through the specific 

fatty acid synthesis pathway was therefore determined, using 

specific radiOlabelled precursors: acetate and citrate. The F6 

mice which were found to differ in total flux as determined by the 

3 H 2 
 0 method were used for this experiment and the results are 

presented in the next chapter. 



Rate Of Flux Through The Specific Fatty Acid Synthesis Pathway. 
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6.1 INTRODUCTION  

In the previous chapter the total flux through the lipid 

synthesis pathway was determined in the P6 mice and the VLDL 

broilers using the rate of incorporation of 3H of H2O  into total 

lipids. Since 3  H 2 
 0 measures the total flux through the overall 

lipid synthesis pathway and not just the specific fatty acid 

synthesis pathway (Hems et al., 1975; Gandemer et al.,1985) its use 

was the first step in the hierarchical approach to investigation of 

fluxes (Bulfield, 1980). It was established in the flux studies 

with 3  H 2  0 that there has been an alteration in the overall metabolic 

apparatus of lipid synthesis between the Fat and Lean F6 mice. In 

particular, a two fold diffference was found between the lines in 

flux (measured by the 3  H 2  0 method) on a per mg protein basis in the 

gonadal fat pad (GFP) at 5 weeks of age. 

The next step in the stepwise approach adopted was the 

estimation of the rate of flux through the specific de novo fatty 

acid synthesis pathway (see Fig. 	2.1) This involved the 

determination of rates of conversion of ['4C]-labelled  acetate and 

citrate into total  lipids. Some criticisms have been put forward 

against the use of ['4C]-labelled  precursors in the estimation of 

total ].ipogenic rates in vivo (Gandemer et al., 1985; Rath and 

Thenen, 1980). In addition to the problem of isotope dilution in 

vivo (Goodridge, 1968b) ['4C]-labelled precursors have been reported 

to underestimate hepatic lipogenic rates relative to the adipose 

tissue (Favarger, 1965), probably because isotope dilution by other 

sources of acetyl-Coi (eg. glycogen) is more extensive in the liver 

than in the adipose tissue (Hems et al., 1975). A measure of total 
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flux was obtained with the 3  H 2  0 method and the relative importance 

of the liver and gonadal fat pad (GFP) in lipogenesis was 

established in the experiment, described in the. 	previous chapter. 

when a comparison between the liver and GFP was made at 5 weeks of 

age (on a per mg protein basis), the GFP was 3 and 1.85 fold as 

active as the liver in the Fat and Lean lines respectively in total 

flux measured by the 3  H 2  0 method. A contrasting conclusion would 

however, be arrived at on a per gram tissue basis, but the problems 

with the method of expression of biochemical parameters have been 

discussed previously. 

Thus having identified the gonadal fat pad and 5 weeks of age 

as the relevant tissue and age respectively the next step was to 

concentrate on the flux through the de novo fatty acid synthesis 

pathway exclusively. This could be done by the use of specific 

radiolabelled intermediate precursors. Thus the argument that 

[14C)-labelled precursors do not give accurate comparisons between 

the liver and GFP (Hems et al., 1975) is therefore not relevant in 

the experiment to be described in this.chapter. 

Both radioactive acetate and citrate were used separately in 

the present experiment because even though citrate is a more usual 

intermediate precursor derived from glucose metabolism than is 

acetate (see Fig. 	2.1), the former is seldom used for lipogenic 

studies in vivo. This may be due to uncertainties over the 

metabolic fate of exogenous radiolabelled citrate (Kather and Brand, 

1975). In contrast to unlabelled citrate generated from glucose 

metabolism, exogenous ['4C]-citrate first enters the cytosolic 
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compartment. Labelling of fatty acids from [1,54C]-citrate  is 

only possible if this compound is directly cleaved in the cytosolic 

compartment (Kather and Brand, 1975). In the mitochondria, labelled 

14 citrate carbon atom 1 is converted to CO in the tricarboxylic 

acid cycle. The label of carbon atom 5 is randomised via fumerate 

and reincorporated into citrate yielding [1,6-'4C]-citrate.  The 

latter compound is converted to unlabelled acetyl-CoPi and cytosolic 

[1,4 4C]-oxaloacetate by the ATP-citrate lyase reaction. Thus any 

portion of the injected [1,5-14C]--citrate entering the mictochondria 

will not contribute to synthesis of labelled lipids. 

The aim of the experiment described in this chapter was not to 

compare organs but to detect relative differences between the Fat 

and Lean lines of the F6 mice within tissues. The absolute amounts 

of radiolahelled lipids synthesised was therefore not relevant. 

6.2 DESIGN OF EPERINFT 

Two groups of eight mice per line were used at 5 and 10 weeks 

of age. At each age one group was injected intraperitoneally with 

[U-14C]-acetate and the other was similarly injected with 

[1,5-'4C]-citrate. (see sections 3.9 and 3.10 for details of the 

experimental procedure). 

6.3 RESULTS 

Body parameters 

Table 6.1 gives data on body parameters of the two groups of F6 

mice injected with either radiolabelled (A) acetate or (B) citrate. 

At 5 weeks of age the Fat and Lean lines used for both experiments 



Table 6.1 

Body weight (BW), liver weight (LW), gonadal fat pad 
weight (GFPW), liver lipids (LL) and gonadal fat pad 
lipids (GL) of F6 mice injected with: 

(A) [U-'4C]-acetate and (B) [1,5-14C]-citrate 

[U-'4C]-acetate 

Fat Lean Ratio(F/L) 

BW (g) 25.85±0.410 24.68±1.010 1.05 
LW (g) 1.600±0.050 1.359±0.079 1.18 
GFPW (g) 0.310±0.024 0.119±0.010 2.58*** 
LL (g/g) 0.055±0.003 0.051±0.002 1.08 
GL (g) 0.630±0.040 0.540±0.030 1.17 

10 WEEKS 

BW (g) 39.66±2.601 32.70±0.580 1.21* 
LW (g) 1.905±0.150 1.634±0.044 1.17 
GFPW (g) 1.351±0.160 0.234±0.013 5.87*** 
LL (g) 0.049±0.002 0.042±0.002 1.14 
GL (g) 0.760±0.040 0.390±0.020 1.95 

[1,5- 14  CI-citrate 

BW (g) 25.72±0.930 25.62±2.401 1.00 
LW (g) 1.374±0.076 1.336±0.110 1.03 
GFPW (g) 0.317±0.063 0.139±0.019 2.29* 
LL (g/g) 0.049±0.002 0.042±0.002 1.15* 
GL (g) 0.760±0.040 0.390±0.020 1.96*** 

10 WEEKS 

BW (g) 43.06±2.002 34.37±2.601 1.25* 
LW (g) 1.792±0.098 1.464±0.130 1.23* 
GFPW (g) 1.546±0.190 0.279±0.024 5.56*** 
LL (g) 0.057±0.003 0.048±0.002 1.21 
GL (9) 0.750±0.040 0.470±0.030 1.60*** 

Differences between lines have been compared by 
t-test. 
Mean±SE of 8 mice. 
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had similar body and liver weights. The gonadal fat pad weights 

(GFPW) at this age were, however, over two fold higher in the Fat 

line than the Lean line. Amounts of lipid in the liver and GFP were 

similar between the Fat and Lean mice injected with radiolabelled 

acetate, but significant differences were found between the Fat and 

Lean mice injected with radiolabelled citrate, with the Fat line 

being higher than the Lean line. 

Incorporation of [U-'4C]---acetate  into 

Liver and GFP total lipids. 

In a preliminary data analysis, the variances within lines were 

found to be heterogeneous and so final statistical analysis was done 

on log transformed data. The Fat line incorporated 12% more 
14  C 

into liver total lipids from [U-14C]-acetate than did the Lean line 

at 5 weeks of age (Table 6.2). In the GFP at the same age the Fat 

line had a two to three fold greater specific activity of [14C] in 

labelled total lipids synthesised de novo from radioactive acetate 

than the Lean line (Table 6.2). 

At 10 weeks of age the Fat line incorporated 30% more 

['4C1-acetate into liver total lipids than the Lean line, At both 5 

and 10 weeks of age, expressing the results either on a per gram or 

a per mg protein basis did not appear to alter the between line 

difference in rate of incorporation of 14C into liver total lipids. 

There was a three to four fold difference between the Fat and Lean 

lines in the rate of incorporation of 14C into GFP total lipids at 

10 weeks of age (Table 6.2). In contrast to the liver, there was an 

increase in the between line difference at both 5 weeks (+27%) and 



Table 6.2 

Rate of incorporation of 
14  C from [U-'4C]-acetate into liver 

and gonadal fat pad (GFP) total lipids in Fat and Lean F6 
mice. 

LIVER 

DPM per : Fat Lean Ratio( F/L) 

g liver (10) 	339.7±68.0 304.1±61.3 1.12 
mg protein (10) 	4.144±0.83 3.720±0.75 1.11 
whole liver (10) 537.6± 104 418.7±84.3 1.28 

GFP 

g GFP (10) 735.3±  169 297.7±54.1 2.47* 
mg protein (10) 70.06±16.2 22.30±4.05 3.14* 
whole GFP (10) 249.6±4.70 34.69±7.60 7.19** 

10 WEEKS 

LIVER 

g liver (10) 359.7±78.4  273.4±58.1 1.32 
mg protein (10) 4.221±0.92 3.254±0.69 1.30 
whole liver (10) 672.4± 149 449.3+97.9 1.50 

GFP 

g GFP 	(10) 382.5± 122 	134.3±46.6 	2.85 
mg protein (10) 53.95±17.3 	12.79±4.44 	4.21 
whole GFP 	(10) 541.5± 112 	32.55±9.79 	16.6 

Differences between lines have been compared by t-test 
on Log transformed data. 
Mean+S.E of 8 mice. 
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10 weeks (+48%) when lipogenic rates in the GFP were expressed per 

mg soluble protein, compared to per gram gonadal fat pad. 

Whereas the specific activity (per gram tissue) in the GFP 

declined by about 50% in both the Fat and Lean lines between 5 and 

10 weeks of age, in the liver the situation was different. The Fat 

line showed a 6% increase while the Lean line showed a 11% decrease 

in activity, resulting in a bigger but non-significant between line 

difference in the liver at 10 weeks of age (cf 12% on a per gram 

basis vs 30% on a per mg protein basis). 

