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ABSTRACT 

Effects of age and diet on energy metabolism, body composition and lipogenic enzyme 

activities were determined. Sprague-Dawley rats (2, 9, 18 and 24 mo), housed in individual 

metabolic cages within an open-circuit indirect calorimeter, were fed three low-fat (starch, high

protein and sucrose) and three high-fat (corn oil, olive oil and animal fat) diets for 3 wk. Fatty 

acid synthase (FAS), malate dehydrogenase (MDH), glucose-6-phosphate dehydrogenase, and 

ATP-citrate lyase (CTL) were assayed in adipose tissue and liver. Body compositions were 

determined by total body electrical conductivity (TOBEC). 

Energy retention was higher for 2-month-old animals in relation to other age groups; 

while the 18- and 24-month-old rats had negative energy retentions. High-fat diets induced 

higher fat utilization and high-carbohydrate diets induced higher carbohydrate utilization as 

reflected in RQ values. The 18- and 24-month-old animals utilized 80% more fat, while the 2-

and 9-month-old animals utilized 30% more carbohydrates. Thus, older animals utilized higher 

amounts of fat for energy and younger animals utilized a higher proportion of carbohydrate. 

Lipogenic enzyme activities were highest in the 2-month-old rats for all enzymes 

measured and in both tissues, and were reflected in higher fat mass depositions. Rats fed either 

olive oil or animal fat had lower adipose tissue CTL activities, and feeding high-fat diets induced 

lower activities of adipose tissue MDH as compared with the other diets. Diet had no significant 

effect on either body weight or lean mass changes; except rats fed animal fat had the lowest total 

weight gain. 

These results indicate that aging reduces basal metabolic rate, as measured by gas

exchange indirect calorimetry, and shifts substrate utilization from carbohydrate to fat. Activities 

of adipose tissue CTL and MDH were lower in animals fed high-fat diets than in those fed low-
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fat diets. Fat accumulation, associated with development of obesity, was not observed in these 

short-term studies, either as a result of aging or of feeding high-fat diets. 



12 

CHAPTER 1 

INTRODUCTION 

The concept of energy metabolism includes energy intake, and energy expenditure; 

there is a positive energy balance when the former exceeds the latter, and then fat deposition 

occurs. Energy expenditure can be measured directly or indirectly. The indirect methods involve 

the measurement of oxidation by-products such as oxygen and carbon dioxide (McLean and 

Tobin, 1987; Blaxter, 1989). 

Energy expenditure has three main components: basal metabolic rate (BMR), physical 

activity (PA), and diet-induced thermogenesis (DIT). Substrate utilization for energy production 

(expenditure) may vary for a variety of reasons, but it will mainly depend on dietary intake. The 

degree of use of carbohydrate, fat, and protein will vary depending on the metabolic state as well 

as the specific organ (or tissue). Flatt (1988) has proposed that the regulation of carbohydrate 

balance and of fat balance are fundamentally different. He found that in ad libitum-fed mice 

carbohydrate oxidation was proportional to carbohydrate and food intake, whereas fat oxidation 

is negatively correlated with food and fat intake. Jones (1992) found that, in obesity, disposal 

of dietary fat is influenced by fatty acid composition. Type and level of dietary fat in relation 

to energy utilization and fat deposition are proposed to be important parameters in substrate 

metabolism. 

Carbohydrate intakes in excess of energetic needs may be used less efficiently for fat 

deposition than dietary fat (Flatt, 1978). The de 1l0VO synthesis of fatty acids, lipogenesis, takes 

place in the cytoplasm of the cell using citrate as the starting substrate, from the citric acid cycle 

from high carbohydrate intakes (Mayes, 1990). The process includes an excess in citrate 
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production, several enzymes (lipogenic), and results in the formation, initially, of palmitic acid 

for fat deposition. Increased fat deposition has been associated also with aging. In turn, a 

decrease in BMR of 1-2 % per decade (from the second to the seventh) has been associated with 

aging (Keys, 1973). So, age could also be important in affecting energy metabolism, particularly 

fat deposition and obesity. 

Total body electrical conductivity (TOBEC) has been proposed as a noninvasive, 

nondestructive, rapid method for estimating fat-free mass (PPM) ill vivo (Walsberg, 1987). The 

method is based on the interaction between the conductive tissues of the body and a time-varying 

electromagnetic field. Tissues with low electrolyte and water contents, such as adipose tissue, 

are relatively nonconductive and, therefore, interact minimally (Walsberg, 1987). 

The ultimate problem with excessive fat deposition is obesity, defined as an excess of 

body fat. The problem of obesity is high in the United States; according to Kuczmarski (1992, 

citing information from the National Center for Health Statistics, NCHS) about 25% of US 

residents ages 20 to 74 yare obese. In addition, obesity causes a dramatic increase in the 

prevalence of several risk factors for diseases; studies have found that severe obesity is associated 

with a two-fold increase in total mortality, and with a seven-fold increase in mortality due to 

diabetes, cerebro- and cardiovascular disease, and certain forms of cancer (Sjostrom, 1992a,b). 

Also, a conservative estimate of the economic costs of obesity in 1986 was $39.3 billion dollars, 

or 5.5% of the costs of illness in that year (Colditz, 1992). 

The objective of this investigation was to study the effects of low- and high-fat diets, 

as well as age, on energy metabolism, lipogenic enzyme activity and fat deposition in Sprague

Dawley rats. The high-fat diets provided different amounts of polyunsaturated fatty acids (corn 

oil), monounsaturated fatty acids (olive oil) and saturated fatty acids (animal fat), to study the 
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effect of type of dietary fat. The investigation included rats at different stages of development, 

young (2 mo), young adult (9 mo), mature adult (18 mo) and senescent (24 mo), 
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CHAPTER 2 

LITERATURE REVIEW 

Landmark experiments on energy metabolism were performed over 200 years ago 

(1783) by Crawford in Glasgow, and Lavoisier and Laplace in Paris (cited by McLean and 

Tobin, 1987; and Blaxter, 1989), which measured heat production by using what we now call 

direct calorimetry. Crawford measured the rise in temperature in a water jacket surrounding an 

animal chamber, and Lavoisier and Laplace measured the ice melted in an insulated chamber 

containing the ice and a guinea pig (McLean and Tobin, 1987; Blaxter, 1989). 

However, while Crawford attributed the process raising the temperature to "phlogiston" 

formation, Lavoisier postulated that the increase in temperature that melted the ice was due to 

the consumption of what he called "oxygene". Years before, in 1777, Lavoisier (cited by 

McLean and Tobin, 1987; and Blaxter, 1989) had established that during respiration "oxygene" 

decreases, carbon dioxide increases and nitrogen remains unchanged. So, by putting together the 

results from both experiments he concluded that heat production and respiratory exchange could 

be quantitatively related (McLean and Tobin, 1987; Blaxter, 1989) 

After Lavoisier's experiments a new era started for energy metabolism studies. In the 

mid to late 1800's scientists discovered, among other important aspects of metabolism, that: heat 

was derived from the combustion of both carbon and hydrogen; oxidation of carbohydrate, fat 

and protein could explain energy metabolism; during starvation an animal lived by consuming 

its own body. In addition, understanding energy metabolism was helped by the formulation of 

the Principle of Conservation of Energy (now the First Law of Thermodynamics), which is the 

basis for direct calorimetry (McLean and Tobin, 1987). 
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In the early 1900's better and more sophisticated calorimeters were built including the 

closed-circuit type which enabled Atwater and Benedict in 1905 (cited by McLean and Tobin, 

1987) to calculate heat production by the respiratory quotient (RQ), instead of from carbon

nitrogen balance as the earlier types did. In addition, the calorific value of different types of 

foods, and that of the specific nutrients was measured using a bomb calorimeter (McLean and 

Tobin, 1987). 

Evolution of calorimetry led to the design of improved and more complete systems for 

both direct and indirect calorimetry. However, for practical reasons, gas-exchange indirect 

calorimetry became more popular and the design of new equipment included portable systems 

which could be used to measure the energy expenditure involved in a variety of activities. 

Energy expenditure can be measured directly or indirectly. The direct methods involve 

the measurement of heat loss by radiation, convection, conduction, and vaporization of water. 

Two types are in use: heat sink and gradient layer calorimeters; both involve the use of a 

chamber in which the subject is placed, and temperature differences resulting from a period of 

confinement are used to determine heat production. The indirect methods involve the 

measurement of oxidation by-products such as oxygen and carbon dioxide. The three better 

known are gas-exchange (measuring O2 consumption and CO2 production), labelled bicarbonate 

(measuring the rate of CO2 production), and doubly labelled water (also measuring the rate of 

CO2 production) (McLean and Tobin, 1987; Blaxter, 1989). 

Energy expenditure has three main components: basal metabolic rate (BMR), physical 

activity (PA), and diet-induced thermogenesis (DIT). Pregnancy, lactation and growth are also 

contributors, but only temporary. The BMR is the energy used by the body to maintain 

circulation, cellular metabolism, body temperature, and all of those basic activities that allow the 
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body to function. Physical activity refers to the voluntary movements made for any activity, 

which require energy. Diet induced thermogenesis is defined as energy spent as a result of food 

consumption (for its digestion, absorption, and transport), and estimated at 10% of total energy 

expenditure. The relative contributions of the BMR and PA to the total energy requirement will 

depend on the individual's metabolic variations, and level of activity, respectively, although in 

most people they will account for about 65 and 25 %, respectively (Garrow, 1985; Williams, 

1989). 

Fundamentals of Gas-Exchange Indirect Calorimetry 
and Determinants of Fuel Utilization 

Principles, Equipment, and Interpretation 

Gas-exchange indirect calorimetry is a technique aimed at measuring an organism's 

oxygen consumption and carbon dioxide production. Those measurements are then used to 

estimate energy expenditure, in general, and substrate utilization, in particular. The basic 

rationale for this method is that substrate oxidation consumes O2 and produces CO2, The main 

components of a gas-exchange calorimetry system are an air-tight chamber, fresh air ventilation, 

measured constant air flow rate, and oxygen and carbon dioxide analyzers. Also, it is important 

to have a system to trap or remove the moisture coming out of the chamber, and into the 

analyzers, because it could dilute O2 and CO2 contents of the sample (Jequier, 1981). 

Oxygen consumption rate (V02) will be given by the difference between inlet and 

outlet flow rates, plus the change in oxygen content in the chamber during a given period of time 

(eq. 1). This basic equation is modified when we consider that inlet and outlet flow rates are 

different, because CO2 production rate is smaller than the oxygen consumption (the Haldane's 

correction). Carbon dioxide production rate (V CO2) is measured as the rate of air flow going 
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out of the chamber (VouJ times the difference between the fraction of CO2 coming out of the 

chamber and the fraction of CO2 going in (AFC02), plus the volume of the chamber times the 

differential of the CO2 fraction going out with respect to time (V XdFoUlCO/dt) (eq. 2) (Jequier, 

Acheson and Schutz, 1987; McLean and Tobin, 1987). 

V02 = (V02in - V020uJ + AVO/At (1) 

VC02 = Vout X AFC02 + V x dF outC02/dt (2) 

The ratio of CO2 production to O2 consumption, called respiratory quotient (RQ) is an 

important indicator of nutrient utilization. The stoichiometry of nutrient oxidation allows for 

identification of predominance between the nutrients in terms of utilization. This is illustrated 

by the following reactions for the oxidation of glucose, palmitate, and alanine (McLean and 

Tobin, 1987; Blaxter, 1989): 

Glucose (1 mol) + 6 O2 = 6 CO2 + 6 H20, 

Palmitate (1 mol) + 23 O2 = 16 CO2 + 16 H20, 

Alanine (1 mol) + 15 O2 = 12 CO2 + 14 H20, 

6/6, RQ = 1.000 

16/23, RQ = 0.695 

12/15, RQ = 0.800 

The RQ for alanine is further modi,led after consideration for urea production, 

resulting in a value of 0.833. The specific RQ for protein utilization will depend on the protein 

source, since different foods will provide proteins with diverse amino acid compositions. 

From the stoichiometry of the reactions, RQ's have been calculated for simultaneous 

glucose and palmitate oxidation (0.909); and simultaneous glucose and palmitate oxidation, with 

palmitate synthesis exceeding palmitate oxidation (net palmitate synthesis occurs, RQ = 1.12). 

