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Adrenalectony arrests cdevelopment cf obesity in ob/ob rice fed
high-carbohydrate stock ciets and housed at 20-25'C partly by
stinulating brown &cipose tissue (BAT) thermogenesis. However,
adrenalectozy fails to prevent obesity in ob/ob mice fed the high-fac
diet. Therefore, one objective of my research was to determine
whether ciet composition (high-fat, high-glucose or high-starch)
interacts with glucocorticoid to influence energy balance and BAT
metabolism in ob/ob mice. A second objective was to determine whether
adrenalectony would &lso prevent the development of obesity and
stinulate BAT thermogenesis in ob/ob mice housed at 35'C where BAT
therroregulatory heat production is not needed.

Ob/ob mice fed a high-fat diet developed gross obesity even though
consumption of the high-fat diet stimulated BAT metabolism, as
assessed by rates of norepinephrine turnover in BAT, GDP binding to
BAT mitochondria, and GDP-inhibitable mitochendrial swelling. Also,
ob/ob mice housed at 35'C retained dietary energy more efficiently
than leazn mice even though BAT thermogenic activity was equally low in
ob/ob and lean mice. These results suggest that BAT plays a minimal

role in developrent of obesity in cb/ob mice fed a high-fat cdiet, or

in ob/ob mice housed in a warm envircnwent.




Eve-Fvung Kim

hdrenalectomy failed to arrest the cevelcpment of obesity or to
influence BAT metebolisn in ob/cb mice fel high-fat or high-glucose
diets. However, adreralectomy markedly Cecreased mecatolic efiiciency
and enhanced EAT metabo:i_sa in ob,/cb mice fed a higii-starch ¢i2t and
housed at 25'C or 35'C. The enhanced BAT metebolism in
acrenalectorized ob/cd mice housed et 25'C was assoclated with
ircrecced sympathetic nervous system activity and stimulztion of the
GDr-bincing protein without an increase in mitochondriel! mass. Eut at
35'C, enhanced BAT metabolisr wes associated with increzse in both
syzpathetic nervous system sctivity and mitochondrial rass, wichout
specific stimulation of the mitochorcrial CDF-binding protein. These
results suggest that adrenalectomy-induced recuctions in energetic
efficiency in ob/ob mice are linked to stinuls:ioﬂ of BAT metsbolism.

The observations that high energetic efficiency is often., but not
always, linked to low BAT metabolism, and removel of the adrensls
often, but not always, prevents further development of cbesity in
ob/ob mice indicate that these factors contribute to the obesity
characteristic of ob/ob mice, but are not likely the origin ¢f the

primary defect in ob/ob mice.
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CHAPTER 1. REVIEW OF LITERATURE



1.1. INTRODUCTION AND DISSERTATION RESEARCH OBJECTIVES

Obesity is a major nutrition related disorder in the western world
affecting up to 30 to 40 % of the middle-aged American population.
Many of these obese people are at an increased risk of disease and
early death. Increased incidences of disease such as coronary heart
disease, hypertension, diabetes and gallstones in the obese adult
stress the need to identify the factors which contribute to obesity.

Basically, obesity is a problem of energy imbalance.
Inappropriately high energy intake or low energy expenditure produces
excess energy, which lead to increased fat storage and gain in body
weight. However, among laymen it is widely accepted that some persons
remain lean for years despite eating large amounts of food. Other
individuals become obese on a normal food intake and fail to lose
weight in spite of strenuous efforts to limit intake.

In a recent review Bray (9) summarized that genetic factors are
important in making an individual resistant to those factors in the
environment which would tend to enhance obesity. Also, the
susceptibility of particular strains of animals and ethnic groups of
humans to become obese supports the fact that genetic factors
contribute to the development of obesity. The great difficulty in
identifying the factors responsible for the development of obesity in
man has led to considerable interest in animal models and a wide range
of such models are now used in experimental studies on energy
metabolism (12). These animal models are divided into those in which
obesity is transmitted genetically, such as obese ob/ob mice,

diabetic-obese db/db mice and Zucker or fatty fa/fa rats, and those in



which obesity is induced experimentally, such as lesioning of the
ventromedial hypothalamus, the administration of goldthioglucose (GTG)
or monosodium glutamate and, in some strains, feeding a high-fat

diet. My research has focused on genetically obese ob/ob mice as an
experimental animal. I will, therefore focus on genetically obese
rodents.