In the GFP, even though the rate of incorporation declined in 

both the Fat and Lean lines with age, the between line difference 

was larger at 10 weeks (four fold) than at 5 weeks (three fold) on a 

per mg protein basis. This was in contrast with observations made 

with the 3  H 2  0 method discussed in the previous chapter, where the 

between line difference was greater at 5 than at 10 weeks of age. 

The only significant between line difference in rates 	of 

incorporation of 14  C from acetate (excluding total activity) was 

found in the GFP at 5 weeks of age (P<0.05). 

Incorporation of [1,5-14C]-citrate into 

Liver and GFP total lipids. 

The rates of incorporation of 14  C from [1,5-14C]-citrate into 

total lipids in the liver and GFP of the F6 mice have been presented 

in Table 6.3. In the liver the Fat line incorporated 23% more 14  C 

from citrate into total lipids than did the Lean line at S weeks of 

age. This difference was not significant and was not affected 
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whether the results were expressed on a per grain or on a per mg 

protein basis. In the GFP at the same age there was no difference 

between the lines on a per gram GFP basis, but when activity was 

expressed on a per mg soluble protein basis the Fat line appeared to 

have incorporated 31% more 14 C into total lipids than the Lean line. 

At 10 weeks of age the Fat line had 30% higher rates of 

incorporation of radioactivity from [1,5-14C]-citrate into total 

liver lipids than the Lean line in both modes of expression of 

results (Table 6.3). This difference (Fat/Lean) was higher at 10 

weeks (30%) than at 5 weeks (23%). 	In the GFP the 35% higher 

incorporation rate in the Fat line on a per gram GFP basis increased 

to a significant (P<0.01) two-fold difference on a per mg protein 

basis. Like the liver, the between line differences in the GFP were 

higher at 10 weeks than at 5 weeks. 

In the liver the incorporation rates of [1,5-'4C]-citrate into 

total lipids appeared to increase slightly with age in both the Fat 

and Lean lines. In contrast, there was a depression with age in 

both lines in the incorporation rates in the GFP. The pattern of 

change in rates of incorporation of [1,5-14C]-citrate in the GFP 

with age was consistent with earlier 	observations 	with 

[U-14C]-acetate, 3 H 2  0 and NPDPH-generating enzyme activities. The 

latter two have been discussed in the preceeding chapters. 



Table 6.3 

Rate of incorporation of 14 C from [1,5-14C]-citrate into 
liver and gonadal fat pad (GFP) total lipids in Fat and 
Lean F6 mice. 

DPM per : Fat Lean Ratio(F/L) 

g liver (10) 21.43±1.49 17.43±1.24 1.23 
mg protein 261.4±18.0 213.1±15.0 1.23 
whole liver (10) 29.34±2.48 24.41±1.04 1.20 

GFP 

g GFP (10) 	6.733±1.19 	6.531±0.824 	1.03 
mg protein 	642.0± 114 	489.0±62.02 	1.31 
whole GFP (10) 	1.920±0.36 	0.930±0.150 	2.07* 

10 WEEKS 

LIVER 

g liver (10) 	28.05±3.53 	21.28±2.71 	1.32 
mg prtein 	329.0±41.0 	253.2±32.0 	1.30 
whole liver (10) 50.85±7.79 	29.20±1.42 	1.74* 

GFP 

g GFP (10) 4.170±0.538 3.129±0.452 1.35 
mg protein 594.0± 76.0 298.0± 43.0 1.99** 
whole GFP (10) 6.445±0.561 0.915±0.199 7.01*** 

Differences between lines have been compared by t-test 
on Log transformed data. 
Mean-i-S.E of 8 mice. 
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Comparison of rU-'4Cl-acetate and 

[1,5- 14C]-citrate incorporation 

At 5 weeks of age the rate of incorporation of 14C from 

[U-'4C]-acetate into liver total lipids was about 16 fold higher in 

both lines than the rate of incorporation from [1,5-14C]-citrate 

(Table 6.4). 	This difference (acetate/citrate ratio) remained the 

same in both lines irrespective of whether the results were 

expressed on a per grain or on a per mg protein basis. 

An equivalent comparison of the incorporation rates from the 

two radiolabelled precursors in the GFP indicated marked 

differential uptake rates between the Fat and the Lean lines. 

Whereas the Fat line incorporated 109 fold more [U-14C]-acetate than 

[1,5-14C]-citrate into GFP total lipids, the Lean line incorporated 

only 46 fold more radiolabelled acetate than citrate. 

When the two precursors were compared at 10 weeks in the liver 

both the Fat and Lean lines incorporated 13 fold 	more 

[U-14C1-acetate than (1,5-14C]-citrate. In the GFP the differential 

uptake of 14 C from the two radiolabelled precursors observed at 5 

weeks of age was also exhibited at 10 weeks of age. The Fat and 

Lean lines incorporated 91 and 43 fold respectively more 

[U-'4C]-acetate than [1,5-'4C)-citrate into GFP total lipids. 

For both radiolabelled acetate and citrate the rate of 

incorporation of 14 C into tissue total lipids (mg protein) at both 5 

and 10 weeks of age was consistently higher in the GFP than in the 

liver of both the Fat and Lean lines. On a per gram tissue basis, 



Table 6.4 

Ratio of rate of incorporation of (U-'4C]-acetate to 

[1,5-14C]-citrate into liver and GFP total lipids of 
Fat and Lean F6 mice. 

10 WEEKS 

DPM per: grain mg protein gram mg protein 

LIVER 

	

F 
	

15.9 	15.9 	12.8 	12.8 

	

L 
	

17.5 	17.5 	12.8 	12.9 

GE? 

	

- F 	109 	109 	91.7 	90.8 

	

L 	45.6 	45.6 	42.9 	42.9 

Table was derived from Tables 6.2 and 6.3 
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however, only [U-14C] acetate in the Fat line had higher activity in 

the GFP than in the liver at both 5 and 10 weeks of age. 

6.4 DISCUSSION  

The experiments described in this chapter have indicated that 

in both the gonadal fat pad (GFP) and the liver, and at both 5 and 

10 weeks of age the Fat line always had higher rates of flux through 

the de novo fatty acid synthesis pathway than the Lean line. These 

were consistent with the conclusions drawn from the total flux 

measurements with the tritiated water (}I2O)  method, described in 

chapter 5. 

In the liver the between line differences found in the 

incorporation rates of both [U-14C]-acetate  and [1,5 4C]-citrate 

were of the order of 10 and 30% at 5 and 10 weeks of age 

respectively. This was much less than the four fold difference in 

gonadal fat pad weight observed at 10 weeks of age, and compares 

well with the 14% (5 weeks) and 23% (10 weeks) difference in total 

flux found with the 3  H 2  0 method. The agreement between the two 

determinations of flux may suggest that the liver of mice selected 

directly for fatness may not play a major role in the metabolic 

events resulting in a four-fold difference in GFP weight at 10 weeks 

of age. In other words, the possible alteration in lipid metabolism 

resulting from the selection process may not have occurred 

predominantly in the liver. The slightly larger between line 

difference in flux measured by both 14  C precursors and the 3  H 2  0 

method at 10 weeks, the age of selection, than at 5 weeks was in 

contrast to the higher between line difference in hepatic 
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NtDPH-generating enzyme activities. 

In the GFP the two '4C-labelled precutsors t  acetate and 

citrate, appeared to be used to different extents in the Fat and 

Lean lines for lipid synthesis. It is interesting that whereas at 5 

weeks of age a three-fold difference (per mg protein) in 

incorporation rates was found when [U-'4C]-acetate was used as 

precursor only 31% higher incorporation rate was assigned to the Fat 

line when [1,5-'4C]-citrate was used as the precursor. Similarly at 

10 weeks the four-fold between line difference found in the rate of 

incorporation of (U-14C]-acetate on a per mg protein basis in the 

GFP was only two-fold when [1,5-14C]-citrate was the precursor. 

In an in vitro experiment with isolated adipocytes, Kather and 

Brand (1975) attributed the slow rate of incorporation of variously 

labelled ['4C]-citrate into fatty acids to low permeability of the 

fat cell plasma membrane for this compound. Since the exogenous 

[14C]-citrate had to cross the fat cell plasma membranes into the 

cytoplasm to be cleaved for incorporation of labelled acetyl-Co1. 

into lipids, it is possible that differences in the permeability of 

fat cell membranes between the Fat and Lean lines can contribute not 

only to the lower between line difference found in the GFP for this 

precursor (relative to [U-14C]-acetate), but also the consistent 

lower total uptake of 14 C from citrate than from acetate. 

In the liver much less 14 C was incorporated into total lipids 

from [1,5-'4C]-citrate than from [U-'4C]-acetate. Since both 

radiolabelled precursors were presumably subject to isotope dilution 



131 

in the liver, it is conceivable that cell permeability was also a 

limiting factor in this tissue in vivo. Assuming [U-14C]-acetate  is 

not subject to the problem of cell permeability, and activation of 

acetate (Jansen et al., 1966) is not limiting in either line then 

the rate of incorporation of 14  C from [U-'4C]-acetate  gives a valid 

measure of lipogenic rates between the Fat and Lean lines. 

It is perhaps appropriate at this point to relate the results 

of flux estimation in the present experiment to data on specific 

activities of the three enzymes directly involved in the fatty acid 

synthesis pathway: ATP citrate lyase (ACL), acetyl-Co1 carboxylase 

(Acx) and fatty acid synthetase (FAS). These data presented in 

Table 6.5 were collected independently (I. Hastings, personal 

communication) on F6 mice of the same generation and, therefore, 

provide a valid comparison to the flux data. 

The activities of all three enzymes differed two to three fold 

between the Fat and Lean lines in the gonadal fat pad at 5 weeks of 

age. The magnitude and order of this change between the lines was 

in agreement with differences in flux measured both by the 
3  H 2  0 

method and [U-'4C]--acetate  at the same age and in the same tissue, 

when all determinations are compared on a per mg protein basis. It 

is interesting that pyruvate kinase which is not involved directly 

in lipid synthesis shows lesser difference between the Fat and Lean 

lines in the GFP at both ages than the three main lipogenic enzymes 

(Table 6.5). 