In interpreting RQ values for substrate utilization there are physiological assumptions 

such as: a) reactions occur ill vivo with the same stoichiometry; b) the body pools for the gases, 

particularly CO2 (in the form of HC03") are constant or at equilibrium; c) the urea pool is 
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constant or at equilibrium (when measuring protein utilization); d) the overall conclusions reached 

are not affected by intermediate metabolic processes (Jequier et al., 1987; Ferranini, 1988; 

Livesey and Elia, 1988; Swyer, 1991). 

a) The stoichiometry for the reactions is known to be generally correct, although there 

are instances when variations occur. If glycogen rather than free glucose is the main form of 

carbohydrate being oxidized, it should be considered to yield 1.11 g of glucose per g of 

glycogen. An overnight fast would be an example of glycogen being the main source of glucose. 

b) Hyperventilation and hypoventilation occur following exercise and produce a gas 

exchange which do not reflect the oxidation processes, and invalidate calorimetric measurements. 

However, for the most part, oxygen consumption can accurately be measured at the mouth since 

no oxygen reserve is found in the body, and equilibrium is readily attained. The same is not true 

for CO2; in the body there is a large, intercompartmental carbon dioxide pool in the form of 

HC03-, whose turnover rate has to be taken into account when considering experiment duration, 

and interpretation of time patterns. Other metabolic conditions such as diabetic ketoacidosis, 

lactic acidosis, acute renal failure, and changing lung function, affect pool size. In addition, 

there is gas exchange through the skin, although considered negligible compared to respiration. 

c) The urea pool also has to be stable or in equilibrium. If it decreases during an 

experiment, it will be because urea excretion has increased, or because its rate of appearance has 

decreased. Also, pool size can increase as a result of decreased excretion or increased 

appearance. In the first case, urinary nitrogen analysis will overestimate protein oxidation; 

whereas, in the second case it will underestimate protein oxidation. Changes in plasma oncotic 

pressure, and acute renal failure, among other conditions, can bring about changes in the urea 

pool. 



20 

d) There is a variety of metabolic variations that can affect the validity of some of the 

assumptions made, and/or the accurate measurement of substrate utilization rates. In addition, 

there are some metabolic variations such as lipogenesis, gluconeogenesis, ketogenesis, anaerobic 

provision of energy, and desaturation of fatty acids that could contribute to making it more 

difficult a clear interpretation of the data. The only way to compensate for interpretation 

problems in indirect calorimetry is to run long and well controlled experiments, and to be aware 

of the limitations when reaching conclusions from the data obtained. 

Fuels for the Fed and the Fasting States 

According to Fiatt (1985), in general, substrate oxidation tends to "mimic" diet 

composition. Thus, amino acid oxidation is equal to protein intake (if nitrogen balance is 

maintained, which is usual), and metabolic regulation adjusts carbohydrate oxidation to 

carbohydrate intake, and fat oxidation should adjust to fat intake. In adult mice fed ad libitum, 

carbohydrate oxidation increased as intake increased, whereas fat oxidation decreased with fat 

intake, contrary to the proposal of Flatt (1985). Those actions are probably related to the fact 

that the body's glycogen stores are very limited, which may lead to the need for the body to 

tightly regulate carbohydrate balance. So, in high food intake situations carbohydrate oxidation 

increases (higher RQ) and fat oxidation decreases; when food intake is limited carbohydrates are 

saved for the tissues which depend on them for energy, and fat oxidation increases (lower RQ). 

Garlick (1987) proposed a set of equations for the evaluation of nutrient utilization in 

the fed, or fasting states. Those equations are designed to consider variations in the compositions 

of fat, carbohydrate, and protein, whether from body stores during fasting, or from the diet 

during feeding. The equations assume that the total utilization of nutrients involve both diet and 

body stores. In addition, he proposes the use of the term "utilization" as opposed to "oxidation", 
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since under some circumstances pathways other than oxidative ones can be used. In using those 

equations in the fed state, the utilization rates of fat and carbohydrate are negative, indicating 

storage rather than oxidation. Also, if some lipogenesis from carbohydrate occurs, utilization of 

the latter will be for both conversion to fat, and oxidation. 

Energy Metabolism and Dietary Intake 

A great deal of research has been done to determine the use of carbohydrate, fat, and 

protein for energy production. Bursztein et al. (1980) used gas-exchange indirect calorimetry to 

evaluate the energy expenditure and utilization of nutrients in ten normal adults (five men and 

five women) from 20 to 30 years of age. The subjects were studied before and after receiving 

a 900 kcal meal (15 g protein, 150 g carbohydrate, and 25 g fat). Before consuming the meal 

they fasted for 10 h, and their oxygen consumption and carbon dioxide production rates were 

measured for 10 min; the same procedure was followed after they consumed the meal. Their 

non-protein RQ (NPRQ) changed from values lower than 1 to values higher than 1, due mainly 

to an increase in CO2 production. The values for men as compared to those for women did not 

differ significantly. The main problem with this study is its short duration, since the validity of 

the assumptions made by the method rests on an adequate equilibrium in the body pools, which 

may not have been attained in such a short period of time. 

Dietary composition greatly influenced the fuel mixture oxidized by eleven volunteers 

in a study by Hurni et al. (1982). The subjects were given a mixed diet for 7 d, and spent the 

last 24 h of that period in a respiration chamber for continuous gas-exchange measurement. In 

addition, they engaged in moderate exercise for 2.5 h while in the respiration chamber. Two 

weeks after finishing the experiment, under the same conditions, the subjects were given an 

isoenergetic high-carbohydrate low-fat diet. The composition of both diets was reflected in the 
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fuel mixture oxidized as measured in the respiration chamber, except for the exercise period. 

The 24-h balance was slightly negative and the energy deficit was covered by lipid oxidation. 

In addition, they found that energy expenditure during sleep was lower with the mixed diet. 

Ben-Porat, Sideman and Bursztein (1983) studied the equation for determining the 

energy metabolism rate (ME) in fed and fasting subjects, for critically ill patients, when using 

gas-exchange indirect calorimetry. They developed formulas based on thermodynamic parameters 

to determine if different calculations should be used for individuals in the fed and fasting states. 

Using data from other studies (Bursztein et at., 1980), they found that the difference between 

states was smaller than reported before, and recommended the use of one expression, independent 

of feeding level (ME = 3.913 V02 + 1.093 VC02 - 3.341 mN, the latter being the excretion rate 

of urea nitrogen), and the use of another expression [mr = 1.672 (V02 - VC02) - 1.923mN1 to 

distinguish between fasting (mr>O) and fed (m,,<O) states. 

By using respiratory exchange, Flatt et at. (1985) studied the effect of dietary fat on 

postprandial substrate utilization in seven men. Three meals were given: a low fat meal (control), 

a fat meal with long chain triglycerides (LCT), and a fat meal with medium chain triglycerides 

(MCT). During the 30 min before feeding, RQ values for the men of all three meals were 

similar; after feeding they rose rapidly. No significant difference was detected between the RQ 

for the low-fat and the LCT diets. However, RQ values for the low-fat and MCT meals were 

somewhat different, being lower for the latter after 165 and 195 min, but higher from 405 to 495 

min. They explained that the difference in absorption mechanisms for the MCT's makes them 

more rapidly available for oxidation (lower RQ). That effect resulted in the sparing of some 

carbohydrate (glycogen), which was available later for oxidation (higher RQ). 
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Garlick et al. (1987) measured the effect of food intake on nutrient utilization in six 

healthy volunteers, by respiratory gas analysis. In addition, they measured protein oxidation 

from the oxidation of leucine, using constant intravenous infusion of the labelled (13C) amino 

acid. The experiment started with a 17-h fast, and respiratory measurements began after the first 

13 h; then small meals (one twelfth of a day's estimated requirement of energy) were provided 

every hour for 4 h. The meals contained 55 % of energy as carbohydrate, 32 % as fat, and 13 % 

as protein. The RQ values rose after the first meal, and remained constant after the third and 

fourth. The calculations of substrate utilization showed that during fasting fat contributed 61 % 

of energy expenditure, carbohydrate 27%, and protein 12 %. On the other hand, during feeding 

fat contributed 20 %, carbohydrate 62 %, and protein 18 % . 

Romijin et al. (1990) used gas-exchange indirect calorimetry to study the influence of 

brief starvation « 24 h) on glucose oxidation. They studied 12 healthy subjects after fasting 

periods of 16 and 22 h; eight of the subjects were infused with 3-3H-glucose to measure glucose 

turnover. In this study, CO2 production decreased (P < 0.01) after the 22-h fast as compared 

to the 16-h fast, with no change in O2 consumption, causing a decrease in RQ from 0.77 to 0.71 

(P < 0.005). In addition, plasma glucose concentration, glucose tissue uptake, net glucose 

oxidation, and plasma insulin concentration decreased significantly (P < 0.05 for the first three, 

P < 0.005 for the last one) in the longer fasting period. Free fatty acid, and ketone body 

concentrations were significantly increased (P < 0.005) after 22 h of fasting as compared to 16 

h. They concluded that glucose oxidation was depressed with 24 h of fasting, and that many 

physiological mechanisms may be implicated such as decreased insulin action (although 75 % to 

85 % of postabsorptive glucose uptake is not insulin-mediated), possibly by an insulin resistance

related mechanism, since postreceptor events decrease both insulin sensitivity during fasting, and 
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inhibition of glucose oxidation by ketone bodies (a signiticant inverse correlation was found 

between net glucose oxidation and ketone body concentration). 

A study by Zurlo et al. (1990) evaluated 24-h RQ values in nondiabetic Pima Indians 

eating a weight-maintenance diet. The RQ values ranged from 0.799 to 0.903 in a subgroup of 

siblings in which 28% of the variance could be explained from family membership, while 18% 

of the variance was explained from prior changes in some energetic variable (body weight, 24-h 

energy balance or body fat). Family membership was concluded to be the main determinant of 

fat/carbohydrate utilization, and lower fat utilization was associated with subsequent weight gain. 

A study by Prewitt et al. (1991) reported on the effect of low- and high-fat diets on energy 

metabolism of women. Eighteen premenopausal women (average 32 y) were fed a high-fat diet 

(37% fat) for 4 wk, followed by a low-fat diet (20% fat) for 20 wk. Hydrostatic weighing was 

used to measure total body weight, lean body weight and fat weight, at the end of each feeding 

period. Energy intake had increased significantly (by 19%) at the end of the low-fat feeding 

period, as compared with that during the high-fat feeding period. Also, by the end of the 

experiment body weight decreased by 2.8 %, fat weight decreased by 11.3% and lean body weight 

increased by 2.2 % on the low-fat diet, as compared to the values at the beginning of the 

experiment. The authors suggest that weight maintenance is influenced by macronutrient 

composition, and that long-term feeding of low-fat diets have a consistent effect on body weight 

and composition. 

The effect of a 50% reduction in dietary intake (as compared to that needed for 

maintenance) on energy expenditure was studied by Rumpler et al. (1991). They used eight men, 

two diets (high-fat, and low-fat), and two levels of feeding (first, maintenance for 2 wk, then 

50% of maintenance for 4 wk, and then back to maintenance for 1 wk). The RQ value was 
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higher in the low-fat diet as compared to the high-fat, reflecting greater carbohydrate oxidation. 

Also, when the subjects were fed at maintenance, substrate oxidation reflected diet composition 

(the high-fat group was using more fat and less carbohydrate than the low-fat group); after the 

period of 50% reduction of intake (28 d) diet composition was still reflected in substrate 

oxidation. However, during this second maintenance feeding period, carbohydrate use was 

decreased, and fat utilization increased, reflecting body fat stores contribution to fulfilling the 

individual's energy requirements. 

In studying overfeeding and energy metabolism, Tremblay et al. (1992) fed 23 young 

(average 21 y) male subjects a diet containing an excess energy of 353 MJ, over a 100-d period. 

Most of the excess energy was stored by the subjects, by the end of the feeding trial, as shown 

from significant increases in body weight, fat mass and fat-free mass (FFM), but 4 mo after the 

trial concluded they had lost 82, 74 and 100% of the gains in those parameters, respectively. 

They concluded that most of the excess energy intake is stored as body energy, energy cost for 

weight maintenance increases due to body weight gain, and the original energy balance returns 

in nonobese subjects sometime after returning to a normal feeding pattern. 

In a study by Astrup et al. (1992), postobese women on a high-carbohydrate-Iow-fat 

diet had an enhanced sympathetic nervous system activity, as compared to a control group, 

responsible for a higher 24-h energy expenditure. Analysis of their data showed that plasma 

norepinephrine concentrations were 50 % higher in the postobese women, as compared to the 

controls, which accounted for the difference in energy expenditure between the two groups. 

Clark et al. (1992) reported on energy metabolism of normal-weight "large-eating" and 

"small-eating subjects. They compared oxygen (02) consumption per kg FFM, and carbon 

dioxide (C02) production per kg FFM between nine "large eating women" (approximately 12 
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MJ/d) and nine "small eating women" (approximately 5.3 MJ/d). Both O2 consumption and CO2 

production (at rest and postabsorptive) were higher in the "large eaters" as compared to the 

"small eaters". Also, oral temperature and energy expenditure (on a body-weight basis) were 

consistently higher in the "large eaters" as compared to the "small eaters". Results give some 

evidence that this two groups (of stable body weight) may have intrinsic differences in energy 

metabolism. Another study by the same team (Clark et al. 1993), using men as research 

subjects, found only minor differences in energy expenditure between large-eating and small

eating groups. 