Results of early studies showed that obesity could develop in
genetically obese mice and rats in the absence of hyperphagia, and
indicated that these obese mutants retained dietary energy with a
greater efficiency than normal by reduced energy expenditure (1,9,71).
The metabolic basis for this high efficiency of energy retention has
been actively pursued for several decades and several mechanisms have
been proposed by which high metabolic efficiency might be achieved
(52,84,87,144). Results from studies carried out during the last ten
years with a number of different animal models of obesity have shown
that the high metabolic efficiency of obese animals may be associated
with defective control of the sympathetic nervous system (SNS) and
with suppression of an important component of energy expenditure,
namely, adaptive thermogenesis in brown adipose tissue (BAT) (35,36,
43,45,50,60,61,142,147).

The SNS is thought to play a prominent role in initiating and
maintaining BAT thermogenesis. When housed at 20-26'C and fed stock
diets, BAT SNS activity, as indicated by noreinephrine (NE) turnover,
is approximately 50 % lower in ob/ob mice than in lean counterparts
(60, 61,142,147). Low rates of NE turnover in BAT of ob/ob mice are
observed before visual signs of gross obesity are evident, indicating

that low SNS activity in BAT of ob/ob mice is not simply a secondary



consequence of obesity (61). SNS stimulation of BAT metabolism is
also depressed in obese (fa/fa) rats (67,136). BAT of fa/fa rats
receives less sympathetic innervation than BAT of lean controls and
this is observed after 3-4 months of age, suggesting that low SNS
activity in BAT of obese rats is secondary to their development of
gross obesity. Thermogenic capacity of BAT, as assessed by GDP
binding to BAT mitochondria is reduced in ob/ob mice and rats when
they are housed below their thermoneutral zone (35,36,43,45,50).

Adrenal secretions, specifically corticosterone, have long been
known to play an important role in controlling energy balance through
the regulation of food intake and energy expenditure. In genetically
obese mice and rats, higher plasma corticosterone levels are
associated with hyperphagia and defective BAT thermogenesis
(29,37,47,69,109, 110). Adrenalectomy reduces energy intake and
energy retention, and it increases BAT thermogenic activity in obese
rodents (29,48,50,71, 108,132). Administration of corticosterone to
adrenalectomized obese animals reverses many of the effects of
adrenalectomy; corticosterone administration causes an increase in
efficiency of energy retention and a decrease in BAT thermogenic
activity (29). The effects of glucocorticoids on BAT thermogenesis
appear to be mediated by changes in SNS activity, since adrenalectomy
increases the NE turnover rate and NE concentration in BAT (132).

However, the outcome of adrenalectomy is affected by the diet
consumed by animals. In ob/ob mice, adrenalectomy reduced the
efficiency of energy retention and energy density of body weight gain
to values approximating those in lean mice when they were fed a

nonpurified high-carbohydrate stock diet, but adrenalectomy failed to
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alter these parameters in ob/ob mice fed a semipurified high-fat or
high-glucose diet (37,146). The changes in energy efficiency and body
composition in adrenalectomized ob/ob mice fed a high-carbohydrate
nonpurified stock diet are associated with increased SNS activity
(132) and increased thermogenic capacity (48,50,71) in BAT.

Therefore, adrenalectomized ob/ob mice fed purified high-fat or
high-carbohydrate glucose diets may have maintained a high efficiency
of energy retention partly because of failure of adrenalectomy to
activate BAT metabolism. However, data have not been published to
support this possibility.

Environmental temperature is another factor that affects energy
balance and BAT thermogenesis. Exposure to cold increases energy
expenditure to maintain body temperature in experimental animals
(25,126,147), and the low capacity for thermoregulatory thermogenesis
is claimed to be the primary factor for the development of obesity in
ob/ob mice housed below thermoneutral temperature (43,45). When ob/ob
and lean mice are housed in a warm environment (30-35'C) to eliminate
the need for thermoregulatory thermogenesis, BAT thermogenic activity
is equally low in both ob/ob and lean mice, but ob/ob mice still
retain dietary energy more efficiently than lean mice (99,126). This
result suggests that factors other than BAT contribute to the high
efficiency of energy retention in ob/ob mice. Effects of
adrenalectomy on energy balance and BAT metabolism have not been
investigated in ob/ob mice housed at a thermoneutral temperature.