Table 6.5 

Specific activties (umol/min/mg protein) of ATP citrate 
lyase (ACL), acetyl-00A carboxylase (ACX), fatty acid 
synthetase (FAS) and pyruvate kinase (PYK) in Fat (F) and 
Lean (L) F6 mice (I. Hastings, personal communication) 

5 WEEKS 10 WEEKS 

LIVER GE? LIVER GFP 

ACL F 0.069 0.063 0.052 0.050 
L 0.045 0.019 0.050 0.033 
F/L 1.52*** 3.52*** 1.04 1.53* 

ACX F 0.034 0.231 0.032 0.062 
L 0.030 0.097 0.033 0.045 

1.12 3.38*** 0.97 1.39* 

FAS F 0.019 0.085 0.013 0.034 
F 0.016 0.034 0.013 0.023 
F/L 1.21* 2.50*** 1.00 1.46*** 

PYK F 1.98 1.38 1.98 0.63 
L 1.79 1.00 1.93 0.78 
F/L 1.11 1.38* 1.02 0.85 

Differences between F and L were compared by t-test 
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6.5 CONCLUSION 

The aim of the present experiment was to look for 

differences in flux through the particulate fatty acid synthesis 

pathway between the lines of mice directly selected divergently for 

fatness. Despite the differential incorporation rate of 14C from 

acetate and citrate which is probably a biochemical event 

independent of the selection process, the observed differences 

between the lines can still be interpreted in terms of selection 

responses. 	Lipogenic rates in the liver measured by both 

radiolabelled citrate and acetate indicated a maximum between line 

difference of 30% in the liver across the two ages studied. On the 

other hand, a between line difference of three to four fold at 5 and 

10 weeks of age measured in the gonadal fat pad by incorporation of 

[U-14C]-acetate agrees fairly well with the three to four fold 

difference in gonadal fat pad weight at 10 weeks of age. 

Supported by the two to three fold difference in the specific 

acitivities of the three main lipogenic enzymes as discussed above, 

a probable valid conclusion that can be drawn from the present 

experiment is that the process of selection for fatness has caused 

alterations in the metabolic rates of the lipid synthesis pathway 

between the lines. This alteration is more significant biologically 

in the gonadal fat pad than in the liver. The liver and the adipose 

tissue have been reported to contribute only 22 and 7% respectively 

to total carcass lipids (Cawthorne and Cornish, 1979). However, the 

between line difference in the GFP found in the present study is not 

surprising because the selection for fatness was actually based on 

the gonadal fat pad itself. It is reasonable, therefore, that 

lipogenic parameters in this tissue are those that have been 
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primarily altered. 

Following from the above conclusion, it is possible that the 

gonadal fat pad, as a discrete organ, is capable of sufficient lipid 

synthesis to account for the differences in its weight at 10 weeks, 

the age of selection. The liver of mice selected directly for 

fatness may, therefore, not contribute significantly to lipid 

deposition in the gonadal fat pad. It has to be said that 

differences have been reported in the lipogenic activities of 

adipose tissue at different anatomical sites (Gandemer et al., 

1985). The uniqueness (i.e. selection on gonadal fat pad, and 

metabolic determinations in the same tissue) of the present study is 

therefore worth noting. 

An estimate of lipid transport out of the liver will probably 

shed more light on the contribution of the liver to the gain in 

lipids by the GFP. Since plasma very low density lipoprotein (Vr.JDL) 

is the major transport form of fatty acids synthesised in the liver 

(Griffin et al., 1982a,b), estimation of its concentration in the 

plasma of F6 mice should provide valuable information. In the next 

chapter experiments performed to estimate plasma VLDL concentration, 

blood glucose and basal insulin levels in the F6 mice will be 

discussed. The rationale for this experiment is given in the 

introduction to the next chapter. 



Circulating Levels Of Plasma Insulin, Blood Glucose 

And Very Low Density Lipoprotein. 
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7.1 INTRO1XJCTIJ 

In this chapter, experiments involving the estimation of the 

blood parameters, plasma basal levels of immunoreactive insulin, 

blood glucose and plasma very low density lipoprotein (VLDL) 

concentrations, their inter-relationship with one another and with 

lipid metabolism are described (see Fig.7.1). 

The role of insulin as an important regulatory hormone in lipid 

metabolism is well documented (Denton, 1975; Fain, 1964; Mahler et 

al., 1976). The rate of insulin secretion is determined primarily 

by the concentration of glucose in the blood. When blood sugar 

level rises, insulin is secreted at an increased rate. 	The 

increased insulin level accelerates the entrance of glucose from 

blood into the liver and muscles, where it is largely converted into 

glycogen. This causes the blood glucose concentration to fall to 

its normal level (Lehninger, 1984). 

When the glucose taken up into the liver is in excess of the 

body's immediate energy needs it is converted to triacyiglycerols 

(triglycerides) through the process of lipogenesis for eventual 

storage in the adipose tissue. The enhancement of glucose uptake by 

insulin is crucial in the adipose tissue in which uptake is a 

limiting step in glucose metabolism (Fain, 1964). 

Insulin also directly induces the levels of a number of 

lipogenic enzymes including acetyl-Coh carboxylase and fatty acid 

synthetase, two of the enzymes involved directly in the fatty acid 

synthesis pathway (Denton, 1975; Fain, 1964). 
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Fig.7.1 Schematic representation of the inter-relationship between 

plasma insulin, blood glucose and very low density lipoprotein 

(VLDL). 
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It was pointed out in the previous chapter that the activities of 

these two enzymes and a third, ATP citrate lyase, had been 

co-ordinately altered two to three fold in the gonadal fat pad (GFP) 

of the Fat and Lean F6 mice at 5 weeks of age. 

The level of lipoprotein lipase in the adipose tissue is also 

induced by insulin (Robinson et al., 1975; Griminger, 1986). This 

enzyme hydrolyses triacyiglycerols in the form of plasma very low 

density lipoprotein (VLDL) thereby facilitating the passage of fatty 

acids through the capillary wall to surrounding tissues (Evans, 

1972). 

The results of the experiments described in chapters 4, 5 and 6 

have consistently indicated larger between line differences in. 

lipogenic enzyme activities and fluxes in the GFP than in the liver, 

especially at 5 weeks of age. This may, among other things, reflect 

an enhanced glucose uptake in the GFP of the Fat line than in the 

Lean line. Thus, the earlier observations would suggest a possible 

difference in circulating levels of insulin in the F6 lines. Basal 

levels of immunoreactive insulin were, therefore, estimated in the 

Fat and Lean F6 lines. 

In view of the close inter-relationship between plasma insulin 

and blood glucose as discussed above, the circulating levels of the 

latter were estimated simultaneously in the same plasma samples (as 

used for insulin assay) of Fat and Lean F6 mice. 



139 

To investigate whether or not there has been an alteration in 

the transport of lipids out of the liver, plasma VLDL concentration 

was estimated in the Fat and Lean F6 lines. Plasma VLDL is the main 

transport form of lipids synthesised de novo in the liver (Griffin 

et al., 1982a,b; Evans, 1972). The estimation of this parameter in 

the F6 mice might, therefore, highlight the relative importance of 

the liver and GFP in their contribution to the four fold difference 

in GFP weight observed at 10 weeks of age. This parameter will, 

however, not necessarily give a measure of the flux of VLDL from the 

liver to peripheral tissues, because the concentration of plasma 

VLDL in circulation is determined by either the rate of VLDL 

secretion from the liver or the rate of VLDL clearance from 

* 	circulation or both. 

The aim of the experiments described in this chapter was, 

therefore, to determine the plasma levels of immunoreactive insulin, 

blood glucose and VLDL concentrations in the Fat and Lean F6 lines. 

7.2 DESIGN OF EXPERIMENT 

At both S and 10 weeks of age, 12 Fat and 12 Lean F6 male mice 

were used, and all three determinations were made in the same plasma 

samples (from individual mice), (see sections 3.11-3.16 for 

collection and preparation of plasma, and detailed experimental 

procedures). 
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7.3 RESULTS 

Body parameters 

Table 7.1 shows all the measurements made on the Fat and Lean 

lines of F6 mice in the present experiment. At 5 weeks of age the 

Fat line had about 16% higher body and liver weights than the Lean 

line and this difference was significant (P<0.01-0.001). The 

difference in body and liver weights between the lines had, however, 

become smaller at 10 weeks of age. Gonadal fat pad weight (GFPW) 

differed three fold between the lines at both 5 and 10 weeks of age. 

Plasma insulin 

There was a 25 fold difference between the lines in plasma 

immunoreactive insulin (IRI) concentration at 5 weeks of age, with 

the Fat line being higher than the Lean line (Table 7.1). At 10 

weeks of age the between line difference was 2 fold, slightly less 

than the difference at 5 weeks of age. Although there was a decline 

in insulin levels in the Fat (40%) and Lean (22%) lines from 5 to 10 

weeks, a two fold between line difference was maintained at 10 weeks 

of age. 

Blood glucose 

Blood glucose concentration was 19% higher in the Fat line at 5 

weeks of age than in the Lean line (Table 7.1) (P<0.01). There was 

only a 9% between line difference in blood glucose levels at 10 

weeks of age, with the Fat line being higher than the Lean line. 

The Lean line tended to maintain the same level of blood glucose at 

both ages, whilst the Fat line showed a 9% decrease with age. 



Table 7.1 

Circulating levels of plasma insulin, blood glucose, very 
low density lipoprotein (VLDL), body weight, liver weight 
and gonadal fat pad weight (GFPW) of Fat and Lean F6 juice. 

Fat 	Lean 	Ratio(F/L) 
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Insulin (ng/ml) 
Blood glucose (mg/dL) 

VLDL 	(10_2) (A) 
Body weight (g) 
Liver weight (g) 
GFPW (g) 

10 WEEKS 

Insulin (ng/ml) 
Blood glucose (mg/dL) 

5.635±0.389 2.291±0.323 2.46*** 
179.1±6.701 150.3±3.610 1.19** 

8.408±0.307 7.691±0.590 1.09 
28.09±0.492 24.37±0.810 1.15*** 
1.772±0.052 1.496±0.068 1.18** 
0.455±0.027 0.154±0.009 2.95*** 

3.473±0.464 1.779±0.241 1.95** 
164.2±4.710 151.4±5.100 1.09 

VLDL (10-2)  (A) 10.70±0.964 8.025±0.653 1.38* 
Body weight 	(g) 37.40±0.780 34.66±1.110 1.08 
Liver weight (g) 1.831±0.052 1.772±0.065 1.03 
GFPW (g) 1.101±0.075 0.330±0.022 3•33*** 

Mean±SE of 12 mice 
Differences in line means have been compared by t-test. 
(A)= absorbance units 
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Plasma VLDL concentration 

At 5 weeks of age there was no statistically significant 

difference in plasma very low density lipoprotein 	(VLDL) 

concentration between the lines, because the Fat line was only 9% 

higher than the Lean. Whereas the Lean line maintained the same 

level of plasma VLDL concentration at 10 weeks of age as at 5 weeks 

the Fat line showed a slight increase with age. This resulted in a 

38% difference between the lines at 10 weeks of age (P<0.05). 