Jones et al. (1992) reported a study on seven lean and eight obese subjects, aged 19 

to 35 y. They investigated the effect of the polyunsaturated to saturated (P:S) ratio of dietary fat 

on macronutrient oxidation. Obese subjects consuming low P:S ratio had reduced fat oxidation 

compared to lean individuals consuming either low or high P:S ratio diets. The authors conclude 

that overweight individuals use less dietary saturated fat for oxidation postprandially, compared 

with individuals of normal body weight. 

A study by Hill et al. (1992) investigated the effects of amount and type of dietary fat 

on body weight and body composition. They found that amount of fat in the diet is of higher 

importance than type of fat for body weight and body composition. Su and Jones (1993) found 

a diet containing fish oil to produce higher lean body mass and lower fat mass gains, as compared 

to diets containing olive oil or beef tallow. 

Changes in the sympathetic control of metabolism and insulin secretion brought about 

by overfeeding were detected in a study by Balkan et al. (1993). They overfed male Wistar rats 

for 5 wk through long-term gastric catheters; the animals developed obesity, hyperinsulinemia 

and insulin insensitivity, and displayed elevated basal plasma norepinephrine. The pattern of 
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nutrient mobilization during exercise in the obese animals included increases in blood glucose 

concentrations, whereas plasma free fatty acid responses were blunted. Nutrient mobilization in 

the rats was directed toward sparing of fats. 

Davies (1993) reported that the major factor in the development of obesity during 

childhood is an excessive energy intake in relation to expenditure. According to Swinburn and 

Ravussin (1993) obesity is due to a long-standing positive fat balance, and they propose the use 

of the fat-balance equation instead of the energy-balance equation for the treatment of obesity. 

Energy Metabolism and Aging 

A variety of factors related to energy metabolism have been found to be affected by 

the aging process. The work by Keys, Taylor and Grande (1973), Tzankoff and Norris (1977), 

and Calloway and Zanni (1980) showed that BMR declines with age, and that such a decrease 

can be explained by decreases in lean body mass; the decline in BMR has also been associated 

with a decrease in PA (McGrandy et at., 1966). The work by Schwartz, Jeager and Veith (1990) 

has shown that DIT is reduced in elderly people due to an abnormal sympathetic nervous 

response. The loss of hormonal balance associated with changes in gene expression have been 

associated with the evolution of the organisms in the aging process by Roy and Chatterjee (1985). 

In addition, studies by Storlien et al. (1986) show that adult male Wi star rats eating high-fat 

(59% of calories) diets develop insulin resistance, in addition to reduced energy expenditure and 

obesity. Also, using male Fisher 344 rats, Mooradian, Deebaj and Wong (1991) found a 50% 

reduction in response of the lipogenic enzyme malate dehydrogenase (MDH) to triiodothyronine 

(T3) in older (13-, 17- and 26-month-old) rats as compared to younger rats (2- and 6-month-old). 

Lipid metabolism is affected by insulin; after feeding, insulin promotes glucose 

absorption by the cell, glucose oxidation and is involved in fatty acid synthesis; it activates acetyl-
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CoA carboxylase (ACC), the rate-limiting enzyme in fatty acid synthesis (Mayes, 1990). Kalan, 

Stewart and Kaplan (1988) report that male Fisher 344 rats eating ad libitum had a 40-60 % lower 

plasma steady-state insulin level, as compared to a 60% diet-restricted group; this in spite of both 

groups having the same hepatic glucose output. In the ad libitum group the oral glucose tolerance 

curve had progressively higher peak levels of plasma glucose with age. The work by Reaven, 

Chang and Hoffman (1989) compared adipocytes from 2-month-old and 12-month-old Sprague

Dawley rats in their metabolism of insulin. They found the ability of insulin to stimulate glucose 

transport to be decreased in adipocytes from the older rats; also, maximal insulin-mediated 

suppression of lipolysis was significantly decreased in adipocytes from the older rats. They 

concluded that there is an age-associated defect in insulin regulation of both glucose transport and 

lipolysis. The age-related insulin resistance (defined as a decrease in response by the tissues to 

insulin) was reviewed by Couet et al. (1992). In their review they conclude that, in the aging 

process, there is a decrease in insulin sensitivity which can contribute to the age-related 

carbohydrate intolerance; impairment of insulin action is mainly exhibited in peripheral tissues. 

According to Swinburn and Ravussin (1993) fat balance is a better instrument than 

energy balance when studying energy metabolism and the development of obesity. If this is true, 

when studying energy metabolism in relation to aging, it is important to review the relationship 

between fat absorption and the aging process. Webster, Wilkinson and Gowland (1977) made 

a comparison between young (average 26 y) and old (average 82 y) subjects in relation to fat 

absorption. The two groups were fasted overnight (8 h) and given a fatty breakfast containing 

100 g of fat; blood samples were taken 3 and 4 h after ingestion of the fatty meal (gastric 

emptying times had been previously established). They found the older subjects to have: a) 

delayed digestion and absorption due to slowing of gastric emptying; and b) reduced digestion 
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due to impairment of pancreatic function. According to Ma et al. (1992), intestinal permeability 

of medium size probes increases with aging. They used 3-, 9- and 28-month-old male Fisher 344 

rats, and found caloric restriction not to have an effect on intestinal permeability. 

Mori et al. (1988) reported changes in long-chain fatty acid metabolism in rat liver due 

to aging. They studied young (2-month-old) and senescent (32-month-old) female Wistar King 

rats in relation to palmitate oxidation activity in liver, which was significantly lower for the latter. 

They also found activity of acyl-CoA synthase (the enzyme that activates fatty acids for (3-

oxidation) in liver to be significantly lower for the older animals. 

Vaughan, Zurlo and Ravussin (1991) studied the effect of age on 24-h energy 

expenditure, resting and sleeping metabolic rate, DIT, and spontaneous PA. Their research 

included two groups of Caucasian males and females: an elderly group, ~60 y, and a young 

group, 18-30 y. The 24-h energy expenditure, BMR and sleeping metabolic rate were 

significantly lower in the elderly subjects as compared to the young subjects. However, only 

BMR was still lower after they adjusted for FFM, fat mass and sex. No differences were found 

in DIT. 

McCarter and Palmer (1992) investigated energy metabolism and aging in a lifelong 

study, with male Fisher 344 rats. They divided the animals into two groups: A, fed ad libitum; 

and B, fed at 60% restriction. The first measurements were taken at 6 wk, when division into 

groups was made; metabolic measurements were taken at 6, 12, 18 and 24 mo. The main finding 

was that metabolic rate of these rats changed with age. When expressed per unit metabolic mass, 

metabolic rate was highest in young rats, as compared to the old ones; from 18 to 24 mo 

metabolic rate increases. From 6 wk to 6 mo there is a rapid decrease in metabolic rate, and 

then there is a slower decrease (about 2 % monthly) from 6 to 18 mo. In terms of diet restriction 
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they found that, when measured per unit metabolic mass, food restriction does not produce a 

decrease in metabolic rate. 

Roberts et al. (1993) reported a study on energy expenditure and aging. They 

investigated energy balance for normal body weight men both young (average 22.9 y) and elderly 

(69.4 y). Subjects were under conditions of overeating (plus 4.2 M1Id) or undereating (minus 

3.3 M1Id) for 21 d, on a typical diet. Neither underfeeding nor overfeeding produced significant 

differences in body weight, or resting metabolic rate between the groups. The results show age

independent adaptive variations for maintaining energy balance on a day-to-day basis, through 

nutrient intake control. 

Dietary Regulation of Lipogenic Enzymes 

The de novo synthesis of fatty acids, lipogenesis, takes place in the cytoplasm of the 

cell as a result of saturation of the citric acid cycle. When there is an excess of acetyl CoA 

produced in the mitochondria, citrate, the first product of the citric acid cycle, is transported out 

to the cytoplasm where it is metabolized to acetyl CoA and oxaloacetate. This reaction, catalyzed 

by the enzyme ATP-citrate lyase (CTL), starts the lipogenic process by producing the first 

substrate, acetyl CoA. The second reaction, the committed step of the process, is catalyzed by 

ACC and converts acetyl CoA to malonyl CoA. Then, malonyl CoA serves as the substrate for 

the multienzyme complex FAS, which carries out the sequential addition of two carbon units from 

acetyl CoA until the formation of the 16-carbon saturated fatty acid palmitate (Mayes, 1990). 

Other enzymes important for lipogenesis are glucose-6-phosphate dehydrogenase 

(GDH), which starts the pentose phosphate shunt, and MDH which converts malate to pyruvate 

for re-entry into the mitochondria; the reactions catalyzed by both enzymes produce NADPH, 

needed for fatty acid synthesis (Mayes, 1990). 
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Carbohydrate metabolism has several effects on lipogenesis: insulin, secreted after an 

increase in blood glucose, will activate ACC; in addition, insulin will increase glucose uptake by 

the cells, which results in increased glycolysis and production of acetyl CoA, favoring 

lipogenesis. Also, the committed step in the lipogenic process, namely the conversion of acetyl 

CoA to malonyl CoA, is downregulated by inhibition of ACC by fatty acids; this effect differs 

depending on the level and type of fat in the diet. Lastly, the regulatory effect on the various 

tissues can be different, as is the case for hepatic versus adipose tissue lipogenesis; liver is not 

affected by insulin, an important regulator of lipogenesis in extrahepatic tissues (Herzberg, 1983; 

Mayes, 1990). 

Dietary Factors Affecting Lipogenesis 

As with many metabolic processes involving enzyme activity, fatty acid synthesis can 

be controlled at different stages: one possibility for regulation is at the activity level, typical of 

short-term control; another possibility is gene expression, the way long-term control is elicited, 

which itself has more than one step where control can occur. In general, enzyme activity is 

regulated by changing the amount of enzyme or reactants present or by altering the efficiency of 

the enzyme (Herzberg, 1983; Goodridge, 1987; Rodwell, 1990). 

Effect on Enzyme Activity 

Activity of the rate-limiting enzyme in the lipogenic pathway, ACC, is controlled in 

three ways: allosteric regulation, covalent modification, and polymerization. The enzyme is 

allosterically activated by citrate, which also favors its polymerization; also, there is a 

phosphorylation-dephosphorylation cycle in which the phosphorylated form is inactive. In 

addition to carbohydrates, dietary fats have been found to be powerful regulators of lipogenesis. 
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Both the amount and type of fat in the diet have an effect on the activity of the lipogenic 

enzymes, including FAS, CTL, MDH and GDH (Herzberg, 1983). 

Clarke, Romsos and Leveille (1977) studied the effect of feeding rats diets 

supplemented with either methyl stearate or methyl Iinoleate on liver lipogenesis. Liver CTL, 

FAS and ACC were significantly depressed by C18:2 supplementation, while C18:0 

supplementation, and a fat-free diet did not affect enzyme activities. 

Herzberg and lanmohamed (1980) investigated the effects of saturated versus 

unsaturated dietary fat on lipogenesis in mouse liver. They meal-fed mice diets containing either 

corn oil or tripalmitin (0 to 250 g/kg) for 7 d. Activity of the lipogenic enzymes FAS, GDH and 

MDH was lower in the animals fed the corn oil as compared to the tripalmitin, although the latter 

also had an inhibitory effect when compared to a sucrose-based basal diet (0 % corn oil or 

tripalmitin) . 

Herzberg (1983) concluded that hepatic fatty acid synthesis is inhibited by low levels 

of polyunsaturated, but not saturated, fatty acids, in a process which is specific and not resulting 

from decreased carbohydrate intake. In addition, two phases of inhibition have been identified: 

the first phase takes place within 2 to 4 h, involving enzyme regulation, probably at the 

committed step of the process, the ACC-catalyzed reaction; the second phase, after 2 to 3 d of 

exposure, involves a reduction in lipogenic enzyme levels. 

The regulation of white adipose tissue fatty acid metabolism by dietary fat was 

investigated by Nelson et al. (1987). They looked at the activities of the lipogenic enzymes CTL, 

FAS and GDH in adipose tissue after a 4-d feeding trial with a stock diet, a fat-free diet (75 % 

of calories from carbohydrates), or one containing either corn oil or hydrogenated soybean oil 
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(supplying 44% of calories). Activities of the enzymes increased with the fat-free diet, but were 

not significantly inhibited by the addition of either of the fats. 