Therefore, the purpose of my research is to examine whether diet
composition (high-fat and high-carbohydrate) and warm environmental

temperature (35'C) interact with glucocorticoids to influence energy






balance and BAT metabolism in ob/ob mice. The hypothesis was that
consumption of a high-fat or a high-glucose diet, and exposure to a
warm environment, would interfere with activation of BAT metabolism in
adrenalectomized ob/ob mice, and cause the adrenalectomized ob/ob mice

to maintain high efficiency of energy retention.

1.2. ENERGY BALANCE IN GENETICALLY OBESE RODENTS

The first law of thermodynamics states that within the total
system, energy is neither lost nor gained. This principle of energy
conservation also holds for biological energy transformation. Whole
animal energy balance can be formulated as energy intake = energy
expenditure + energy storage. While energy intake is solely
represented by metabolizable energy of the foods consumed, energy
expenditure is the sum of 3 main components: basal metabolic rate

(BMR), the energy cost of physical activity, and thermogenesis.

1.2.1. Energy Intake

The overall control of energy intake is integrated in the central
nervous system. The hypothalamus is an important control center
within the brain: destruction of the ventromedial hypothalamus is
followed by hyperphagia and obesity, and damage to the lateral
hypothalamus reduces food intake (10,64,94). It has been generally
assumed that energy intake is the major controlling factor in energy
balance regulation, and that a defective appetite control (i.e.
hyperphagia) is the primary cause of obesity in man and experimental

animals. 1Indeed, an increase in energy intake by genetically obese






(ob/ob) mice and rats (fa/fa) has been reported by a number of
investigators (1,9,67,71). The regulation of food intake in adult
ob/ob mice is abnormal, showing incomplete compensation of caloric
intake in response to dilution of the diet with indigestible
substances (92), but overconsumption of calories in response to a
high-fat diet (31). However, the lateral and ventromedial
hypothalamic centers regulating energy intake appear intact in ob/ob
mice. Food intake of preobese ob/ob mice is very close to normal at
this stage (69) and several studies indicated that during the suckling
period energy intake is similar in ob/ob and lean siblings even though
excess body fat deposition and body weight gain has already begun
(69,128). This suggests that low energy expenditure rather than
hyperphagia is the primary cause of the initial excessive fat

deposition in preobese ob/ob mice.

1.2.2. Energy Expenditure

Results of early studies show that obesity could develop in
genetically obese (ob/ob) mice and rats (fa/fa) in the absence of
hyperphagia, and indicate that these mutants expend less energy and
retain dietary energy with a greater efficiency than normal in order
to accumulate more fat (1,9,71). Pair-feeding studies with several
different obese mutants (fa/fa rat and ob/ob mice) have confirmed that
a common feature of genetically obese rodents is the ability to gain
excess body fat on an intake no greater than that of lean littermates
(1,71). When obese mutants are fed ad libitum their energy gain is
even higher than in the pair-fed condition indicating that hyperphagia

also contributes significantly to development of obesity in these



animals. Energy expenditure per unit body weight, measured by oxygen
consumption, is decreased in preobese ob/ob mice at 14-21 days of age,
before the visual signs of obesity develop (58), and also in adult
ob/ob mice (129). Body temperature of ob/ob mice is likewise
depressed at ambient temperatures of 20-25'C (128,133). Indeed, the
decreased oxygen consumption and the hypothermia resulting from the
hypometabolism appear as two of the earliest detectable defects in the
ob/ob mice. Similar alterations are evident in fa/fa rats (57).

Thus, it appears that in obese mutants, development of obesity is due
to the high efficiency of energy retention caused by reduced energy

expenditure, with hyperphagia only occurring at a later stage.