7.4 DISCUSSION  

The difference in plasma immunoreactive insulin (over two fold) 

found between the Fat and Lean F6 lines at 5 weeks of age is 

consistent with observations made previously in the gonadal fat pad 

(GFP) at the same age. For instance, the between line differences 

in the rate of flux measured by incorporation of [U-'4C]-acetate 

into total lipids and the changes in the specific activities of 

fatty acid synthetase, ATP citrate lyase and acetyl-Co1 carboxylase 

(see Chapter 6) were greater than two fold in the GFP at 5 weeks of 

age. There was an agreement in both direction and magnitude of the 

changes between the Fat and Lean F6 lines in all the previous 

determinations with the differences in insulin levels found in the 

present experiment. 

It is, therefore, probable that the increased insulin level in 

the Fat line has led to the enhancement of the flux through the 

fatty acid synthesis pathway in the GFP through the favourable 

effect of insulin on the specific activities of the lipogenic 

enzymes of the pathway. Greater glucose uptake from the blood into 
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the adipose tissue (GFP) in the Fat than the Lean line could also 

significantly contribute to the overall enhancement of the lipogenic 

apparatus in the GFP of the Fat mice, especially at 5 weeks of age. 

This is because the process of glucose entry into adipocytes is 

largely dependent on plasma insulin (Fain, 1964; Garvey et al., 

1986). 

Insulin could also contribute to greater deposition of lipids 

in the GFP of the Fat line by reducing lipolysis (Griminger, 1986). 

Lipolysis involves the oxidation of fatty acid and the degradation 

of triacyiglycerols. When insulin is bound to the cell surface of 

adipocytes it cancels the lipolytic action of adrenaline and 

glucagon and also reduces the action of adipocyte lipase. In spite 

of the decline in absolute levels of insulin with age in both lines, 

the difference between the lines (F/L,) at both 5 and 10 weeks were 

comparable (2.45 vs 1.95 fold). 

In obese mice homozygous for the ob gene there is excessive 

deposition of body fat, as well as a moderate degree of 

hyperglycaemia in the presence of hyperinsulinaemia (Bray and York, 

1971; Westman, 1968). This condition of the obese mouse has been 

attributed to resistance of liver (Kreuther et al., 1975), muscle 

and adipose tissue (Abraham and Beloff-Chan, 1971) to insulin. 

Various mechanisms of this tissue resistance to insulin have been 

proposed in the literature. 

Since blood glucose was only 19% higher in the Fat than the 

Lean line at 5 weeks of age, it could probably be ignored when 



144 

compared to the greater than two fold difference in plasma insulin. 

But the high statistical significance (P<0.01) of this difference 

makes it important. This leads to a paradoxical situation in view 

of the special relationship between insulin and blood glucose (see 

section 7.1). Under normal circumstances high insulin levels would 

lead to low blood glucose levels. In insulin resistant individuals 

(man or mouse) elevated insulin levels do not result in low blood 

glucose levels. It would appear from the results of the present 

experiment that the Fat line had a higher blood glucose level in the 

presence of a higher insulin level than the Lean line. This is a 

phenomenon similar to the classical symtoms of the obese mutant in 

mice (Bray and York, 1971) as described above. 

A three fold higher basal insulin level in the obese mouse than 

its lean counterparts (unselected non-obese mice, 8-10 weeks old) 

was accompanied by a 54% higher blood glucose in the obese mouse 

(Mahler et al., 1976). This is not grossly different from the 38% 

higher blood glucose in the Fat line at 10 weeks which accompanied 

the two fold difference in plasma insulin at the same age. It is, 

however, unlikely that the two fold higher insulin level found in 

the Fat than the Lean lines used in the present experiment is due to 

a single gene effect. It may be speculated that the mode of 

inheritance of fatness resulting from selection on the ratio of 

gonadal fat pad to body weight is more likely to be of a polygenic 

nature. 

The small difference (9%) in plasma VLDL concentration between 

the Fat and Lean F6 lines at 5 weeks of age would suggest that 
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transport of triacyiglycerols via the circulatory system from the 

liver to the gonadal fat pad (GFP) does not make any substantial 

contribution to the differences in the GFP weight at that age. 

These results support an earlier conclusion that perhaps the GFP is 

capable of sufficient lipogenic activities to account for its gain 

in weight. The 38% between line difference in plasma VLDL 

concentration at 10 weeks of age was mainly accounted for by a 31% 

increase in circulating VLDL in the Fat line from 5 to 10'weeks of 

age. During this period the VLDL concentration in the Lean line did 

not appear to alter. 

The explanation for the bigger between line difference in 

plasma VLDL concentration at 10 weeks of age than at 5 weeks may not 

be readily obvious. This difference, may however, have some 

biological importance with respect to the liver. This is because 

the between line differences in hepatic flux measured by 

incorporation of 14  C from both acetate and citrate, and from 3H20 

were also larger at 10 weeks than at 5 weeks. 

The results of the present experiments offer probable 

explanations for most of the between line differences, and confirm 

some of the biological trends found in the experiments previously 

described. In particular, the over two fold between line difference 

in basal plasma immunoreactive insulin found at 5 weeks of age in 

the present experiment agrees fairly well with the differences in 

the rate of flux (measured by incorporation of 14C-acetate), and 

lipogenic enzyme activities in the particulate fatty acid synthesis 
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pathway in the gonadal fat pad (GFP) at 5 weeks. 

The elevated insulin levels found in the Fat F6 line provides 

the appropriate hormonal environment for maximum lipogenic 

activities in the GFP at 5 weeks of age. This influence of insulin 

is probably mediated through the enhancement of glucose uptake into 

the adipocytes, co-ordinated stimulation of the activities of fatty 

acid synthetase, acetyl-Cot carboxylase and ATP citrate lyase, and 

reduction in lypolysis in the GFP. The net effect is a difference 

in flux through the fatty acid synthesis pathway proportional to the 

alteration in enzyme activities and insulin levels. Lipid transport 

out of the liver may not play any significant role in the gain in 

lipid by the GFP. The cumulative effect of all these changes is a 

three to four fold difference in gonadal fat pad weight between the 

lines at 10 weeks of age. 

With the observed between line difference in plasma 

immuno reactive insulin, the specific activity of glucokinase in the 

GFP could be investigated because, it is this enzyme which controls 

the entry of glucose into the glycolytic pathway of peripheral 

tissues. 

A general discussion and conclusions from all the experiments 

described so far will be presented in the next chapter. 



General Discussion And Conclusions 
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In the previous chapters experiments were described which were 

aimed at identifying specific areas of metabolism such as fluxes and 

specific activities of enzymes which may have been altered as a 

result of direct selection for fatness in mice and chickens. In 

this chapter, the relationship between the various biochemical 

parameters measured will be put in perspective. 

Table 8.1 is a summary of the differences (F/L) in enzyme 

activities and fluxes between the Fat and Lean lines of mice used 

for the present study. For simplicity the comparisons of between 

line differences (Fat/Lean) in Table 8.1 have been based on a per mg 

soluble protein basis only. When all the four NtDPH-generating 

enzymes and. the three specific enzymes of the fatty acid synthesis 

pathway are considered individually in liver and GFP, each of them 

shows a consistently higher activity in the Fat line than the Lean 

line at both 5 and 10 weeks of age. The only exceptions were in the 

liver at 10 weeks of age, where there were no differences between 

the Fat and Lean lines in the specific activities of 

glucose-6-phosphate dehydrogenase (G6PDH), fatty acid synthetase 

(FAS) and acetyl-Co1 carboxylase (ACX). Thus in general the 

lipogenic enzyme activities were altered in a direction consistent 

with high or low selection for fatness. 

Considering all enzymes as well as the sum of the four 

NADPH-generating enzyme activities in the liver, the between line 

differences were bigger at 5 weeks (12-56%) than at 10 weeks (1-17%) 

(Table 8.1). In contrast to the pattern of changes in hepatic 

enzyme activities with respect to age, the between line differences 
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in hepatic flux measured by using both 3  H 2  0 and 
14  C precursors were 

slightly larger at 10 weeks (22-30%) than at 5 weeks (11-23%). 

Thus, there appears to be a dissociation between the hepatic enzyme 

activities and flux through the lipid synthesis pathway in their 

pattern of change with age. These contrasting changes with age 

between enzyme activities and flux in the liver appear to be taking 

place in the presence of a more or less constant between line 

difference in plasma immunoreactive insulin. 

Though the absolute levels of insulin in both the Fat and Lean 

lines of mice were higher at 5 weeks than at 10 weeks of age, a 

two-fold difference was maintained. This suggests that whereas 

differences in insulin levels may be responsible for the observed 

differences in enzyme activities and fluxes in the GFP at 5 weeks, 

by 10 weeks of age the lines may have become refractory and are no 

more responsive to insulin. The magnitude of the between line 

differences in both hepatic enzyme activities and fluxes at both 5 

and 10 weeks of age was, however, much less than the three to four 

fold difference in gonadal fat pad. weight (GFPW) at 10 weeks of age. 

In contrast to the liver, the activities of all the measured 

biochemical parameters in the gonadal fat pad consistently showed a 

decline with age. This decline was evident both in absolute levels 

of activity (in both lines) and in most of the differences (Fat/Lean 

ratio) between them. Conclusions drawn from data on the GFP 

depended on whether the results were expressed on a per grain wet 



Table 8.1 

Differences (F/L) in enzyme activities and fluxes 
between Fat and Lean F-line or F6 mice. 