Herzberg and Rogerson (1988) studied the interaction of the type of dietary 

carbohydrate and the level of fat on the activity of some of the lipogenic enzymes. They fed rats 

four diets: a fructose-based diet containing either 0 (FO) or 150 g/kg corn oil (FlS); or a glucose

based diet containing either 0 (GO) or 150 g/kg corn oil (GIS). Activity for the hepatic lipogenic 

enzymes FAS, CTL, GDH and MDH was higher in the fructose-fed animals either with or 

without the corn oil (FO>GO>FlS>G1S). However, fatty acid synthesis in the extrahepatic 

tissues (as measured by 3H20 incorporation into fatty acid) was higher for GO than for FO, and 

was reduced by fat in the GIS-fed animals but not in the F1S-fed animals. The results show that 

carbohydrate and fat in the diet affect lipogenesis, but the mechanisms may be different for 

hepatic and extrahepatic tissues. 

Chanez et al. (1991) studied lipogenic enzyme activity as affected by LCT or MCT. 

They fed adult rats either a low-fat high carbohydrate diet, or one of two fat-containing diets 

(32 % of metabolizable energy from fat) which provided LCT or MCT. By day 21 of feeding, 

hepatic CTL, MDH, ACC and FAS activities were 2.2-, 2.0-, 2.3- and 1.8-fold higher in the 

MCT-fed animals than in those fed the LCT diet. The data suggest that MCT, at this level of 

feeding, does not adversely affect the activity of those lipogenic enzymes. 

Effect on Gene Expression 

Protein synthesis, which results from gene expression, can be regulated at various 

points of the process. In addition to transcription, gene expression is regulated in other ways 

such as gene amplification, RNA processing, mRNA transport, and mRNA stability (Granner, 

1990). In the case of the lipogenic enzymes, there is knowledge respect to some substances, or 
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hormones that affect gene expression at the transcriptional level, although not much is known in 

terms of the specific genes involved in the process. Research is still being carried out to find out 

about the mechanisms, and the sequence organization of regulatory elements for postranscriptional 

control of expression for the lipogenic genes (Goodridge et al., 1986). 

Shillabeer et al. (1990) fed rats diets high in saturated or polyunsaturated fats, to study 

their long-term effects on the levels of mRNA coding for the lipogenic enzyme FAS, in adipose 

tissue and liver. When caloric intake was equal, the relative amount of hepatic FAS mRNA was 

higher for the rats fed the saturated as compared to the polyunsaturated fat diet. However, both 

fats suppressed hepatic and adipose FAS mRNA as compared to a sucrose diet. There was a 

close correlation between FAS activity and the relative amount of mRNA, which suggests that 

regulation occurred at a pre-translational level. 

A mechanism for the observed inhibition of lipogenic enzymes by polyunsaturated fatty 

acids was proposed by Clarke and Hembree (1990). They examined the effect of diets containing 

no fat, beef tal1ow, or safflower oil on the T3-mediated induction of rat liver lipogenic enzymes. 

They found that T3 administration induced the lipogenic enzymes MDH, FAS and GDH in a 

dose-dependent manner. Beeftal10w and safflower oil supplementation of a high glucose, fat-free 

diet significantly reduced T3 induction of al1 the enzymes. Safflower oil was more effective as 

a suppressor of T3, and its effect was to increase the amount of the hormone needed to induce 

enzyme activity. The authors propose that polyunsaturated fats suppress gene expression of 

lipogenic enzymes, by competing with T3 action possibly at the nuclear receptor level. 

Coupe et al. (1990) measured the activities and mRNA concentrations of FAS and 

ACC, in rat white adipose tissue during the suckling-weaning transition. In suckling rats they 

found low activities and mRNA concentrations for the lipogenic enzymes, both of which 
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increased rapidly upon weaning to a high-carbohydrate diet; in contrast, weaning to a high-fat 

diet prevented those increases. Force-feeding the suckling rats with carbohydrates induced an 

increase in blood glucose, plasma insulin, and mRNA concentrations (the latter 10- to 20-fold), 

suggesting a pre-translational regulation of gene expression. The authors suggest that glucose and 

insulin act synergistically in the regulation of lipogenic enzyme gene expression. 

Clarke, Armstrong and Jump (1990a) studied the effect of polyunsaturated fats on the 

S14 gene, trying to prove that this is one of several lipogenic genes regulated by dietary fats. 

They examined the ability of tripalmitin, triolein, safflower oil, and fish oil to suppress the gene 

expression of FAS and S14. The polyunsaturated fats reduced by 75 to 90% the hepatic 

abundance of FAS and S14 mRNA. Removing the fat from the meal rapidly stopped the 

inhibitory action. In their studies they found a high correlation between FAS and S 14 expression. 

Based on their results, they propose that fats regulate the gene expression of lipogenic enzymes, 

probably through a specific entity derived from the long-chain polyenic fatty acids. They also 

propose that S14 is a member of the lipogenic family, and could be used a model for the study 

of FAS expression. 

Mooradian et al. (1991) reported on the age-related alterations in hepatic lipogenic 

responses in male Fisher 344 rats. They used euthyroid, hypothyroid and hyperthyroid 2-, 6-, 

13-, 17- and 26-month old rats, and measured the mRNA levels and enzyme activities of MDH. 

Younger rats (2- and 6-month-old) had a higher basal MDH activity, and mRNA levels as 

compared to the older rats; response of MDH of aged rats to T3 was 50% lower than that for the 

younger rats. Reduced food intake was not the reason for the decrease in response of MDH to 

T3• 
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Determination of FFM is important in studies of normal growth and development. 

Conventional chemical methods for analysis of body composition are lengthy and destructive; 

total body electrical conductivity (TOBEC) has been proposed as a noninvasive nondestructive 

rapid method for estimating FFM ill vivo. The measurement is based on the interaction between 

the conductive tissues of the body and a time-varying electromagnetic field. The magnitude of 

the interaction, reflected by the TOBEC signal, is proportional to the mass of the fat-free body; 

tissues with a low electrolyte and water content such as adipose tissue, are relatively 

nonconductive and therefore interact minimally. The interaction between the electromagnetic 

field and the conductive tissues is influenced also by their geometry and chemical composition, 

which, therefore, can independently alter the TOBEC signal. In addition, the signal is affected 

by the shape, temperature, and movement of the object, as it is placed for reading (Cochran et 

at., 1986; Fiorotto et at., 1987). 

Research with children and older adults suggests that the fat-free compartment changes 

during the early and late stages of life. Cochran et at. (1986) studied the TOBEC method to 

determine body composition in human infants; the results were compared with those obtained the 

isotope dilution technique. Sixteen human infants, ages 2 d to 9.7 mo, were enrolled in the 

study; weights varied from 2 to 8.7 kg. They reported an unexpectedly large range in percent 

FFM (52-91 %), in relation to that most frequently reported in the literature (66-88%). 

According to the authors the TOBEC method may have underestimated FFM because the standard 

used was based on the mature rabbit which had a water content of 732 ml/kg FFM, which is 

similar to that reported for adult humans. Full-term human infants are reported to have a water 

content of 820 mil kg FFM. 
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Fiorotto et al. (1987) used miniature piglets to calibrate the TOBEC measurements, 

for use in human infants. They studied 34 healthy 2-, 4-, 8- and 12-week-old infants. A 

comparison of the physical dimensions of infants and piglets showed no large discrepancies in 

their body geometries that would invalidate the calibration. They found an excellent agreement 

between the TOBEC-derived estimates and reference body composition tables for FFM, fat, and 

total body water (TBW), suggesting that this methodology can be used to estimate the body 

composition of normal young infants. 

The accuracy of TOBEC for body composition assessment was examined in 50 

teenagers (33 males and 17 females) aged 11-19 y by Van Loan (1990). She measured FFM by 

densitometry, hydrometry, bone mineral density, and TOBEC. Fat-free mass was calculated 

using one-, two-, and three-compartment models: densitometry, FFMd; densitometry and 

hydrometry, FFMdw; densitometry, hydrometry, and bone mineral density, FFMdwh ' Correlations 

between all three FFM calculations and that by TOBEC were highly significant (r = 0.88-0.95; 

P < 0.01). When determined by analysis of variance (ANOVA) no significant differences were 

found between the TOBEC estimate of FFM, FFMd, FFMdw and FFMdwh; there were no 

differences by gender. She concluded that its ease of measurement and accuracy should make 

TOBEC a preferred technique for body composition assessment in teenagers. 

Van Loan and Koehler (1990) studied the usefulness of TOBEC for assessing the FFM 

of mature individuals. They used the TOBEC methodology for assessing the body composition 

of 114 middle-aged and elderly individuals aged 35-90 years of age, and compared the results 

with those obtained by densitometry and hydrometry. They found highly significant correlation 

coefficients among body composition estimates and TOBEC variables; however, the relationship 

diminished in the groups aged ~ 65 years of age. The authors hypothesized that the lower 
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correlations may be due to the limitations of densitometry and hydrometry to give accurate 

estimations of FFM in older individuals. Age-related changes in older adults may include 

changes in fluid balance, loss of muscle mass, and loss of bone mineral content, which would 

influence those methodologies. 

Fat-free mass and TBW were determined in growing rats by Morbach and Brans 

(1992). They studied 94 rats whose weight ranged from 5.53 to 170.84 gat 0 to 50 days of age. 

The study was designed to determine the relationship between FFM, TBW and TOBEC measured 

with a commercially available instrument built for small animals, EM-Scan SA-I, and to test its 

accuracy in rats of various sizes. After measuring TOBEC, animals were minced with scissors 

and desiccated to constant weight; fat was extracted with petroleum ether followed by Soxhlet 

extraction. They found that with TOBEC there was a tendency to underestimate FFM by an 

average of 3.9% and TBW by 5.3%. Accuracy was questionable for animals smaller than 13 g, 

for which TOBEC did not provide useful estimates of total body fat. 

According to Battistini et al. (1993) TOBEC cannot be used in rats suffering 

perturbation of water compartment equilibrium, since the methodology is unable to TBW when 

the ratio between intracellular and intracellular water is chronically or acutely altered. 
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CHAPTER 3 

MATERIALS AND METHODS 

Animals and Diets 

The experiments, which lasted 3 wk each, were performed using 2-, 9-, 18- and 24-

month-old Sprague-Dawley rats. In each experiment rats were divided into six groups of two rats 

each, and each group was fed one of six diets: three low-fat, starch, high-protein, sucrose; and 

three high-fat, corn oil, olive oil, animal fat, (Table 1). Fatty acid composition of the fat sources 

was determined by gas chromatographic (model GC-8A, Shimadzu Scientific Instruments, Inc., 

Columbia, MD; integrator model SP4270, Spectra-Physics, Mountain View, CA; Supelcowax 

10 bonded phase 30 m x .75 mm I.D. capillary column, Supelco, Inc., Bellefonte, PA) analysis 

of fatty acid methyl esters (Aclanan, 1969; American Oil Chemists' Society, 1972; Table 2). 

Feeding was ad libitum for 5 d each week, and 70% of ad libitum for 2 d each week. Diets were 

mixed with chromium oxide (Cr20 3) as an inert marker for measurement of digestibility, and 

ultimately metabolizable energy (ME). A final concentration of 0.2% was used, and 

determination was made according to Schiirch, Lloyd and Crompton (1950). Gross energy for 

both diets and feces was determined with a bomb calorimeter (Parr Instruments Co., Moline IL). 

Water was available ad libitum. 

Body weights and food consumption were recorded every 23 h. Rats were killed by 

exsanguination between 7:30 and 8:30 a.m. at the end of the third week of the experiment. 

Portions of approximately 1 g of liver and white adipose tissues were quickly removed, placed 

on ice and homogenized in cold buffer. The buffer solution, pH 7.0, contained 0.15 M 

potassium chloride, 4.0 mM magnesium chloride and 4.0 mM mercaptoethanol (Herzberg and 
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Rogerson, 1988). Both liver and adipose tissue homogenates were prepared with a bio-

homogenizer (Model MI33/1281-0, Biospec Products Inc., Bartlesville, OK 74005). Samples 

were ultracentrifuged (model L8-70M, rotor Ti 70.1, Beckman Instruments, Inc., Palo Alto, CA) 

at 250,000 g for 40 min at 4°C. The procedure removed all of the cell components leaving only 

the cytosol (the supernatant fraction) containing the enzymes, which was used for determining 

enzyme activities. 

Rationale 

Ages of the animals were chosen to represent the different stages of development: 

young (2 mo), young adult (9 mo), mature adult (18 mo), and senescent (24 mo). According to 

McCarter and Palmer (1992) metabolic rate of Fisher 344 rats varies with age, and declines 

rapidly from 6 wk to 3 mo; and then declines more slowly from 3 wk to 18 mo; and, finally, 

increases from 18 to 24 months of age. Diets were designed to test different effects: first, the 

effect of low-fat against high-fat, in energy metabolism of the rat; and second, the effect, among 

the high-fat diets, of different fat sources and consequently different fatty acid compositions. 