1.3. METABOLIC BASIS FOR HIGH ENERGY EFFICIENCY

The metabolic basis for this high efficiency of energy retention
in obese rodents has been actively pursued for several decades, and
several mechanisms have been proposed by which metabolic efficiency
might be achieved.

i) Uncoupling of oxidative phosphorylation

The metabolism of metabolic fuels might be uncoupled from the
formation of adenosine triphosphate (ATP) or other high energy
phosphate bonds. Increased heat production in BAT falls into this
mechanism. Nicholls (87) has suggested that BAT mitochondria possess a
proton conductance pathway which allows protons to ’‘leak’ back across
the inner mitochondrial membrane without obligatory synthesis of ATP.
Thus, respiration is uncoupled from phosphorylation, with a resultant

increase in heat production (see chapter 1.3.1.1).



ii) Increased utilization of ATP

Increased utilization of ATP stimulates mitochondrial substrate
oxidation with subsequent increase in heat production. For example,
Horwitz (52) has proposed that utilization of ATP by the Na,K-ATPase
enzyme contributes significantly to energy expenditure (see chapter
1.3.2). Also there might be differences in the rates at which ATP or
other high energy phosphate bonds are metabolized by other enzymes.
Newsholme (84) suggested that several substrate cycles are responsible

for metabolic regulation and weight control (see chapter 1.3.3).

1.3.1. Brown Adipose Tissue

Although the thermogenic function of brown adipose tissue (BAT)
has been known for over 20 years, only recently was it realized that
the energy expended for thermogenesis in BAT can contribute
substantially to total energy expenditure. The quantitative
importance to thermogenesis was shown by Foster & Frvdman (27) to be
such that the BAT, which constitutes only 1-2 % of body weight of
rats, accounts for 60 % or more of the rise in metabolic rate on
maximal stimulation by cold acclimation for 4 wks. and up to 26 % of
total body heat production under these conditions. Blood flow to BAT
is capable of a 27-fold increase, and can account for up to 25 % of
the cardiac output. These variations in BAT activitv suggest that BAT

could be of importance in energy balance and the etiology of obesity

1.3.1.1. Mechanism of heat production in brown adipose tissue
The principal mechanism of heat production by BAT involves the

uncoupling of oxidative phosphorylation. BAT mitochondria have a



unique proton conductance pathway that permits them to become
reversibly uncoupled, and thus to oxidize both endogenous and
exogenous substrates at an extremly high rate independent of the need
to phosphorylate ADP (87). The mechanism involves a specific protein
(32,000 D polypeptide) which is on the outer surface of the inner
mitochondrial membrane and is variously known as thermogenin,
uncoupling protein, nucleotide binding protein, and GDP-binding
protein. The sequence of BAT thermogenesis begins with a stimulus,
such as cold stress or diet, which activates the svmpathetic nervous
system (SNS) which densely innervates BAT (87). Norepinephrine (NE),
released by the sympathetic nerve endings, binds to beta-adrenergic
recepters on BAT plasma membranes and activates adenyl cyclase,
leading to increased c-AMP concentration. The increased c-AMP
stimulates a hormone-sensitive lipase and accelerates subsequent
lipolysis in the BAT cells. The released free fatty acids are used as
fuel for increased mitochondrial oxidation. Fatty acids released
during lipolysis stimulate the unique proton conductance pathway while
purine nucleotides inhibit this pathway. The exact mechanisms for

activation and inhibition of the pathway are yet to be established.

1.3.1.2. Assessment of thermogenesis
The only quantitative method for assessment of BAT thermogenesis
in intact animals is measurement of its blood flow, with radioactive
microspheres, and of the A-V difference in oxvgen tension across the
various BAT depots (27). Foster and Frydman (27) introduced this
method and demonstrated that BAT could account for 60 3 of the

calorigenic response of the NE stimulus in cold acclimated rat.
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However, this method have several disadvantages. First, it needs
several cannulations for introduction of microsphere markers and
withdrawal of arterial or venous blood. Second, BAT depots are
distributed at many different sites, and the differently located
masses of BAT may not exhibit a uniform increase in blood flow with
increase in metabolic rate.