Parameter 

LIVER GFP LIVER GFP 

150 

G6PDH 
6PGDH 
ME 
IDH 
E(4 ENZYMES) 
ACL 
ACX 
FAS 
PYK 

1.56 1.31 
1.43 1.11 
1.26 2.25 
1.15 1.27 
1.20 1.41 
1.52 3.52 
1.12 2.38 
1.21 2.50 
1.11 1.38 

0.99 1.05 
1.16 1.48 
1.17 2.26 
1.06 1.47 
1.08 1.34 
1.04 1.53 
0.97 1.39 
1.00 1.46 
1.02 0.85 

NPDP+NADPH * 
	

0.88 	1.10 	LiWJ• 	IJ 

FLUX 

3H20 	 1.14 	2.15 	1.22 	1.45 

[u-14C]-acetate 1.11 3.14 1.30 4.21 

[1,5-'4C]-citrate 1.23 	1.31 	1.30 	1.99 

Table was derived from Tables 4.4, 4.7, 5.2, 5.3, 
6.2, 6.3 and 6.4 
Enzyme activities are in 'nmol/min/mg protein' 
* Unit of expression is ugNPDPH/gram tissue. 
Data for ACLI,AcX,FAS and PYK collected by 
I. Hastings 
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weight basis or on a per mg protein basis. There appears not to be 

a consensus in the literature as to the best way of expressing data 

from metabolic studies. Therefore, for reasons given above and one 

given earlier that protein synthesis is a measure of metabolic 

activity, in this thesis comparisons upon which final conclusions 

were based were made on a per mg protein basis. 

As previously stated, enzyme activities only measure the 

potential synthetic capacity of the pathways and not the actual 

amounts of lipids being synthesised. In the liver, therefore, the 

observed changes in flux with respect to age, would suggest that the 

liver actually assumes more importance in its contribution to 

lipogenesis at 10 weeks. Ironically, differences between lines in 

enzyme activities may have drastically diminished at this age. This 

explanation may account for the larger and significant (p<0.05) 

between line difference in plasma very low density lipoprotein 

(VLDL) concentration at 10 weeks than at 5 weeks of age. Plasma 

VLDL is the product of lipogenesis in the liver. The difference at 

10 weeks resulted from an increase in VLDL concentration in the Fat 

line and was consistent with the increase in hepatic flux (measured 

by 14  acetate and citrate) in the Fat line at 10 weeks of age. 

The question then is whether the 38% higher VLDL concentration 

in the Fat line at 10 weeks, which interestingly was comparable with 

the between line difference in hepatic flux (32%, measured by 14 C-

acetate and citrate) at the same age, can contribute more to the 

increase in gonadal fat pad weight than the GFP itself. The liver 

is unlikely to play a greater role than the gonadal fat pad in the 
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synthesis of lipids accumulating in the latter organ. The between 

line differences in hepatic flux (measured by both 3  H 2  0 and 
14  C 

precursors) were consistently of the order of a few percent. In 

contrast, in the GFP the differences in flux (measured by both 3  H 2  0 

and 14  C precursors) and enzyme activities especially at 5 weeks were 

at least two fold. The percent difference in the liver between the 

lines, although it may be biologically significant in the long term, 

is not reflected significantly in the transport of lipids out of the 

liver at 5 weeks of age. The lack of significant difference in VLDL 

concentration, however, does not give any indication of the VLDL 

flux, as this parameter is controlled at either the point of 

secretion from the liver into circulation or uptake into peripheral 

tissues or both. 

It is possible that given the consistently high between line 

differences found in the GFP for most of the metabolic 

determinations at 5 weeks of age, by the time lipogenesis in the 

liver becomes 'more important' at 10 weeks the sizes of the GFP may 

have already been accounted for by the accumulation of lipids 

synthesised by the GFP itself. Lipogenic activities in the GFP 

would, therefore, have started slowing down in both lines by 10 

weeks of age, probably by some feedback mechanism. 

This theory would seem to be supported by the higher insulin 

levels in the Fat line which would be expected to reduce lipolysis 

in the gonadal fat pad and increase deposition of lipids (Griminger, 

1987) synthesised in situ. Thus the differences between the Fat and 

Lean F-line mice could be accounted for by increased lipogenesis in 
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the GFP providing there is no appreciable difference in lipolysis 

between the lines. 

An alternative explanation could be that the differences 

between the lines in metabolic events relevant to lipid metabolism 

are probably established much earlier than 5 weeks of age when the 

lines do not differ in gonadal fat pad weight. This difference in 

metabolic rates may either increase slightly, stay the same or even 

decrease, as the mice grow older, without necessarily reducing the 

amounts of lipids being deposited in the GFP. A similar phenomenon 

is thought to account for the large differences in growth rate 

between the broiler and the layer. It has been shown that broiler 

muscle has over 20-fold greater ornithine decarboxylase (ODC) 

activity at 1 week of age than muscle from layer strain animals 

(Bulfield et al., 1988). 

Ornithine decarboxylase catalyses the first step in polyamine 

synthesis and has been implicated in rapid cell proliferation in 

development and in response to hormones. This large difference in 

ODC activity preceeds the major growth spurt and occurs at a time 

when the broiler and layer strains are of nearly identical weights. 

At 7 weeks of age when the broiler strain has about 8-fold greater 

breast muscle than the layer strain there is no difference in ODC 

activity which begins to fall after reaching a peak between 4-7days 

(Bulfield et al., 1988). It appears that the important differences 

between the strains are occuring at the cellular level before 1 week 

of age. Perhaps, all that is required is for the broiler strain to 

be, at least, one round of cell division ahead of the layer strain 
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in the first week of life, and differences in growth rate are 

subsequently maintained or increased cummulatively. 

Given that lipids are a terminal product, providing the rate of 

degradation is negligible, the system will become self perpetuating 

and ensure an increasing difference between the lines in GFPW or 

amount of lipid deposited in it even at advanced ages. In mice, 

results from lipid turnover studies indicated that there was no 

measurable decline in radioactivity in the epididymal fat pad for 

six days, following the peak in labelling at iday (or probably 

2-3hrs) (Jansen et al., 1966). 

This hypothesis is supported by data on GFPW and amounts of 

lipid (gram per GFP) (Table 8.3) and the reduction with age in both 

absolute levels and Fat/Lean ratios of the measured metabolic 

parameters in the GFP. The differences in amounts of chloroform 

extractible lipids increased from 3 fold at 5 weeks of age to 11.5 

fold at 10 weeks of age. The GFPW also increased from 2.6 fold at 5 

weeks of age to 5.8 fold at 10 weeks. There is evidence that the 

GFPW continues to diverge between the Fat and Lean lines of mice up 

to 22 weeks or more (Yang, personal communication), but the 

metabolic parameters show a decrease both in absolute terms and 

Fat/Lean 



Table 8.2 

Changes in gonadal fat pad weight (GFPc') and amount of 
lipid (granVGFP) with age. 

GFPW LIPIDA3FP GFPW LIPID/GE? 
(g) (g) (g) (g) 

Fat 	0.310 0.195 1.351 1.026 
Lean 	0.119 0.065 0.234 0.089 
Fat/Lean 	2.6 3.0 5.77 11.5 

Table was derived from Table 6.1 
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ratio from 5 to 10 weeks. Given this cummulative effect on lipid 

deposition and hence divergence in GFPW, lipogenic enzyme activities 

and fluxes need not alter to the same extent as the GFPW at any 

point in time. 

The French and VLDL broilers provide an interesting comparison 

for the correlated physiological responses of the two different 

selection criteria used to produce the Fat and Lean lines. Whereas 

lipogenesis seems to have been primarily altered in the French 

broilers which were selected on the ratio of abdominal fat pad 

weight to body weight, it appears that selection for high or low 

VLDL concentration does not affect rates of lipogenesis. It can 

only be speculated on the basis of the available evidence that 

differential oxidation rates in the livers of the high and low VLDL 

broilers are the cause of the six fold difference in circulating 

VLDL concentration. 

In the liver of the mice and chickens used in the present 

experiment the most active enzyme (in vitro) was IDH followed by ME, 

with the two pentose phosphate enzymes having the lowest activities. 

The contribution of the hexose monophosphate pathway to the NPDPH 

production in vivo cannot be calculated from the Vmax data of the 

present study. However, this pathway is reported to provide 60-80% 

of the requisite NDPH in the cytosol in vivo (Conover, 1987). This 

estimate was, however, based on rat adipose tissue data (Katz et 

al., 1966) and may not be necessarily true for the liver of rat or 

other species. 
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It is appropriate at this point to discuss some peculiarities 

of the pig selection experiment by Muller (1986). In that 

experiment the correlated response in backfat thickness (3.6ç) was 

higher than the direct response in sum of NADPH-generating enzyme 

activities (2.5d). This would require that hBrA>hE  where 

h 2=heritability of backfat, hE2=heritability  of 	sum 	of 

N1DPH-generating enzyme activities and r=genetic correlation 

between the two traits (Falconer, 1983). This implies a higher 

heritability for backfat than for sum of enzyme activities, and a 

genetic correlation of 1, or nearly, between the two traits. A 

realised heritability of 0.88 was reported for the sum of 

NADPH-generating enzyme activities (Muller, 1985), implying a 

heritability of backfat thickness greater than 0.88, well above 

typical figures (Hudson and Kennedy, 1985). The size of the 

correlated response in backfat thickness is therefore surprisingly 

large. 

From the only data available to me from the pig selection 

experiment (Muller, 1985) the differences between lines (Fat/Lean) 

have been calculated for comparison with the activities of the same 

four enzymes determined in the GFP (adipose tissue) of the F-line 

mice in the present experiment (Table 8.3). Though this comparison 

may not be made at the same physiological age, in terms of selection 

response a two fold difference in malic enzyme activity in the GFP 

of the mice corresponds to only a 1.25 fold difference between the 

Fat and Lean pigs of Muller (1985, 1986). The question then is 

whether with the observed between line differences (correlated 

response) in NADPH-generating enzyme activities in the F-line mice 
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being bigger than the difference (direct response) in the pigs it 

will be possible to produce fat and lean mice through direct 

selection on NPDPH-generating enzyme activities. 

The feasibility of such an experiment can be theoretically 

determined (Hill, 1985) (though all the requisite information were 

not available), but in view of the uniqueness of the pig experiment 

and the species and tissue differences in the activities of the 

enzymes as observed in the present study the unequivocal way of 

finding out what the answer to this question will be is to directly 

select mice on the activities of NADPH-generating enzymes. 



Table 8.3 

Comparison of differences (Fat/Lean) of NADPH-generating 
enzyme activities (nmol/mg protein) in the adipose 
tissue of mice (GFP) and pigs (backfat). 