Corn oil provides polyunsaturated fatty acids, olive oil provides monounsaturated fatty acids, and 

animal fat provides saturated fatty acids (Table 2). Hill et al. (1992) have shown that both 

amount and type of dietary fat can affect body weight and body composition, although the effect 

of amount of fat in the diet seems to be more determinant than that of type. Feeding was 

restricted for 2 d every week to obtain maintenance ME requirement (Alak, 1990). 

Calorimetric Protocol 

A 12-chamber indirect calorimetry system was used to carry out the calorimetric 

measurements. Rats were housed individually in metabolic cages, inside respiration chambers. 
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An open system was used; air was taken from the environment, and readings were performed 

every 30 min. Air flow was 2.4 standard liters per min; readings were done at the intake of each 

chamber. Sample flow was 180 mllmin controlled by a flow controller (model R-l, Ametek

Thermox Instruments Division, Pittsburgh, PA). An electrochemical oxygen sensor (model N-22, 

Ametek-Thermox Instruments Division, Pittsburgh, PA) was used for determining oxygen 

concentrations. Measurements of carbon dioxide concentrations was done by an infrared carbon 

dioxide sensor (model P-61, Ametek-Thermox Instruments Division, Pittsburgh, PA). Oxygen 

and carbon dioxide analyzers (models S-3Al and CD-3A, respectively, Ametek-Thermox 

Instruments Division, Pittsburgh, PA) were used for processing signals from the sensors. At the 

beginning of the experiments, analyzers were calibrated with an oxygen-carbon dioxide mixture 

of known concentration. Both oxygen and carbon dioxide concentrations were measured at the 

exhaust of each chamber; an air volume correction factor was applied to oxygen and carbon 

dioxide volumes. An analog/digital board (ADALAB, Interactive Microware, Inc., State College, 

PA) converted analog outputs from both analyzers, and the flow meters, to digital; all data were 

processed by an IBM-compatible computer. Intake flow rates (volumes) were corrected for room 

humidity and barometric pressure, to standard dry conditions, according to McArdle, Katch and 

Katch (1986). 

Oxygen and carbon dioxide volumes were used to calculate heat production, according 

to the equation derived by Brouwer (1965); and carbohydrate and fat oxidation levels were 

calculated as described by Abbott et at. (1988). Energy retention was calculated as the difference 

between ME intake and heat production. Fasting heat production was estimated as the Y

intercept, maintenance ME as the X-intercept, and net energetic efficiency as the slope of the 

linear regression of energy retention on ME consumption. All of the energy utilization 
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parameters were expressed as kcal/kg physiological body weight (physiological body weight = 

BWO.7S) per day. 

Enzyme Activity Assays 

Enzyme activity was measured spectrophotometric ally for malate dehydrogenase 

(MDH, L-malate:NADP+ oxidoreductase, EC 1.1.1.40), fatty acid synthase (FAS), ATP-citrate 

lyase (CTL, ATP:citrate oxaloacetate-Iyase, EC 4.1.3.8) and glucose-6-phosphate dehydrogenase 

(GDH, D-glucose-6-phosphate:NADP+ I-oxidoreductase, EC 1.1.1.49). Assays were all 

conducted at 37°C. For MDH the method of Yeh, Leveille and Wiley (1970) was used which 

consisted of an assay mixture of 0.042 M glycylglycine buffer (pH 7.4), 8.33 mM manganese 

chloride, 367 mM malate, and 83 mM NADP+; NADPH appearance from the reaction was 

measured. Kinetics of all of the reactions was followed at 340 nm using a kinetic 

spectrophotometer (Ultrospec model 4053, Pharmacia LKB, Piscataway, NJ). FAS was 

determined according to Gibson and Hubbard (1960), and Arslanian and Wakil (1975); the rate 

of malonyl-CoA-dependent NADPH oxidation (NADPH disappearance) was measured in an assay 

mixture of 0.0625 M potassium phosphate buffer (pH 6.5), 10 mM dithioerythritol, 150 mM 

NADPH, 25 mM acetyl coenzyme A, and 250 mM malonyl coenzyme A. The method by Srere 

(1959), and Yeh et al. (1970) was used to determine CTL activity. For this enzyme an assay 

mixture was prepared with 0.1 M tris buffer (pH 7.4),20 mM sodium citrate, 10 mM magnesium 

chloride, 10 mM dithioerythritol, 330 mM coenzyme A, 140 mM NADH and 25 mM malate 

dehydrogenase (EC 1.1.1.40); the assay mixture was added with 5.0 mM ATP just before 

addition of the supernatant sample. For this reaction NADH disappearance was measured. 

Glucose-6-phosphate dehydrogenase activity was determined by the method of Bergmeyer, 

Gawehn and Grassl (1974), and Lohr and Waller (1974). The reaction measured NADP+ 
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reduction (NADPH appearance), and the assay mixture consisted of 0.087 M triethanolamine 

buffer (pH 7.6), 3.33 mM magnesium chloride, 1.17 mM glucose-6-phosphate and 430 mM 

NADP+ . Activities for the enzymes were expressed as international units (IV, ~moles of 

substrate converted to product per min) per g protein. Activity of all four enzymes was measured 

in white adipose tissue and liver tissue. The method by Lowry et al. (1951) was used to 

determine protein concentration of the supernatant; the standard was bovine serum albumin. 

Chemicals and biochemicals for all enzyme activity assays were obtained from Sigma Chemical 

Co., St. Louis, MO. 

Body Composition Analysis 

Body composition was measured by total body electrical conductivity (TOBEe; Bracco 

et al. 1983; Walsberg, 1988). Lean and fat contents of the animals were determined at the 

beginning, at the end, as well as every 7 d for the duration of the experiment; the TOBEC 

instrument, an EM-SCAN (electromagnetic scanning, Model 2A, EM-SCAN, Inc., Springfield, 

IL), interfaced with an IBM-compatible computer was used for the analyses. The lean and fat 

compartments of the body are different in their ability to conduct electricity; this principle is used 

by the TOBEC instrument. Conductivity measures with the chamber empty and with an animal 

present are different, and proportional to lean and/or fat composition of the animal. 

Measurements were obtained in triplicate on ether-anesthetized rats, and body weights were 

recorded before every measurement. Prediction equations for determining body water, lean body 

mass and body fat were developed from 93 rat carcasses, of different ages and sizes, obtained 

from previous experiments: the carcasses, including water-cleansed intestines, were freeze-dried, 

moisture content was determined as the difference between live body weight and dry carcass 

weight. The prediction equations developed are the following: 



Body Water (g) = 28.754 + (0.33826 x EMR) - (4.8*10.5 X EMR2) 

Lean Mass (g) = Body Water/0.723 

Fat Mass (g) = Live weight - Lean Mass 

where EMR is electromagnetic reading. Correlation coefficient (r) was 0.988. 

Statistical Analysis 
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Data were analyzed by two-way analysis of variance (ANDV A), and difference 

between the means was determined using least significant difference (LSD) with a significance 

level at P < 0.05 (1m an and Conover, 1989). In addition, linear regression analysis (Steel and 

Torrie, 1980) was used to develop the prediction equation for body water content and to estimate 

maintenance ME requirement, fasting heat production and net energetic efficiency; slope and 

intercept comparisons were made at P < .05 as described by Zar, 1974. 



TABLE 1 

Diet composition 

Diet 

Ingredient High- Com Olive Animal 

Cornstarch 

Casein 

Cellulose 

Sucrose 

Com oil 

Olive oil 

Animal fat 

Minerals AIN-761 

Vitamins AIN-762 

Choline bitartrate 

DL-Methionine 

Chromic oxide 

Starch 

64.6 

2004 

4.S 

5.0 

3.5 

1.0 

0.2 

0.3 

0.2 

0.02 

protein 

40.0 

45.0 

4.S 

5.0 

3.5 

1.0 

0.2 

0.3 

0.2 

0.02 

Sucrose oil oil 

g/lOO g diet 

29.6 49.6 49.6 

2004 2004 2004 

4.S 4.S 4.S 

35.0 

5.0 20.0 

20.0 

3.5 3.5 3.5 

1.0 1.0 1.0 

0.2 0.2 0.2 

0.3 0.3 0.3 

0.2 0.2 0.2 

0.02 0.02 0.02 

IComposition (per kg mixture): calcium phosphate (dibasic), 500 g; sodium chloride, 74 g; 
potassium citrate (monohydrate), 220 g; potassium sulfate, 52 g; magnesium oxide, 24 g; 
manganous carbonate, 3.5 g; ferric citrate (16-1S% Fe), 6 g; zinc carbonate, 1.6 g; cupric 
carbonate, 0.3 g; potassium iodate, 0.Ql g; sodium selenite 0.5 H20), 0.0075 g; chromium 
potassium sulfate, 0.55 g; sucrose (finely powdered), lIS g. 

fat 

49.6 

2004 

4.S 

20.0 

3.5 

1.0 

0.2 

0.3 

0.2 

0.02 

2Composition (per kg mixture): thiamin hydrochloride, 600.0 mg; riboflavin, 600.0 mg; 
nicotinic acid, 3.0 g; pyridoxine hydrochloride, 700 mg; D-calcium pantothenate, 1.6 g; folic acid, 
200 mg; D-biotin, 20.0 mg; cyanocobalamin (vitamin B12), 1.0 mg; retinyl palmitate (vitamin A), 
SOO mg; DL-alpha-tocopheryl acetate (pre-mix), 20.0 g; cholecalciferol (vitamin D3), 2.5 mg; 
menaquinone (vitamin K), 5.0 mg; sucrose (finely powdered), 972.9 g. 

3Butylated hydroxy toluene. 

45 
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TABLE 2 

Analyzed fatty acid composition of supplemental fats 

Fatty acids Corn oil Olive oil Animal Fat 

gl100 gfat 

C14 .07 3.41 

C14:2 1.03 

CIS .70 

C15:2 .28 

C16 11.82 16.33 26.48 

C16:1 .33 4.10 4.13 

C16:2 .13 .85 

C17 .11 1.52 

C17:1 .15 

C18 1.81 .17 16.1 

C18:1 27.16 54.87 40.14 

C18:2w6 57.44 19.5 3.47 

C19 .32 

C18:3w6 .85 1.23 .17 

C18:3w3 .15 

C20 .26 .94 .41 

C20:1 .90 .43 

C20:2 .48 .26 

C20:3w6 .34 

C20:4w6 .23 

C20:5w3 .22 

C22:4w6 .21 

C22:6w3 .49 

Saturated fatty acids 14.00 17.51 48.94 

Monounsaturated fatty acids 27.49 59.87 44.85 

Polyunsaturated fatty acids 58.51 22.61 6.20 

w3 fatty acids .22 .49 .15 

w6 fatty acids 58.29 21.51 3.64 
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CHAPTER 4 

RESULTS 

Energy Metabolism 

Energy metabolism as influenced by age is shown in Table 3. Fasting heat production 

(kcal/kg PBW; PBW = physiological body weight (BW7S» was not significantly different (P > 

0.05) for age groups 9, 18 and 24 mo, but it was higher for the 2-month-old animals by about 

25 % as compared to the 18-month-old rats (Figure I). The younger animals also had higher heat 

productions by about 50% as compared with the other age groups (Figure 2). Dietary 

metabolizable energy (ME) intakes (Figure 3) and maintenance ME needs (Figure 4) were over 

60 and 40% greater, respectively, for 2-month-old rats than for 24-month-old animals. Energy 

retention was negative for the two older age groups; and compared to the other age groups, the 

2-month-old rats had significantly higher energy retentions (Figure 5). 

Data for dietary consumption and net energetic efficiency as affected by age are shown 

in Table 4. Food intake was higher by over 60% for the 2-month-old rats, as compared to the 

other age groups. On the other hand, net energetic efficiency was significantly lower for the 2-

month-old rats as compared to the other age groups; the 9- and 18-month-old animals had the 

highest net energetic efficiencies (Figure 6). The determined ME values of the diets were 

significantly lower for the 18- and 24-month-old rats, as compared to the 2- and 9-month-old rats. 

The 2-month-old animals had the highest dietary ME at 4.36 kcal/g. 

The effect of type of diet on energy metabolism is shown in Table 5. Diets did not 

have an affect on fasting heat production, heat production, ME or maintenance ME needs 



48 

(Figures 1 - 4, respectively). Energy retention was negative for the animal fat diet, the only diet 

showing a higher maintenance ME requirement than ME intake (Figure 5). 