Indirect measures of BAT thermogenesis include the assessment of
the increase in whole body metabolic rate in response to NE. This
approach assumes that the increases in metabolic rate are caused by
increased BAT metabolism, an assumption that is not entirely wvalid.
Measurement of NE turnover in BAT provides information about the
activity of the sympathetic nervous system, which is the key regulator
of the BAT thermogenesis, in the tissue. It is a better indicator of
sympathetic tone than are changes in concentration of NE in BAT, which
may remain constant or even decrease when the sympathetic nervous
system is activated (14). It also provides more direct information
than does measurements of plasma or urinary NE. One approach to
measuring NE turnover has been to follow the decline in NE content of
innervated organs after injection of a drug, such as
a-methyl-p-tyrosine, to block synthesis of NE (14). Another approach
has been to measure the decline in 3H-NE in innervated organs after
injection of 3H-NE (14,141). 1 found that the results from these two
methods were comparable (see chapter 2.3).

Several in vitro methods have been used to give a qualitative
index of thermogenic state of BAT. The ability of the 32,000 D
protein to bind purine nucleotides, such as GDP, provides a means of

assessing the capacity of BAT thermogenesis (87). The extent of
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binding depends both on the concentration of the uncoupling protein
and on the accessibility of the sites to externally added

nucleotides. Binding is low in mitochondria from quiescent BAT, and
is rapidly increased when the tissue is acutely stimulated by
activation of its sympathetic nerves or by administration of NE. A
rapid increase in binding, in the absence of changes in the amount of
the protein, is associated with ultrastructural changes in the
mitochondria and occurs during acute cold exposure (123). It has been
demonstrated that such an increase can be observed even in the
presence of the protein synthesis inhibitor cycloheximide (25), and is
thus not due to the synthesis of new 32,000 D protein. This increase
in GDP binding is interpreted as an "unmasking" of sites already
present in the membrane. The fuctional significance of this
"unmasking" is not entirely clear, but it serves as a useful index of
the thermogenic activity of the tissue.

Nedergard and Cannon (81) have suggested that unmasking of GDP
binding sites could result from mitochondrial swelling, as indicated
by changes in the volume of the mitochondrial matrix. The
significantly increased permeability of the inner membrane to H+ (or
OH-) and Cl- occurs via the 32,000 D protein, and can be monitored by
measuring the rate of GDP-inhibitable swelling (18). Sundin reported
that swelling correlated with GDP binding in mitochondria from cold
adapted rats (121). However, Swick and Swick (122) were unable to
demonstrate any change in GDP binding associated with mitochondrial
swelling. Recently they reported that Mg++ participates in the
activation of GDP binding sites, and proposed a covalent modification

as a mechanism of unmasking of GDP binding sites (123). In addition,
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I found that incubation of isolated BAT mitochondria with Mg++
enhanced the binding of 3H-GDP (see chapter 4.3).

Some measurements of the amount of BAT present in an animal may be
inaccurate because of difficulty in recognizing the tissue visually.
The wet weight of BAT is not an accurate measure of metabolic
capacity, serving only as a very rough index of amount of lipid stored
in the tissue. Measurement of total protein, DNA, or a mitochondrial
marker enzyme such as cytochrome oxidase provides a better index of
the amount, but not of the metabolic activity of the tissue. The
recent development of an immunoassay for the measurement of amount of
32,000 D protein (97) provides a more direct means of identifying BAT
thermogenic capacity than above methods, but this method does not
provide an indication of the extent of "masking" of the protein

present when the animal was killed.

1.3.1.3. BAT thermogenesis in obese rodents

Several studies with a number of different animal models of
obesity have shown that the high metabolic efficiency of obese animals
is associated with defective control of the sympathetic nervous system
and adaptive thermogenesis in BAT. For example. measurements of blood
flow and the A-V difference in oxygen across interscapular BAT in
ob/ob and lean mice before and after injection of NE showed that the
smaller metabolic response of ob/ob mice to NE was almost totally
accounted for by a smaller response of BAT (27). It was also
calculated that the diminished capacity for BAT thermogenesis in ob/ob
mice could account for their lower energy expenditure and the

consequent sparing of energy, which along with hyperphagia, would
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promote the development of obesity.

The sympathetic nervous system is thought to be a key regulator of
BAT thermogenesis, and SNS activity indicated by NE turnover is 50 %
lower in BAT of ob/ob mice than in leans when they are housed at
20-26'C and fed a stock diet (60,61,142,147). Thermogenic activity
assessed by GDP binding to BAT mitochondria is also reduced in ob/ob
mice when they are housed below their thermoneutral zone
(35,36,43,45,50). Low rates of NE turnover and GDP binding in BAT of
ob/ob mice are observed before visual signs of gross obesity are
evident, indicating that these defects are not simply a secondary
consequence of obesity (61).