NICE 	 PIGS' 

5weeks lOweeks 90-120days 

G6PDH 1.31 1.05 1.18 
6PGDH 1.11 1.48 1.12 
ME 2.25 2.26 1.25 
IDH 1.27 1.47 1.19 
SUM 1.20 1.08 1.21 

1. Data on pigs are from Muller (1985) 
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ccusicxis 

It has been established from the present study that in mice 

selected directly for fatness, the gonadal fat pad is probably 

capable of sufficient lipogenic activities to account for its gain 

in lipids. The metabolic events culminating in the three to four 

fold between line difference in GFPW at 10 weeks of age are probably 

most important at 5 weeks or earlier. Thus any further study into 

lipid metabolism of these Fat and Lean mice at the molecular level 

should be concentrated in the GFP and at 5 weeks or as early as 

possible. 

This conclusion probably cannot be extrapolated to all adipose 

tissues because it has been reported that adipose tissues from 

different anatomical sites in the same individual have different 

lipogenic capacities (Anderson et al., 1972). Only the GFP was 

investigated in the present study. Further more, the Fat and Lean 

mice used in the present study were selected on a criterion which 

made the GFP itself the target organ of the selection process (see 

section 3.1). 

In the GFP, the consistently high between line difference (over 

two fold) in the activities of all three enzymes of the fatty acid 

synthesis pathway in the presence of an over two fold difference in 

plasma insulin at 5 weeks makes these three enzymes potential 

candidates for molecular investigations. 	The 	co-ordinated 

alteration in the activities of all three enzymes may suggest that 

perhaps they have a regulatory component in common. 
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As regards the NADPH-generating enzymes, even though the Fat 

mice generally had higher activities than the Lean, the fact that 

similar metabolite pool sizes of N1DP+NDPH were found between the 

lines in both liver and GFP would lead to a conclusion that perhaps 

the important difference between the lines regarding lipogenesis is 

not in the rate of production of N?DPH by any one enzyme (though 

this aspect has been altered by selection), but is in the rate of 

utilisation of the available N1DPH for the reduction of malonyl-Ca1 

to fatty acids. But the rate of interconversion between endogenous 

NADPH and NADP is reflected in the rate of flux through the fatty 

acid synthesis pathway. This conclusion, therefore, adds weight to 

the between line differences found in the rate of flux estimated in 

the present study. 

Whereas the French broilers showed possible alterations in both 

hepatic flux (LeClercq and Saadoun, 1987) and NDPH-generating 

enzyme activities, (from the present study), it appears lipogenesis 

in the VLDL broilers was not affected by the selection process. It 

may, therefore, be concluded that the two different approaches used 

to produce Fat and Lean broilers may well have achieved their common 

objective through completely different physiological mechanisms. 

This is an interesting development which must be investigated. 

Future studies 

More research is needed to explain the cause of the six 

fold difference in plasma very low density lipoprotein concentration 

between the Fat (high VLDL) and Lean (low VLDL) VLDL broiler lines. 

For instance, experiments must be conducted to find out if there is 
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a difference between the Fat and Lean lines in oxidation rates of 

fatty acids synthesised de novo. The justification for such an 

experiment would be that, given that the two lines do not differ in 

lipogenic rates, a difference in the concentration of VLDL released 

into circulation could arise if the Lean line had a substantially 

higher oxidation rate than the Fat line. Another area that could be 

investigated is whether or not the lines actually differ in rates of 

clearance of VLDL from circulation as is suggested by the reported 

between line difference in lipoprotein lipase activity (Griffin and 

Hermier, 1988). 

With the mice, since enzymes are gene products, the genes 

controlling the activities of the three main enzymes of the fatty 

acid synthesis pathway could be introduced into an inbred strain 

through a series of crossing and backrosses and studied more closely 

at the molecular level. The genes controlling the activities of the 

three main lipogenic enzymes have been cloned: fatty acid 

synthetase gene in mice (Broddock and Hordje, 1988); ATP citrate 

lyase gene in mice (Sul et al., 1984) and acetyl-CoI carboxylase in 

rats (Bai et al., 1986). These cloned genes could be used to look 

at the level of control of expression eg. transcription or 

translation . It would also be possible to investigate the 

regulation of these genes by insulin and therefore assess the 

relevance of the greater insulin levels found in the Fat F-line 

mice. 

The rate of degradation of lipids synthesised de novo between 
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the Fat and Lean lines of mice needs to be determined because it is 

possible that differential degradation rates contribute 

significantly to the difference in lipid gain of the gonadal fat 

pads. 
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Within replicate analysis of enzyme activities in liver of F-line mice at 5 weeks. 

unol,4nin/mg protein unl,1nin/g liver 

G6PDH Rep 1 	Rep 2 Rep 3 Rep I Rep 2 Rep 3 

F 38.10±3.84 20.90±1.17 1.926±0.105 3.077±0.293 1.546±0.0871 
L 24.10±3.84 13.72±1.17 1.173±0.105 1.894±0.293 1.166±0.0871 
C 1.251±0.112 

F/L 1.58* 1.53*** 1.65*** 1.63* 1.32** 

6PGH 
F 43.00±1.92 55.75±1.93 2.825±0.164 4.748±0.410 1.939±0.129 
L 34.61±1.92 34.39±1.93 1.451±0.164 3.042±0.410 1.558±0.129 
C 1.992±1.164 

F/L 1.24** 1.61*** 1.95*** 1.56** 1.24* 

ME 
F 48.45±4.53 139.4±10.4 3.596±0.0796 3.475±0.155 4.129±0.151 
L 70.40±4.53 78.52±10.4 2.694±0.0796 2.758±0.155 2.944±0.151 
C 3.186±0.0796 

F/L 0.69** 1.78*** 1.34*** 1.26** 1.40*** 

IM 
F 334.5±11.3 473.0±12.0 5.277±0.259 5.457±0.291 5.281±0.417 
L 383.6±11.3 320.7±12.0 5.086±0.259 4.336±0.291 4.031±0.417 
C 5.086±0.259 

F/L 0.87** 1.47*** 1.53*** 1.26* 1.31* 

Differences in line means have been compared by t-test. 



Appendix 2 

Within replicate analysis of enzyme activities in GFP of F-line mice at 5 weeks. 

umol,4ninng protein umolAnin/g liver 

G6PDH Rep 1 	Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 

F 319.6±23.6 534.8±89.8 3.962±0.464 4.128±0.369 4.094±0.723 
L 300.5±23.6 353.1±89.8 3.730±0.464 5.432±0.369 5.468±0.723 
C 4.578±0.464 

H/L 1.06 1.51 1.06 0.76* 0.75 

6PGH 
F 143.5±14.7 270.6±65.3 1.310±0.114 1.870±0.212 1.462±0.324 
L 122.9±14.7 250.6±65.3 0.9620±0.114 1.022±0.212 1.058±0.324 
C 1.730±0.114 

F/L 1.17 1.08 1.36 1.83* 1.38* 

NE 
F 213.4±33.9 408.1±35.5 2.038±0.185 1.872±0.216 2.092±0.226 
L 137.1±33.9 139.1±35.5 1.638±0.185 2.212±0.216 2.454±0.226 
C 1.838±0.185 

F/L 1.56 2.93*** 1.25 0.85 0.85 

IM 
F 184.3±9.06 328.3±42.3 0.660±0.0709 0.858±0.134 0.720±0.0988 
L 178.1±9.06 224.7±42.3 0.432±0.0709 0.4160±0.134 0.470±0.0988 
C 0.710±0.0709 

F/L 1.03 1.46 1.56 2.05* 1.53 

Differences in line means have been compared by t-test. 



Appendix 3 

Within replicate analysis of enzyme activities in liver at 10 weeks 

umol,lnin,lng protein 	 umo1nin/g liver 

G6PDH 	Rep 1 	Rep 2 	Rep 3 	Rep 1 	Rep2 	Rep3 

F 10.17±0.404 13.31±1.05 10.80±1.22 0.874±0.0346 1.420±0.0845 1.034±0.105 
L 11.76±0.404 9.670±1.05 12.89±1.22 0.963±0.0346 0.851±0.0845 1.209±0.105 
C 	8.360±0.404 	 0.730±0.0346 

F/L 	0.86* 	1.35* 	0.84 	0.91 	1.34* 	0.85 

6PH 
F 30.53±0.739 32.62±1.06 30.45±1.36 1.923±0.0839 2.927±0.276 2.062±0.315 
L 26.61±0.739 26.85±1.06 27.16±1.36 1.733±0.0839 2.110±0.276 2.579±0.315 
C 	25.23±0.739 	 1.532±0.0839 

F/L 	1.15*** 	1.21** 	1.12 	1.11 	1.39 	0.80 

NE 
F 98.28±6.00 79.01±6.04 83.09±4.97 2.630±0.0435 2.815±0.0881 2.913±0.126 
L 72.76±6.00 71.65±6.04 78.77±4.97 2.166±0.0435 2.313±0.0881 2.560±0.126 
C 	73.07±6.00 	 2.297±0.0435 

F/L 	1.35** 	1.10 	1.05 	1.21*** 	1.22*** 	1.14 

IM 
F 371.8±15.3 364.2±10.0 370.4±8.36 5.820±0.219 7.176±0.499 5.714±0.442 
L 347.4±15.3 359.5±10.0 335.8±8.36 3.902±0.219 5.684±0.499 5.418±0.442 
C 	320.2±15.3 	 4.625±0.219 

F/L 	1.07 	1.01 	1.10** 	1.49** 	1.26* 	1.05 

Differences in line means have been compared by t-test. 