Food intake was the same for all six diets (Table 6). Diet ME was significantly higher 

for the corn oil and olive oil diets, and significantly lower for the three low-fat diets (starch, 

high-protein and sucrose), as compared to the other diets (Table 6). Metabolizable energy for 

the animal fat diet, however, was significantly lower as compared to the other high-fat diets. Net 

energetic efficiency values were significantly lower for the animal fat and high-protein diets as 

compared to the other diets; net energetic efficiency was highest for the corn oil diet (Figure 6). 

Results for substrate utilization by age are shown in Table 7. Carbohydrate utilization 

was higher (P > 0.05) by about 30% for the 2- and 9-month-old animals as compared to the 18-

and 24-month-old animals (Figure 7). Conversely, fat oxidation was higher (P < 0.05) by about 

80% for the older animals as compared to the younger animals (Figure 8). Respiratory quotient 

(RQ) declined with age and was significantly (P < 0.05) higher for the 2- and 9-month-old 

animals than for the 24-month-old animals (Figure 9). 

Results for the effect of diet on substrate utilization are shown in Table 8. As could 

be expected, the high-carbohydrate diets, starch and sucrose, had a significantly higher 

carbohydrate utilization (by about 133% as compared to the high-fat diets, and about 63% as 

compared to the high-protein diet; Figure 7). On the other hand, fat utilization was higher for 

the high-fat diets as compared to the low-fat diets (by an average of about 118 %; Figure 8). The 

animal fat diet had a significantly higher fat utilization than all three low-fat diets, while both 

high-carbohydrate diets had a lower fat utilization. Respiratory quotient reflected substrate 

utilization: the starch and sucrose diets had the highest values, while the animal fat diet had the 

lowest value (by about 18%; Figure 9). 
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Lipogenic Enzymes 

Results for white adipose tissue lipogenic enzyme activities as affected by age are 

shown in Table 9. Specific activity (IV, Itmoles of substrate converted to product per min per 

g protein) for white adipose tissue A TP-citrate lyase (CTL) was significantly higher for the 2-

and the 24-month-old rats (129.9 and 135.6 IVlg protein, respectively) as compared to the 9- and 

18-month-old animals (38.47 and 64.44 IVlg protein, respectively; Figure 10). No significant 

difference could be found between the age groups, for activity of white adipose tissue fatty acid 

synthase (FAS). The 2-month-old animals had a higher white adipose tissue glucose-6-phosphate 

dehydrogenase (GOB) specific activity than that for the 9-month-old (by 266%), and the 18-

month-old rats (by about 226%; Figure 11). Activity of white adipose malate dehydrogenase 

(MOB) for the 2-month-old rats was significantly higher (by over 37.9%) as compared to the 

other age groups; the lowest activity of this enzyme was detected in white adipose tissues of the 

9- and 18-month-old animals (Figure 12). 

The effects of age on liver lipogenic enzyme specific activity are shown in Table 10. 

The 2-month-old rats had the highest activity for all but one of the enzymes tested. Activities 

of liver CTL, GOB and MOH from the 2-month-old rats was higher than those from the other 

age groups by about 48%,219% and 200%, (Figures 13 - 15) respectively. The 18-month-old 

rats had a significantly higher activity for liver FAS as compared to the other age groups (Figure 

16). 

The effects of diet on white adipose tissue lipogenic enzyme activity are shown in 

Table 11. Oiet composition did not have an effect on white adipose tissue FAS or GOB (Figure 

11). White adipose tissue from animals fed the olive oil and animal fat diets had the lowest CTL 

activity (by 107.6% and 117.4%, respectively) as compared to the sucrose diet (Figure 10). 
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Again, for MDH activity, white adipose tissue from animals fed the corn oil, olive oil and animal 

fat diets had the lowest (P < 0.05) activity (by 111.9%, 134.3% and 140.5%, respectively) as 

compared to the starch diet (Figure 12). Diet did not have a significant effect on activity of liver 

lipogenic enzymes (Table 12 and Figures 13 - 16). 

Body Composition 

The highest (P < 0.05) body weight change (g) happened with the 2-month-old 

animals, followed by the 24-, 18- and 9-month-old rats (Table 13). Fat mass changes (g) and 

lean mass changes (g) were also higher (P < 0.05) for the youngest animals, as compared to all 

the older age groups (Table 13). Final fat mass (%) and lean mass (%) were significantly 

different only for the 9-month-old rats, fat mass being higher than that for the other age groups, 

and lean mass being lower. Diet did not have a significant effect on body composition (Table 

14 and Figures 17 and 18). 

In general, for the interpretation of results our two-way ANOVA did not show 

interactions between the dietary and age effects. 



Age 

months 

2 (n = 24) 

9 (n = 24) 

18 (n = 12) 

24 (n = 12) 

Fasting 
heat 

production 

150.5 ± 4.1w 

114.3 ± 3.3x 

120.4 ± 2S 

112.5 ± 2.0x 

TABLE 3 

Age effects on energy metabolisml 

Heat ME 
production intake 

kcallkg PBW 2 per day 

193.1 ± 3.6w 213.1 ± 4.0w 

124.7 ± 1.8x 126.2 ± 2.6x 

128.1 ± 2.2X 119.0 ± 3.2x 

128.7 ± 2.9x 130.3 ± 3.3x 

Maintenance Energy 
ME need retention 

187.6 ± 3.9w 21.8 ± 4.1W 

124.3 ± 2.0x 0.36 ± 3.02x 

129.4 ± 2.P -9.59 ± 2.99x 

130.5 ± 2.4x -9.41 ± 7.57x 

lValues are means ± SEM. Values in a column with different superscripts are significantly different (P < 
0.05). 

2PBW = physiological body weight (BW·7S). 

VI ...... 



TABLE 4 

Age effects Oil dietary consumption and energetic efficiencyl 

Energetic 
Age Food intake Diet ME efficiency 

months g/kg PBW 2/d kca//g % 

2 (n = 24) 49.1 ± 1.26w 4.38 ± 0.08w 80.2 ± 1.3Y 

9 (n = 24) 29.6 ± 0.70" 4.28 ± 0.08" 91.9 ± 2.1 w 

18 (n = 12) 28.6 ± 0.77" 4.18 ± 0.13Y 93.0 ± 1.1'" 

24 (n = 12) 31.7 ± 1.34" 4.16 ± 0.12Y 86.3 ± 1.0" 

'Values are means ± SEM. Values in a column with different 
superscripts are significantly different (P < 0.05). 

2PBW = physiological body weight (BW7S
). 
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TABLE 5 

Diet effects on energy metabolism! 

Fasting 
heat Heat ME Maintenance Energy 

Diet production production intake ME need retention 

kcallkg PEW Z per day 

Starch 120.1 ± 7.9- 142.3 ± 8.31- 150.0 ± 14.1' l39.8 ± 7.61- 8.23 ± 6.71 ab 

High-protein 123.3 ± 6.8' 146.7 ± 10.0- 162.0 ± 14.3" 145.7 ± 8.47' 2.59 ± 10.7ab 

Sucrose 123.0 ± 6.3- 146.9 ± 10.4' 158.8 ± 13.9- 144.0 ± 9.37- 12.3 ± 5.03-

Com oil l33.4 ± 7.4- 148.6 ± 10.4- 157.5 ± l3.9- 146.7 ± 9.77- 7.53 ± 4.81ab 

Olive oil l31.8 ± 6.2- 150.9 ± 10.3- 152.0 ± 11.5" 150.0 ± 9.66- 2.88 ± 3.74ab 

Animal fat l31.0 ± 4.7- 157.0 ± 10.7- 148.6 ± 11.3- 157.7 ± 9.37- -8.18 ± 4.94b 

IValues are means ± SEM, n = 12. Values in a column with different superscripts are significantly different (P < 0.05). 

2PBW = physiological body weight (BW·75). 
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TABLE 6 

Diet effects on food consumption and energetic efficiencyi 

Energetic 
Diet Food intake Diet ME efficiency 

g/kg PBW 2/d kcal/g % 

Starch 39.42 ± 3.38" 3.799 ± 0.04" 85.9 ± 2.S"b 

High-protein 38.87 ± 3.19" 4.153 ± 0.05" 84.8 ± LIb 

Sucrose 39.45 ± 3.27a 4.010 ± 0.03d 86.2 ± 1.4"b 

Corn oil 32.94 ± 2.76" 4.764 ± 0.02" 92.4 ± 4.1" 

Olive oil 31.79 ± 2.31" 4.770 ± 0.02" 89.0 ± 2.1"1> 

Animal fat 35.28 ± 2.37" 4.187 ± O.OSb 85.1 ± 2.9b 

tValues are means ± SEM, 11 = 12. Values in a column with different superscripts are 
significantly different (P < 0.05). 

2PBW = physiological body weight (BW75). 
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TABLE 7 

Age effects on substrate utilization I 

Respiratory 
Age Carbohydrate Fat quotient (RQ) 

months g/day 

2 (n = 24) 8.29 ± 1.05w 3.14 ± 0.38x 0.858 ± 0.016w 

9 (n = 24) 8.78 ± 1.06w 3.20 ± 0.52x 0.860 ± 0.0l8w 

18 (n = 12) 6.65 ± 1.16w 5.69 ± 0.53W 0.804 ± 0.016wX 

24 (n = 12) 6.35 ± 1.36w 5.84 ± 0.69w 0.799 ± 0.022x 

IValues are means ± SEM. Values in a column with different superscripts are 
significantly different (P < 0.05). 
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TABLE 8 

Diet effects Oil substrate utilizatiOlzJ 

Respiratory 
Diet Carbohydrate Fat quotient (RQ) 

g/day 

Starch 11.82 ± 1.24R 1.66 ± 0.46c 0.919 ± 0.019" 

High-protein 7.39 ± 1.34" 3.91 ± 0.66" 0.830 ± 0.021" 

Sucrose 12.35 ± 1.20R 2.04 ± 0.53c 0.916 ± 0.018R 

Corn oil 5.83 ± 1.06" 5.12 ± 0.44R" 0.800 ± 0.015hc 

Olive oil 5.25 ± 0.93" 5.33 ± 0.59"b 0.797 ± 0.016hc 

Animal fat 4.47 ± 1.01" 6.16 ± 0.53R 0.776 ± 0.015c 

IValues are means ± SEM, 11 = 12. Values in a column with different superscripts 
are significantly different (P < 0.05). 
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TABLE 9 

Age effects on white adipose tissue lipogenic enzyme activit! 

Glucose-6-phosphate 
Age A TP citrate lyase Fatty acid synthase dehydrogenase Malate dehydrogenase 

(EC 4.1.3.8) (EC 1.1.1.49) (EC 1.1.1.40) 

months 1rJ2/g protein 

2 (n = 24) 129.9 ± 16.0w 112.6 ± 13.1w 1018.4 ± 185.-,w 950.1 ± U5.9w 

9 (n = 24) 38.6 ± 3.6x 139.9 ± 18.3w 278.2 ± 18.2Y 202.6 ± 29.5Y 

18 (n = 12) 64.4 ± 4.4x 123.9 ± 8.8w 312.1 ± 17.2XY 131.0 ± 7.?Y 

24 (n = 12) 135.6 ± 20.6w 134.1 ± 7.6w 668.2 ± 64.5wx 688.7 ± 61.9x 

IValues are means ± SEM. Values in a column with different superscripts are significantly different (P < 0.05). 

2Intemational units = p.moles of substrate converted to product per min. 
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--..) 



TABLE 10 

Age effects on liver lipogenic enzyme activityl 

Glucose-6-phosphate 
Age ATP citrate lyase Fatty acid synthase dehydrogenase Malate dehydrogenase 

(EC 4.1.3.8) (EC 1.1.1.49) (Ee 1.1.1.40) 

months IU2/g protein 

2 (n = 24) 324.1 ± 45.4w 155.1 ± 26.P 1388.0 ± 234.8w 684.4 ± 107.4W 

9 (n = 24) 64.8 ± 4.8Y 45.9 ± 2.6Y 205.8 ± 19.5x 116.3 ± 9.P 

18 (n = 12) 217.8 ± 23.6x 302.4 ± 15.5w 434.5 ± 49.8x 230.6 ± 20.4x 

24 (n = 12) 152.9 ± 13.6XY 126.4 ± 11.0x 409.7 ± 64.9x 171.8 ± 11.9x 

IValues are means ± SEM. Values in a column with different superscripts are significantly different (P < 0.05). 