One of the abnormalities observed in ob/ob mice is the failure to
maintain body temperature upon exposure to a cold environment (73).
Exposure of animals to cold activates the SNS. When ob/ob mice are
acutely or chronically exposed to cold (4'C or 1l4'C). NE turnover in
BAT increases markedly (60,61,142,147). Thus. the SNS of ob/ob mice
has the inherent ability to respond when severely challenged.
However, these mice fail to respond with increased BAT thermogenesis
at 4'C. This failure to activate nonshivering thermogenesis in BAT
leads the animal to be sensitive to cold so that ob/ob mice die within
a few hours when exposed to 4'C (73,128,129). Ob,ob mice can,
however, survive exposure to less severe cold (l4'C) (45,60).
Although body temperature is still lower in ob/ob mice than in leans
after 10-20 days at 14'C, BAT has been shown to be activated in these
mice (100).

It has been sugested that an impairment of the capacity for

diet-induced thermogenesis contributes to the increase in efficiency
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of energy retention and consequent obesity in obese rodents. The fact
that the hyperphagia of genetically obese animals leads to the
accelerated development of obesity clearly indicates that the
diet-induced thermogenesis of these animals is limited. 1In an
experiment using a cafeteria diet (animals are fed a variety of
palatable human foods), lean rats were found to deposit only 4 % of
their excess energy intake during overfeeding, suggesting that they
have a very substantial capacity to dissipate energy by diet-induced
thermogenesis. In contrast, fa/fa rats deposited 55 % of their extra
energy intake on the cafeteria diet. Similar results have been shown
with ob/ob and lean mice. For the 5 week post-weaning period, ob/ob
mice converted 3-4 times more dietary energy to body energy than lean
mice, even though ob/ob mice consumed only 20-40 % more energy (69).
Therefore it appears that regulatory diet-induced thermogenesis is
defective in the obese mutant. Thus, obese mutants are defective in
both diet-induced thermogenesis and cold-induced nonshivering
thermogenesis, and this double defect was thought to provide an
explanation for the deficit in energy expenditure and the high
metabolic efficiency of the obese rodents. However, as I found and
will discuss in chapters 2,3, and 4, the situation is more complex
than what first appears; diet composition and environmental
temperature can influence BAT metabolism in ob/ob mice without
necessarily causing parallel changes in efficiency of energy retention

in these animals.

1.3.2. Na,K-ATPase

It is claimed that a large proportion of energy expenditure is
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associated with the maintenance of electrolyte equilibrium across the
cell membrane, particularly of sodium (55). Na,K-ATPase utilizes the
energy released by hydrolysis of ATP, and is therefore distinct from
the BAT proton conductance pathway which decreases the efficiency of
ATP formation. The increased utilization of ATP stimulates
mitochondrial substrate oxidation with subsequent increases in heat
production. Horwitz has suggested that heat is produced in BAT by the
sodium pump activity itself and by increased cellular respiration
which is stimulated by a signal generated from the activity of the
sodium pump (52). However, its contribution to thermogenesis is
probably small. The first observation suggesting a possible link
between Na,K-ATPase and obesity was the report in 1978 that ob/ob mice
had lower Na,K-ATPase activity in homogenates of liver and skeletal
muscle than lean counterparts (135). Several investigators confirmed
this result (68,115). Because these genetically obese mice have a
well defined abnormality in cellular thermogenesis, these observations
provided a potential biochemical mediator at the cellular level for
this thermogenic deficiency. Although alterations in Na,K-ATPase
activity and/or a decrease in the enzyme units have been demonstrated
in liver and muscle of ob/ob mice, others have failed to demonstrate
any difference between ob/ob and lean mice in the number of
Na,K-ATPase enzyme units in skeletal muscle (20) or in the enzyme
activity in BAT (62). Other obese models such as GTG obese mice and
genetically obese fa/fa rats do not appear to have a defective Na, K-
ATPase activity (12,135). Therefore the lack of clear results reduces
the likelihood that this mechanism is a common primary factor in the

etiology of obesity. Furthermore, inhibition of Na,K-ATPase by
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a minor fraction of the thermogenic effect is mediated by sodium

pumping (19).