Appendix 4 

Within replicate analysis of enzyme activities in GFP of F-line mice at 10 weeks. 

unol,lnin,4ag protein 	 unkl/min/g liver 

G6PDH 	Rep 1 	Rep 2 	Rep 3 	Rep 1 	Rep 2 	Rep 3 

F 262.1±28.7 296.5±24.2 294.6±23.2 1.453±0.296 1.926±0.179 2.268±0.305 
L 277.0±28.7 258.7±24.2 273.4±23.2 4.238±0.296 4.238±0.179 4.893±0.305 
C 	225.5±28.7 	 3.338±0.296 

F/L 	0.95 	1.15 	1.08 	0.34*** 	0.46*** 	0.46*** 

6PR 
F 135.8±13.4 124.5±5.51 132.8±17.5 1.058±0.123 1.758±0.154 1.955±0.128 
L 80.71±13.4 92.20±5.51 93.33±17.5 1.146±0.123 1.228±0.154 1.412±0.122 
C 	80.27±13.4 	 1.548±0.123 

F/L 	1.68** 	1.35*** 	1.42 	0.92 	1.43* 	1.39** 

ME 
F 123.5±15.0 137.3±6.54 106.1±9.89 0.740±0.0666 0.814±0.0704 0.955±0.168 
L 47.16±15.0 59.55±6.54 55.89±9.89 1.246±0.0666 1.544±0.0704 1.712±0.160 
C 	60.68±15.0 	 1.242±0.0666 

F/L 	2.62** 	2.31** 	1.90** 	0.59*** 	0.53*** 	0.56** 
IDH 

F 230.4±16.4 150.5±8.30 172.6±13.2 0.539±0.0380 0.735±0.0601 0.827±0.0777 
L 140.7±16.4 128.4±8.30 107.9±13.2 0.328±0.0380 0.446±0.0601 0.482±0.0741 
C 	126.7±16.4 	 0.593±0.0380 

F/L 	1.64*** 	1.17 	1.60** 	1.64** 	1.64** 	1.73** 

Differences in line means have been compared by t-test. 



Appendix 5 

Within replicate analysis of NDP+NADPH (ug/g gram tissue) in F-line mice 

Rep 	 Rep 	 Rep  

5 WEEKS 10 WEEKS 	5 WEEKS 	10 WEEKS 	5 WEEKS 10 WEEKS 

F 33.38±1.51 45.29±2.75 
L 37.23±1.51 44.15±2.75 
F/L 	0.90 	1.03 

LIVER 

53.19±2.96 36.89±2.88 
58.00±2.96 37.58±2.62 

0.92 	0.98  

42.50±2.81 48.11±2.74 
51.68±2.81 49.74±3.01 

0.82 	0.97 

F 15.29±1.28 16.80±1.01 
L 14.01±1.28 16.31±1.01 
F,/L 	1.09 	1.02 

Mean±SE of six mice per line. 

GFP 

23.62±1.46 20.02±0.774 14.15±0.880 15.22±0.442 
19.26±1.46 20.42±0.774 15.12±0.964 16.97±0.403 

1.23 	0.98 	0.94 	0.90 
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Chapter 18 

Activities of NADPH-generating enzymes in 
genetically fat and lean chickens 
E. A. Asante and G. Bulfield 

In: 'Leanness In Dometic Birds.' B. LeCierCq and 
C.C. Whitehead .Eds. ButterworthS. 

Introduction 

Excessive fat deposition is a problem in selection for weight-for-age in broilers and 
therefore has to be controlled. Although there is genetic variation in fatness 
(Littlefield, 1972; Leclercq, 1985), there is a lack of information on the effect of 
selection on the nature of the genetic control of fat deposition in chickens (and 
indeed mammals). 

Several attempts have been made to select for fat and lean animals and to 
determine biochemically which aspects of metabolism have been altered by the 
selection process. For example, chickens have been selected for high or low,  
abdominal fat pad weight to body weight ratio by Leclercq, Blum and Boyer (1980) 
and these lines have been extensively physiologically and biochemically analysed 
(Touchburn, Simon and Leclercq, 1981; Simon and Leclercq, 1982; Saadoun and 
Leclercq, 1987). 

A completely different approach was used by Muller (1986) who selected fat and 
lean pigs on the sum of the activities of four NADPH-generating enzymes in 
adipose tissue biopsy samples and produced fat and lean pigs. (NADPH is a 
co-enzyme required for the reductive biosynthesis of fatty acids; Langdon, 1957). 
We therefore determined the activities of the same four enzymes: glucose 
6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase 
(6PGDH), malate dehydrogenase (MD) and isocitrate dehydrogenase (IDH) in the 
fat and lean chicken lines of Leclercq, Blum and Boyer (1980). 

Materials and methods 
Husbandry 

Birds from the seventh generation of the fat and lean lines of Leclercq, Blum and 
Boyer (1980) were transferred to the IAPGR, Roslin, Scotland (formerly PRC). 
Birds hatched at the IAPGR were sampled at day-old, 14 days, 21 days, and 49 
days. They were housed in battery cages (23 hours light/day, temperature 21°C) 
and given unrestricted access to water and feed. 

Sample preparation 

At each age 8 fat and 8 lean male birds were randomly chosen and identified by 
their wing-band numbers. They were weighed and killed by cervical dislocation 
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between 9a.m. and 11 am. The liver was quickly excised and about 2 g removed 
and placed on aluminium foil kept on ice. No adipose tissue was sampled because 
preliminary tests showed very low activities of the four enzymes. 

About 1 g of liver accurately weighed was homogenised 5 times with 3 times v/w 
of ice-cold buffer (0.25 M sucrose, 1 mM DTT, 1 mM EDTA di-sodium salt, 0.05 M 
Tris pH 7.4) using a Tri-R (Camlab) homogeniser. The homogenization lasted 
about 10 seconds per sample after which the tube was quickly returned to an ice 
bucket. The homogenate was spun at 60000g for 60 minutes at 5°C. The 
mitochondria and other subcellular particles were sedimented at this speed, their 
integrity being preserved by the isotonic sucrose in the buffer. 

The cell-free supernatant was aspirated with fine tip Pasteur pipettes and put into 
disposable Eppendorf tubes pre-cooled on ice and used for all enzyme assays. All 
operations were carried out at 0-5°C before incubation to 30°C in the LKB 
Reaction Rate Analyser. Any dilutions necessary before use were, done with the 
extraction buffer. The enzyme assays were carried out immediately and the 
remaining supernatants were stored at —80°C for protein determination. 

Enzyme assays 

The activities of all four enzymes were measured by connecting them to 
NADP-linked reactions after Bulfield and Moore (1974). Spontaneous reaction 
was observed for only G6PDH but this was largely reduced by leaving the reaction 
mixture plus enzyme extract on the bench for 15 minutes prior to addition of the 
substrate. 

Protein assay 

Protein concentration in the stored (-80°C) supernatants was determined with the 
BCA Protein Assay Reagent supplied by Pierce Chemical Company (UK) Ltd. 

Results and discussion 

For each enzyme four repeat measurements were made per sample of liver extract. 
The mean absorbance units were converted to (1) tmol NADPH/min/g liver and 
(2) nmol NADPH/min/mg soluble protein. The specific activities per mg protein of 
all four enzymes were summed per sample after Muller (1986). The between-line 
differences were analysed by Student's t-test. The two lines had the same mean 
body and liver weights and soluble protein concentration in liver (Table 18.1) in 
agreement with reports by Simon and Leclercq (1982). 

There was a highly significant (P<0.001) between-line difference in specific 
activity of G6PDH (Table 18.2) at day-old, the fat line having higher activity than 
the lean. This difference remained significant (P<0.01) on a whole organ basis 
(data not shown) and did not disappear when comparison was made at constant 
body weight. The order was reversed at 49 days but the difference was not 
significant. 

The activity of 6PGDH followed a similar trend to G6PDH, the fat line being 
higher at all ages than the lean (Table 18.3). The activities of the two pentose 
phosphate shunt dehydrogenases were disproportionately low relative to MD and 
IDH. This confirms other reports (Shapira, Nir and Budowsky, 1978; Bannister et 



Results and discussion 225 

Table 18.1 Body weight, liver weight and liver soluble protein in 
fat (F) and lean (L) broilers 

Age 	Line Body weight Liver weight Liver proteins 
(days) 	(g) 	 (g) 	 (mglg) 

0 F 40.53±1.3 1.07±0.06 76.10±3.7 
L 41.62±1.7 1.08±0.06 74.70±3.7 

14 F 208.2±9.8 6.00±0.47 93.16±3.2 
L 205.8±6.9 5.86±0.27 87.04±2.9 

21 F 315.0±19 11.04±1.0 84.80±5.2 
L 297.8±12 10.52±0.61 84.04±2.4 

49 F 1456±75 42.27±3.1 91.63±2.4 
L 1443±56 43.88±2.3 83.15±1.3 

Mean ± SE of 8 birds 

Table 18.2 Hepatic specific activity of G6PDH in fat (F) and lean (L) 
broilers 

Age Line G6PDH activity 
(days) 

	

0 
	

F 
L 

	

14 
	

F 
L 

	

21 
	

F 
L 

	

49 
	

F 
L 

	

Mea 	± SE of  birds; 	P<0.001 

Table 18.3 Hepatic specific activity of 6PGDH in fat (F) and lean (L) 
broilers 

Age 	Line 
	

6PGDH activity 
(days) 

(smol/min/g liver) 	(nmol/min/mg protein) 

(mol/min/g liver) (nmol/min/mg protein) 

0.47±0.02*** 6.19±0.13*** 
0.31±0.025*5 4.18±0.16 

0.60±0.06 6.37±0.49 
0.59±0.07 6.84±0.74 

0.72±0.04 8.57±0.48 
0.61±0.04 7.33±0.67 

0.73±0.06 7.97±0.75 
0.84±0.12 10.08±0.15 

0 	 F 1.42±0.08 18.74±0.65 
L 1.33±0.07 17.76±0.56 

14 	 F 2.28±0.12* 24.39±0.99* 
L 1.86±0.06* 21.46±0.69* 

21 	 F 2.09±0.06*** 25.26±1.6 
L 1.67±0.06*** 19.98±1.0 

49 	 F 1.61+0.10 1756±099 
L 1.19±0.04*** 14.40±0.62 

Mean ± SEof8 birds;. P<0.05; 	P<0.001 
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al., 1984) that the pentose phosphate shunt pathway is unimportant in the liver as 
regards the supply of NADPH. Yet the consistently higher activity of these 
enzymes in the fat than the lean line indicates that G6PDH and 6PGDH activities 
are amenable to change by selection for fatness but the overall change in activity is 
limited by the species and tissue studied. 