2International units = pmoles of substrate converted to product per min. 
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Diet 

Starch 

High-protein 

Sucrose 

Com oil 

Olive oil 

Animal fat 

TABLE 11 

Diet effects on white adipose tissue lipogenic enzyme activitY 

Glucose-6-phosphate 
ATP citrate lyase Fatty acid synthase dehydrogenase 

(EC 4.1.3.8) (EC 1.1.1.49) 

[U2/g protein 

111.7 ± 19.9'b 138.4 ± 25.3' 597.7 ± 119.0' 

98.72 ± 18.5ab 138.9 ± 20.3' 666.9 ± 170.7' 

129.5 ± 31.3' 153.1 ± 27.7' 765.6 ± 216.4' 

75.1 ± 29.7'b 112.9 ± 9.05' 490.0 ± 121.9' 

62.37 ± 14.1b 115.2 ± 12.2' 584.2 ± 273.7' 

59.51 ± 1O.6b 104.7 ± 10.6' 469.0 ± 151.0' 

Malate dehydrogenase 
(BC 1.1.1.40) 

751.2 ± 181.9' 

687.8 ± 166.5abc 

698.6 ± 170.8ab 

354.4 ± 84.9bc 

320.6 ± 88.4bc 

312.4 ± 81.82c 

lValues are means ± SEM, n = 12. Values in a column with different superscripts are significantly different (P < 0.05). 

2Intemational units = ILmoles of substrate converted to product per min. 
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Diet 

Starch 

High-protein 

Sucrose 

Com oil 

Olive oil 

Animal fat 

TABLE 12 

Diet effects on liver lipogenic enzyme activit! 

Glucose-6-phosphate 
ATP citrate lyase Fatty acid synthase dehydrogenase 

(EC 4.1.3.8) (EC 1.1.1.49) 

IU2/g protein 

196.5 ± 57.4a 128.0 ± 34.6- 638.1 ± 265.9-

188.9 ± 45.4a 128.8 ± 32.2a 835.8 ± 261.5-

268.5 ± 70.2a 173.2 ± 41.7a 1026.4 ± 360.0-

142.4 ± 29.7- 130.2 ± 30.4- 401.7 ± 107.7-

177.8 ± 44.7a 144.2 ± 38.3- 585.6 ± 199.4-

174.3 ± 42.7a 126.8 ± 28.1a 544.3 ± 2oo.7a 

Malate dehydrogenase 
(EC 1.1.1.40) 

309.1 ± 116.9-

278.9 ± 87.3-

440.1 ± 162.8-

301.0 ± 85.5a 

337.3 ± 112.9" 

337.2 ± 118.8a 

IValues are means ± SEM, n = 12. Values in a column with different superscripts are significantly different (P < 0.05). 

2International units = JLmoles of substrate converted to product per min. 
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TABLE 13 

Age effects on body composition changes! 

Body weight 
Age change Fat mass change Lean mass change Final lean mass Final fat mass 

months g % 

2 (n = 24) 12S.2 ± 4.1w 26.0 ± LOW 99.3 ± 3.4W 79.6 ± 0.2w 20.4 ± 0.2' 

9 (n = 24) 23.6 ± 3.6z lS.9 ± 1.8' 7.7 ± 2.7z 7S.4 ± 1.P 24.6 ± 1.1w 

18 (n = 12) 39.7 ± 4.8Y 8.1 ± 2.7Y 31.7 ± S.4y 80.1 ± 0.4w 19.9 ± 0.4' 

24 (n = 12) 79.4 ± 7.9x IS.9 ± 4.5' 63.S ± 7.7' 78.7 ± 0.6w 21.3 ± 0.6' 

lValues are means ± SEM. Values in a column with different superscripts are significantly different (P < O.OS). 
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TABLE 14 

Diet effects on body composition changes! 

Body weight 
Diet change Fat mass change Lean mass change Final fat mass Final lean mass 

g % 

Starch 61.3 ± 15.4" 20.3" ± 2.9 40.9 ± 13.9' 21.6 ± 0.9' 78.4 ± 0.9' 

High-protein 56.6 ± l3.2' l3.0' ± 3.7 43.7 ± 11.5' 21.0 ± 1.0' 79.0 ± 1.0' 

Sucrose 78.7 ± 15.4' 20.1' ± 3.1 58.6 ± 12.9' 22.4 ± 1.4' 77.6 ± 1.4' 

Corn oil 74.6 ± 15.4' 17.9' ± 3.9 56.6 ± 14.6' 21.6 ± 0.9' 78.4 ± 0.9' 

Olive oil 76.5 ± 14.4" 19.1" ± 2.9 57.4 ± 12.8' 22.8 ± 1.5' 77.2 ± 1.5' 

Animal fat 69.1 ± 1O.9b 17.2' ± 2.5 51.9 ± 9.4" 21.9 ± 1.1" 78.1 ± 1.1' 

tValues are means ± SEM, n = 12. Values in a column with different superscripts are significantly different (P < 0.05). 
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Figure 1. Fasting heat production (kcal/kg physiological body weight; PBW, BW
7S

) 

as affected by diet and age. ST = starch; PRO = high-protein; SUC=sucrose; CO=corn oil; 
00 = olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18- and 
24-month-old, n= 12. a-d.w-zBars with no common superscripts are significantly different (P < 
0.05). 
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Figure 2. Heat production (kcal/kg physiological body weight; PBW, BW7S
) as 

affected by diet and age. ST = starch; PRO = high-protein; SUC = sucrose; CO=corn oil; 
00 = olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18- and 
24-month-old, n= 12. .,d.w,zBars with no common superscripts are significantly different (P < 
0.05). 
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Figure 3. Metabolizable energy intake (kcal/kg physiological body weight; PBW, 
BW7S) as affected by diet and age. ST=starch; PRO=high-protein; SUC=sucrose; CO=corn 
oil; OO=olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18-
and 24-month-old, n= 12 . • -d,w-zBars with no common superscripts are significantly different (P 

< 0.05). 
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Figure 4. Maintenance metabolizable energy needs (kcaIlkg physiological body 
weight; PBW, BW7S) as affected by diet and age. ST=starch; PRO = high-protein; 
SUC=sucrose; CO=corn oil; 00 = olive oil; AF = animal fat. Diets: n= 12; Age groups: 2- and 
9-month-old, n=24; 18- and 24-month-old, n= 12. n.d,w,zBars with no common superscripts are 
significantly different (P < 0.05). 
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Figure 5. Energy retention (kcal/kg physiological body weight; PBW, BW7S) as 
affected by diet and age. ST = starch; PRO = high-protein; SUC=sucrose; CO=corn oil; 
OO=olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18- and 
24-month-old, n= 12. ..d,w,zBars with no common superscripts are significantly different (P < 
0.05). 
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Figure 6. Energetic efficiency (%) as affected by diet and age. ST=starch; 
PRO = high-protein; SUC = sucrose; CO = corn oil; OO=olive oil; AF = animal fat. Diets: n= 12; 
Age groups: 2- and 9-month-old, n=24; 18- and 24-month-old, n= 12. .-d,w-zBars with no 
common superscripts are significantly different (P < 0.05). 
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Figure 7. Carbohydrate utilization (g/day) as affected by diet and age. ST=starch; 
PRO = high-protein; SUC=sucrose; CO = corn oil; 00 = olive oil; AF=animal fat. Diets: n= 12; 
Age groups: 2 and 9, n=24; 18 and 24 n= 12. n-d,w-zBars with no common superscripts are 

significantly different (P < 0.05). 



a 

ab 
6 -

ab 

1-
b 

x 

2 -
:= I 

X 

W 

1-

1= 

I::::::::: 
I::::::::: 
~= 
1=='= 
1= 

1= 

'= 

i-= 

-= 

w 

-----

o L--_'-L-L-L.~_~.LLL-LJLl '- -:=1.=,- tI _L- :~il~JI-lJ_LLULJ:::'=-1-LLLllJ:l--1 
_ c::.-= 

:=-t:: 

2"1 CO 00 AF :2 9 1 0 
() 

i\G E: 

(MON'I'I-I~) 

70 

Figure 8. Fat utilization (g/day) as affected by diet and age. ST=starch; PRO=high
protein; SUC=sucrose; CO=corn oil; OO=olive oil; AF=animal fat. Diets: n= 12; Age 
groups: 2- and 9-month-old, n=24; 18- and 24-month-old, n= 12. nod,wozBars with no common 
superscripts are significantly different (P < 0.05). 
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Figure 9. Respiratory quotient (RQ) as affected by diet and age. ST=starch; 
PRO = high-protein; SUC=sucrose; CO=corn oil; OO=olive oil; AF=animal fat. Diets: n= 12; 
Age groups: 2- and 9-month-old, n=24; 18- and 24-month-old, n= 12. ..d,w,zBars with no 
common superscripts are significantly different (P < 0.05). 
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Figure 10. White adipose tissue ATP-citrate lyase (EC 4.1.3.8) activity (IU/g protein) 
as affected by diet and age. ST=starch; PRO=high-protein; SUC=sucrose; CO=corn oil; 
00 = olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18- and 
24-month-old, n= 12. .,d,w,zBars with no common superscripts are significantly different (P < 
0.05). 
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Figure 11. White adipose tissue glucose-6-phosphate dehydrogenase (EC 1.1.1.49) 
activity (IU/g protein) as affected by diet and age. ST=starch; PRO = high-protein; 
SUC=sucrose; CO=corn oil; 00 = olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 
9-month-old, n=24; 18- and 24-month-old, n= 12. n.d,w-zBars with no common superscripts are 
significantly different (P < 0.05). 
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Figure 12. White adipose tissue malate dehydrogenase (EC 1.1.1.40) activity (IU/g 
protein) as affected by diet and age. ST=starch; PRO=high-protein; SUC=sllcrose; CO=corn 
oil; OO=olive oil; AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18-
and 24-month-old, n= 12 .• -d,w-'Bars with no common superscripts are significantly different (P 

< 0.05). 
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Figure 13. Liver ATP-citrate lyase (EC 4.1.3.8) activity (IU/g protein) as affected by 
diet and age. ST=starch; PRO = high-protein; SUC=sucrose; CO=corn oil; OO=olive oil; 
AF=animal fat. Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18- and 24-month-old, 
n= 12 . •. d,w,zBars with no common superscripts are significantly different (P < 0.05). 
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Figure 14. Liver glucose-6-phosphate dehydrogenase (EC 1.1.1.49) activity (IU/g 
protein) as affected by diet and age. ST=starch; PRO=high-protein; SUC=sucrose; CO=corn 
oil; OO=olive oil; AF=animal fat. Diets: n=12; Age groups: 2- and 9-month-old, n=24; 18-
and 24-month-old, n= 12 . • ,d,w-zBars with no common superscripts are significantly different (P 

< 0.05). 
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Figure 15. Liver malate dehydrogenase (EC 1.1.1.40) activity (IU/g protein) as 
affected by diet and age. ST=starch; PRO = high-protein; SUC=sucrose; CO=corn oil; 
OO=olive oil; AF=animal fat. Diets: n=12; Age groups: 2- and 9-month-old, n=24; 18- and 
24-month-old, n= 12. .-d,w-zBars with no common superscripts are significantly different (P < 
0.05). 
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Figure 16. Liver fatty acid synthase activity (lU/g protein) as affected by diet and age. 
ST=starch; PRO=high-protein; SUC=sucrose; CO=corn oil; OO=olive oil; AF=animal fat. 
Diets: n= 12; Age groups: 2- and 9-month-old, n=24; 18- and 24-month-old, n= 12 . • -d,w-zBars 
with no common superscripts are significantly different (P < 0.05). 
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Figure 17. Fat mass change (g) as affected by diet, and age. ST=starch; PRO=high
protein; SUC=sucrose; CO=corn oil; OO=olive oil; AF=animal fat. Diets: n= 12; Age 
groups: 2- and 9-month-old, n=24; 18- and 24-month-old, n= 12. .,d,w,zBars with no common 
superscripts are significantly different (P < 0.05). 
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CHAPTER 5 

DISCUSSION 

Energy metabolism has been shown to be affected by diet composition (Hill et al., 

1993; Westerterp, 1993) and age (McCarter and Palmer, 1992; Poehlman, 1992). In particular, 

the effects of amount and type of fat in the diet have been evaluated with respect to energy 

utilization and body composition. Vaughn et al. (1991) found that BMR was lower in elderly 

human subjects (71 ± 6 y) as compared to young subjects (24 ± 4 y). According to Poehlman 

(1992), total daily energy expenditure and its components resting metabolic rate, DIT and energy 

expenditure for physical activity are reduced in older human subjects as compared to younger 

subjects. McGrandy et al. (1966) and Elahi et al. (1983) found a significant reduction in total 

caloric intake along with age-related changes in total energy expenditure. 

Our results are in general agreement with those found in the literature. In our studies, 

fasting heat production and heat production declined with age. In addition, ME intakes and 

maintenance requirements were higher for the 2-month-old animals as compared to the other age 

groups. In fact, maintenance ME values were higher than ME intake values for the 18- and 24-

month-old animals, which resulted in negative energy retention for both age groups. Maintenance 

ME intakes and requirements were lower for the older age groups (9-, 18- and 24-month-old), 

as compared to the younger group (2-month-old), which indicates higher energy expenditure for 

the latter group. In addition to lower ME intakes, we found food intake to be lower for the older 

age groups (9-, 18- and 24-month-old) as compared to the 2-month-old animals. Net energetic 

efficiency, however, was lowest (P < 0.05) for the 2-month-old animals. 
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High-fat diets have been found to induce insulin resistance and decreased energy 

expenditure by Danforth (1985) and Storlien et at, (1986), Working with human subjects, Abbott 

et at, (1988) concluded that 24-h energy balance was due almost exclusively to fat balance, 

Leibel et at, (1992), on the other hand, found in human subjects that high-fat foods were not 

more energetically efficient as compared to low-fat foods, In relation to the effect of fat 

composition, neither energy intake nor energy utilization efficiency were affected by saturation 

level in a study by Jones et at, (1992), In addition, dietary fatty acid composition (fish oil, 

safflower oil, olive oil, beef tallow) did not have an effect on energy expenditure (measured by 

doubly labelled water) in rats, in a study by Su and Jones (1993), although efficiency was higher 

for the olive oil and beef tallow groups, 

In our studies, net energetic efficiency was lower for the animal fat diet as compared 

to the other fat sources, Diet composition did not affect fasting heat production, heat production, 

ME consumption or maintenance ME requirements, Energy retention was highest for the sucrose 

diet, while the animal fat diet produced the lowest energy retention, 

Insulin has an effect on both fat and glucose metabolism, There is evidence for 

increased insulin resistance with advanced age (Kalant, Stewart and Kaplan, 1988; Reaven et at" 

1989; Couet et at" 1992), We found fat utilization and RQ to be significantly (P < 0,05) lower 

for the 24-month-old animals, These results are consistent with the general idea that increased 

insulin resistance due to aging could result in decreased carbohydrate utilization. 

According to Flatt et at, (1985) dietary fat fails to alter the composition of the 

metabolic fuel mix oxidized at any time during a 9-h period after breakfast, demonstrating that 

fat is being channeled toward storage, Also, Flatt (1988, 1991a,b) has observed that in ad 

libitum-fed mice, carbohydrate utilization was proportional to carbohydrate and food intakes; 
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whereas fat oxidation was negatively correlated with food and fat intake. In our studies, 

carbohydrate utilization was higher in the high-carbohydrate diets, but fat utilization was also 

higher in the high-fat diets, which is not in agreement with Flatt's data with dee. Flatt's 

proposal that the amount of fat ingested has no effect on postprandial substrate utilization was not 

borne out in our studies. On the other hand, our results are in agreement with those by 

Verboeket-van de Venne, Westerterp and ten Hoor (1993) who found, in human subjects, that 

24-h RQ was significantly affected by the fat content of the diet: low-fat diets had higher RQ 

values than high-fat diets, reflecting higher fat utilization with high-fat consumption. 

There are reports that the type of fat has an influence on substrate utilization. In 

comparing the effects of feeding diets containing safflower oil or beef tallow, Shimomura et al. 

(1990) found the saturated fat source produced a lower RQ, indicating higher fat utilization. 

Jones et al. (1992) found that obese individuals consuming a diet high in saturated fats oxidized 

less fat, compared to basal levels, than lean individuals. In our studies the high-fat diets 

produced a significantly lower RQ, but among them the animal fat source was utilized at a 

significantly higher rate compared with the other high-fat diets. 

Diet ME was significantly lower for the 18- and 24-month-old animals, as compared 

to the other age groups, indicating a lower digestibility with aging, which is in agreement with 

the work by Webster et al. (1977) on fat absorption and aging. In addition, diet ME for the diets 

reflect a poor digestibility for the animal fat diet, as compared to the other two high-fat diets. 

In general, activities for GDH, CTL and MDH in white adipose tissue were higher for 

the 2- and 24-month-old rats as compared to the other age groups. There is evidence for 

decreased lipogenic enzyme activity with advanced age (Kaiser et al., 1983; Bakarat et al., 1989). 

Fukuda, Katsurada and Iritani (1990) reported that after refeeding a fat-free diet to fasted rats 
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(male Wistar), increases in mRNA concentration, and enzyme activity of hepatic MDH and GDH 

were always lower in 18-month-old rats than in 1.5-month-old rats. Mooradian et at. (1991) 

studied mRNA levels and activity for MDH in relation to age in male Fisher 344 rats; basal 

MDH activity was significantly reduced in older rats (6-month-old) as compared to younger 

animals (2-month-old). Response of MDH to triiodothyronine in the older animals was reduced 

by approximately 50% as compared to the younger rats. In contrast to those studies, we found 

an enzyme activity that is similar for the 2- and 24-month-old animals in adipose tissue, with 

lower activities for the other two age groups. In liver tissue, activities for the enzymes CTL, 

GDH and MDH was higher for the 2-month-old animals, in agreement with results found in other 

studies; the exception to this was FAS for which the 18-month-old rats had the highest activity. 

Kroening (1990) found liver and adipose tissue lipogenic enzyme activity to be higher for younger 

Fisher 344 rats (2- and 6-month-old) as compared to older animals (18- and 27-month-old); in 

adipose tissue, lipogenic enzyme activity declined linearly with age. 

Lipogenic enzyme activity has been found to be reduced by high-fat diets (Shillabeer 

et at., 1990; Clarke, 1990a,b). In our study we found no difference, among the six diets, in 

activity for the adipose tissue lipogenic enzymes FAS and GDH, although values for the high-fat 

diets (corn oil, olive oil and animal fat) were consistently lower as compared to the low-fat diets 

(starch, high-protein and sucrose). In addition, activity for CTL and MDH was significantly 

higher for the low-fat diets as compared to the high-fat diets. No significant effect of dietary 

composition was found in activity for the liver tissue lipogenic enzymes FAS, MDH, CTL or 

GDH. Studies by Coupe et at. (1990) focused on determining activities and mRNA 

concentrations of FAS, and acetyl CoA carboxylase (ACC) in rat white adipose tissue during the 

suckling-weaning transition. Activities and mRNA concentrations of the enzymes were low in 
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suckling rats; weaning to a high-carbohydrate diet produced a rapid increase in lipogenic enzymes 

mRNA, while weaning to a high-fat diet did not produce such an effect. Recently, Perdereau et 

al. (1992) showed that the increase in lipogenic enzyme mRNA concentrations and activities 

occurring in white adipose tissue (in rats) after weaning to a high-carbohydrate diet is dependent 

on an increase in plasma insulin concentration. Part of the effect could be due to a decrease in 

plasma free fatty acids leading to an accumulation of FAS and ACC mRNA; fatty acids 

(particularly polyunsaturated fatty acids) are inhibitors of lipogenic enzyme gene expression 

(Clarke et al., 1990a; Perdereau et al., 1992). 

The aging process is characterized in man by a gradual increase in body fat (Vaughn 

et al. 1991). Fat mass increase in absolute terms, but also age-related declines in lean body mass 

amplify the shift in body components so that percent body fat may actually double over a 40- to 

50-y span. Fat deposition patterns shift to become more centralized, with the risk for abdominal 

obesity, which is a risk factor for a variety of chronic diseases, and may be associated with 

altered patterns of energy expenditure in elderly people (Vaughn et al., 1991). Roberts et al. 

(1993) did not find evidence of a different response to overeating in young and old subjects; 

weight gain was similar with an identical increase in energy intake. In our studies, body weight 

changes, fat mass changes, lean mass changes and final lean mass were significantly higher for 

the 2-month-old rats as compared to the other age groups. The 18-month-old group had the 

lowest values for body weight change, fat mass change, lean mass change and final fat mass. 

All of the age groups had similar values for final lean mass and final fat mass. 

Storlien et al. (1986) found that high-fat feeding results in insulin resistance and a 

reduced energy expenditure, leading to obesity. According to Prewitt et al. (1991) percent fat 

decreases significantly on a low-fat diet as compared to a high-fat diet both in obese and nonobese 
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women. Hill et al. (1992) found that obesity develops in rats on a high-fat diet. On the other 

hand, Jones et al. (1992) reported that fatty acid composition (saturation) makes a difference in 

obese versus lean subject, in substrate oxidation. Hill et al. (1993) studied the effect of diets 

containing fish oil, medium chain triglycerides, corn oil or lard on body weight and composition 

of adult male Wistar rats. They found that rats consuming the fish oil diet had less total body 

fat, less intra-abdominal fat and less insulin resistance, as compared to rats eating the medium 

chain triglyceride, corn oil or lard diets. Similar results were reported by Su and Jones (1993) 

who observed higher lean body mass gains and lower fat mass gains in rats fed diets containing 

fish oil, compared with rats fed olive oil or beef tallow. 
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CHAPTER 6 

CONCLUSIONS 

The results of these studies suggest that the main changes in energy metabolism occur 

at an early age. Fasting heat production, heat production, maintenance ME requirements as well 

as ME intakes were consistently higher for the 2-month-old animals, as compared to the other 

age groups. These findings show that growing animals have a higher metabolic rate, as compared 

to adult animals. In the case of the two older age groups maintenance ME requirements were 

higher than ME intakes, resulting in negative energy retentions; the 2-month-old animals had 

higher ME intakes than maintenance ME requirements, which is in agreement with the fact that 

growing animals accumulate more energy. Food intake was highest for the 2-month-old animals, 

but net energetic efficiency was lowest for this age group. 

The 2- and 9-month-old animals oxidized more carbohydrates, while the 18- and 24-

month-old animals oxidized significantly more fat as reflected by RQ values, which were higher 

for the 2- and 9-month-old groups of animals. Animals eating the high-carbohydrate diets utilized 

more carbohydrate for energy, as compared with animals eating the high-fat diets. 

Lipogenic enzyme activities were consistently higher for the 2-month-old rats; in 

adipose tissue, the other age group with a relatively high lipogenic enzyme activity was the 24-

month-old group. However, the younger animals had higher enzyme activities in both adipose 

tissue, and liver. These results indicate that the lipogenic activity (per g protein) was higher in 

younger animals. In general, there was a tendency of high fat diets to induce lower enzyme 

activities, particularly in adipose tissue, although it was not always statistically significant. These 

results are in agreement with those indicating that high-fat diets reduce lipogenesis. 
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As could be expected from actively growing animals the 2-month-old rats gained, in 

absolute terms, more weight, more lean mass, and more fat mass than the 9-, 18- and 24-month

old animals. However, the 24-month-old animals were second to the 2-month-old animals in 

body weight change (g), fat mass change (g), and lean mass change (g). Final fat mass was 

higher, and final lean mass was lower for the 9-month-old rats. Diet had no significant effect 

on the body composition parameters; however, the animal fat-fed animals gained less weight than 

animals fed the other diets. High-fat diets are expected to induce more fat deposition, but it may 

be that longer experiments need to be done to [lee that effect. 

The main conclusions that can be drawn from our experiments are: 1) Younger (2 

mo), actively growing animals have significantly higher fasting heat production, heat production, 

ME intakes, maintenance ME and energy retention values than the 9, 18 or 24 mo groups. Age 

also resulted in lower ability to digest food, as reflected by the lower dietary ME values for the 

three older groups as compared to the 2-month-old animals. Younger rats utilized more 

carbohydrate and less fat than older animals; while older rats oxidized more fat and less 

carbohydrate than younger animals. The tendencies in substrate utilization were reflected in the 

RQ values. Although food intake was higher for the younger rats, they used food less efficiently 

than the older animals. Our results suggest that feeding high-protein, olive oil and animal fat 

diets results in lower energy retention, particularly evident for the animal fat diet. The ME 

values for the diets also suggest that animal fat diet was poorly digested. The high-protein and 

animal fat diets were the least efficiently utilized of the six diets. According to our data, high-fat 

diets induced higher fat utilization, as compared to low-fat diets; also, high-carbohydrate diets 

induced higher carbohydrate utilization. 2) Lipogenesis, measured by lipogenic enzyme activity 

was more active in the younger animals; in addition, these animals gained more fat than the other 
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age groups. In general, high-fat diets depressed lipogenic enzyme activity, and no difference was 

found with respect to the type of fat. 3) We found that younger animals gain more weight (both 

lean and fat) irrespective of the diet; final fat mass was the same for all of the age groups, except 

for the 9-month-old animals. Compared to the other diets body weight change was lower for the 

animals fed the animal fat diet. 

An extensive body of information exists with respect to fat consumption and energy 

intake. The general recommendations are to reduce total caloric intake and to reduce fat intakes. 

We found that old animals are able to utilize more fat as compared to young animals. It may be 

that the recommendation in terms of fat consumption should be different for young people and 

older people; according to our results the latter may be able to metabolize more fat and less 

carbohydrate than the former. In addition, our results show that dietary fat can alter the 

composition of the metabolic fuel mix oxidized in such a way that if high-fat diets are consumed, 

fat utilization increases. 
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