Malate dehydrogenase had higher activity at all ages in the fat than the lean line 
but none of these differences was significant (Table 18.4). Malate dehydrogenase 

Table 18.4 Hepatic specific activity of MD in fat (F) and lean (L) broilers 

Age 
(days) 

Line MD activity 

(mol/min/g liver) 	(nmol/min/mg protein) 

0 F 2.73±0.27 36.90±4.6 
L 1.93±0.21 26.50±3.6 

14 F 39.84±2.6 428.3±24 
L 38.92±3.2 450.0±36 

21 F 39.95±2.4 483.0±41 
L 34.03±1.5 409.8±28 

49 F 34.50±4.0 373.0±36 
L 29.70±3.0 359.0±38 

Mean ± SE of 8 birds 

has been strongly associated with lipogenic rates under varied nutritional 
conditions (Romsos and Leveille, 1974; Gandemer, Pascal and Durand, 1985) but 
its role in lipid metabolism is far from clear. In mice, Madvig and Abraham (1980) 
concluded that it has no relation to NADPH utilization in hepatic fatty acid 
synthesis. In rat liver MD activity is not detectable until several days after birth 
(Ballard and Hanson, 1967). We observed the lowest activity of MD at day-old, 
and this coincided with the highest activity of IDH in both lines (Table 18.5). This 
may suggest that the relative importance of MD and IDH in the supply of NADPH 
is age dependent and that IDH compensates for the low activity of MD at day-old. 

Table 18.5 Hepatic specific activity of IDH in fat (F) and lean (L) broilers 

Age 	Line 
	

IDH activity 
(days) 	

(imol/min/g liver) 	(nmol/min/mg protein) 

0 	F 56.70±0.40* 741.0±0.03 
L 44.50±0.39* 593.2±0.04 

14 	F 24.04±1.6 260.3±19 
L 25.20±1.3 291.2±17 

21 	F 26.43±0.92 316.6±16 
L 25.45±0.95 304.4±13 

49 	F 43.40±6.2* 467.0±57* 

L 23.26±1.4* 281.0±20* 

Mean ± SE of 8 birds;, P< 0.05 
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The activity of IDH in the fat line rose progressively again, after the sharp decline 
in both lines at 14 days, resulting in a significantly higher activity in the fat line at 49 
days (P<0.05). 

When the activities of all four enzymes were summed after Muller (1986), the fat 
line exhibited significantly (P<0.05) higher activity than the lean at all ages, except 
14 days (Figure 18.1). The trends of the sum of activities between the lines 
appeared to follow more closely the pattern of IDH than the other enzymes. Of 
particular interest is the decline in sum of activities at 14 days as observed for IDH. 

1000 

900 
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CL 

"C 700 

w -E 600 

500 
5 	15 	25 	35 	45 

Age (days) 

Figure 18.1 Changes with age in sum of specific activities of glucose 6-phosphate dehydrogenase 
(G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), malate dehydrogenase (MD) and isocitrate 
dehydrogenase (IDH) of fat (•) and lean (0) chicken liver. * indicates values of the lean that are 
significantly different (P<0.05) from the fat line 

Conclusion 

We conclude that selection for high or low fatness in chickens over seven 
generations has yielded correlated responses in the activities of the four 
NADPH-generating enzymes. Malate dehydrogenase and isocitrate dehydrogenase 
were more important than the pentose phosphate shunt dehydrogenases in the 
supply of NADPH in chicken liver. Significant between-line differences in the sum 
of activities of the four enzymes were evident as early as day-old when IDH activity 
was dominant. This suggests that the activity of IDH alone at day-old could be used 
as selection criterion in chickens. The measurement of IDH activity as early as 
day-old would allow for sib selection with quick responses since chicks from the 
same hatch could be selected after measuring their sibs. To increase selection 
intensity, however, chicks from the next hatch could be selected. 

Despite Muller's (1986) success in selecting fat and lean pigs on enzyme 
activities, the success of such a selection experiment in chickens cannot be 
presumed because of species and tissue differences, nor can it be inferred from this 
study without further investigation. 
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Chapter 19 

Selecting broilers for high or low plasma 
VLDL concentration: comparison of in vivo 
lipogenesis between fat and lean lines 
E. A. Asante and H. D. Griffin 

In 'Leanness In Domestic Birds.' B. LeClercq and 
C.C. Whitehead Eds. Butterworths. 

Introduction 

Several distinct fat and lean lines of animals have been produced by various 
selection criteria. These include fat and lean mice (Sharp, Hill and Robertson, 
1984), chickens (Leclercq, Blum and Boyer, 1980; Lilburn et al., 1982; Whitehead 
and Griffin, 1982), and pigs (Miller, 1986). These lines represent a high 
concentration of genes that either increase or decrease fatness and are therefore 
very appropriate models for investigating the genetic and physiological mechanisms 
of controlling fat deposition. 

Fat and lean broiler lines have been created by selecting on high or low plasma 
very low density lipoprotein (VLDL) concentration (Whitehead and Griffin, 1982). 
Responses over the first three generations have been described (Whitehead and 
Griffin, 1984) and later studies reviewed in Chapter 3. We report determination of 
lipogenesis in vivo between the lines measured by the rate of incorporation of 3H or 
3H20 into hepatic total lipids. 

Materials and methods 

From the seventh generation of the selection programme (Whitehead and Griffin, 
1984), six male birds per line were transferred at 3 and 6 weeks of age into specially 
designed metabolic cages and kept in a room (23 h light/day, temperature 22°C) 
close to the laboratory for 5 days before the experiment. They were given water ad 
libitum and a low-fat diet (Whitehead and Griffin, 1982) used during the selection. 
The birds were handled daily in order to minimize stress during the experiment. 

Cages and birds were transferred to the laboratory with minimum disturbance 3 
hours before they were each injected intravenously with 1 mCi (at 3 weeks) and 
1.2 mCi (at 6 weeks) of 3H20 in 1 ml of saline (9 g NaOH/litre). Blood (1 ml) was 
drawn from the wing vein 15 minutes after injection and the birds were rapidly 
killed by injecting a lethal dose of sodium pentobarbitone. The liver was quickly 
removed, rinsed in ice-cold normal saline, weighed and about 2 g was immediately 
frozen in liquid nitrogen and stored at —80°C. The abdominal fat was removed and 
weighed only in 6-week-old birds. 

Plasma was prepared by centrifuging blood at 1500 revolutions/min for 10 min at 
4°C, and specific radioactivity was determined. The remaining plasma was stored at 
—20°C and VLDL concentration was determined as described by Griffin and 
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Whitehead (1982). Lipids from about 0.5 g liver accurately weighed were extracted 
by the method of Foich, Lees and Sloane-Stanley (1957). The chloroform phase 
was dried under air and the amount of lipids was determined gravimetrically. Total 
lipid radioactivity was determined after dissolving in 0.5 ml methanol plus 4m1 
Optiphase MP (supplied by LKB Instruments Ltd, UK). Statistical analysis was 
performed by Student's t-test. 

Results and discussion 
All the measurements made in 3- and 6-week-old broilers are shown in Tables 19.1 

and 19.2. Body weight and liver weight did not differ between lines at either age. 
Birds of the fat line had slightly more total lipid in the liver than did those of the 
lean line but the difference was not significant. This suggests that transport of lipid 
from the liver is not limiting in either line. At 6 weeks of age, there was a 2-fold 
difference in abdominal fat pad weight. 

Plasma VLDL concentration differed by 3- and 2-fold between lines at 3 and 6 
weeks of age respectively. The difference at 6 weeks was much less than the 6-fold 
difference in plasma VLDL concentration found in birds of the same generation 
that had been reared in pens on the same diet to about the same age (see Chapter 
3). The difference between these observations suggests that lipogenesis in the 

Table 19.1 Synthesis rate, body weight, liver weight, total liver lipid, and plasma 
VLDL concentration in 3-week-old fat (high VLDL) and lean (low VLDL) broilers 

Fat Lean Ratio (FIL) 

g 3H/g liver/h 370±60 374±65 0.99 
.tgH/liver/h(X103) 7.20±1.6 7.30±1.2 0.99 

g 3H/Iiver/g body weight/h 14.5±2.9 14.1±2.4 1.03 

Body weight (g) 482±30 523±21 0.92 

Liver weight (g) 18.7±2.0 19.6±0.4 0.96 
VLDL concentration  0.36±0.05*5 0.11±0.02** 3.27 
Total liver lipid (g) 1.74±0.24 1.77±0.13 0.98 

Mean ± SE of 5 birds; 	1`10.01 
Measured in absorbance units 

Table 19.2 Synthesis rate, body weight, liver weight, abdominal fat pad weight, 
plasma VLDL concentration and total liver lipid in 6-week-old fat (high VLDL) and 
lean (low VLDL) broilers 

Fat Lean Ratio (F/L) 

sg 3H/g liver/h 53.1±10' 50.7±4.9 1.05 
tgH/liver/h(x103) 2.70±0.6 2.41±0.4 1.12 
.tg 3H/liver/g body weight/h 1.52±0.3 1.24±0.2 1.23 
Body weight (g) 1763±29 1916±66 0.92 
Liver weight (g) 50.1±2.0 46.21±3.2 1.08 
Abdominal fat weight (g) 45.1±6.8 21.3±1.6 2.13 
VLDL concentration" 0.15±0.03 0.08±0.01 1.88 
Total liver lipid (g) 5.07±0.88 4.41±0.52 1.15 

'Mean ± SE of 6 birds 
Measured in absorbance Units 
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6-week-old birds in this study may have been substantially depressed by the stress 
caused by handling of birds prior to and during the experiment. Variation in 
lipogenic rates between individuals was relatively high in both lines and at both 
ages but coefficients of variation of 42% at 3 weeks of age and 35% at 6 weeks of 
age compare favourably with those reported by Saadoun and Leclercq (1983, 1986, 
1987). In contrast, data from similar work on mice showed a mean coefficient of 
variation of lipogenic rates of only 20% (Asante, unpublished observations). 

Previous studies on these lean and fat lines have shown that the sum of four 
NADPH-generating enzyme activities (glucose 6-phosphate dehydrogenase 
(G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), malate dehydrogenase 
(MD), and isocitrate dehydrogenase (IDH)) was slightly but not significantly 
(+7%) elevated in the fat line between 2 and 4 weeks of age (Asante, unpublished 
observations). Bannister et al. (1984) also found significantly elevated activities of 
fatty acid synthetase (+20%), ATP citrate lyase (+28%) and malate dehyd-
rogenase (+27%) in the livers of fat birds (high VLDL). These observations and 
the 'results of the present study suggest that the assumed differences in rates of 
hepatic lipogenesis between lines may be too small to measure, given the large 
individual variation within lines. In addition, post-heparin lipoprotein lipase 
activity is slightly higher in the lean as compared to the fat line (see Chapter 16) and 
it is possible that the contribution of differences in lipoprotein clearance to 
difference in plasma VLDL concentration between lines has been underestimated. 
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