1.3.3. Substrate cycles
Substrate cycles, also referred to as futile cycles, are another
mechanism that might be involved in heat production and modulation of
energy efficiency. These cycles occur when there are 2 opposing
metabolic pathways in the cell with seperate enzymes catalyzing
forward and reverse reactions. The continual cycling of substrates
through a series of synthetic and degradative reactions which have the
same initial and final energy status (i.e.reversible) requires ATP and
therefore involves an obligatory loss of energy as heat. A number of
such thermogenic substrate cycles have been suggested;
i) Glycolytic pathways
glucose to glucose-6-phosphate cycle
fructose-6-phosphate to fructose-1,6-diphosphate cycle
pyruvate to phosphoenolpyruvate cycle
Newsholme proposed that the maximum rate of heat production by the
phosphofructokinase/fructose-1,6-bisphosphatase substrate cycle in
human muscle could account for 50 % of the daily caloric intake (84).
Then, it is possible that genetics could predetermine the activity of
fructose diphosphatase which would, in turn, affect the rate of
substrate cycling. Also the biochemical factors that control the
activity of both phosphofructokinase and fructose diphosphatase could
be genetically gffected. However, there is currentlv not enough data
to support this hypothesis. One study has shown that

phosphofructokinase is less responsive to norepinephrine stimulation
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in genetically obese rats than normal rats (93).

ii) Triglyceride (TG) hydrolysis-reesterification cycle

This involves the hydrolysis of adipose tissue TG to FFA, followed
by their reesterification with a-glycerophosphate and requires 7 mole
of ATP per mole of TG cycled. In mouse adipose tissue, the rate of
TG/FFA cycling is increased by feeding (15) which suggests an
involvement of this mechanism in diet-induced thermogenesis, and this
increase is inhibited by beta-adrenoreceptor antagonist.

The problem with the hypothesis that substrate cycles play an
important role in thermogenesis is that the amount of heat produced
from these cycles represents only a small percentage of the heat known
to be produced by the animals (15). Also data obtained from ob/ob
mice indicate that maximum activities of key enzymes related to
several substrate cycles are increased rather than decreased, thus
suggesting that hormonal control of these futile metabolic pathways
would be key if these cycles are to participate in the control of

energy balance (85).

1.3.4. Protein Turnover

Nitrogen balance studies have shown that, when given the same
amount of dietary protein, ob/ob mice tend to deposit amino acid
carbon skeletons in the form of fat, rather than muscle protein. This
is in agreement with the enhanced energetic efficiency of obese
animals, since there is a close relationship between bodyv protein
metabolism and the rate of energy expenditure (144). Pullar and
Webster (95) utilized data from obese fa/fa and lean rats to calculate

that 2.25 kcal of metabolizable energy is required to deposit 1.0 kecal
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that 2.25 kcal of metabolizable energy is required to deposit 1.0 kcal
of protein, and that 1.36 kcal metabolizable energy is required for
the same amount of fat deposition. It is then clear that as obese
rodents direct nutrients towards adipose tissue and away from lean
tissue, this contributes'to their high metabolic efficiency. Miller
et al. (78) suggested that protein turnover may be an important cycle
for the regulation of energy balance in mice and that this cycle is
impaired in ob/ob mice. On the other hand, the fractional breakdown
rate of skeletal muscle estimated from urinary excretion of
3-methylhistidine is greater in ob/ob mice than in leans, with
estimates of similar fractional synthesis rates (131). Therefore, it
is difficult at the present time to assess the importance of the
protein turnover in the enhanced efficiency of energy retention

observed in obese mice and rats.
1.4. NEURAL CONTROL OF THERMOGENESIS

1.4.1. Central Control

Although BAT has been established as an important effector of
thermogenesis, little is known about the central control mechanisms
involved. SNS is a key regulator of BAT. However, it is possible
that the parasympathetic nervous system (PNS) also participates in
this process.

The hypothalamus has long been considered to be the integrating
center for control of food intake. Reciprocal modulations in the
regulation of food intake and autonomic nervous system after lateral

or ventromedial hypothalamic lesions are well documented. The
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ventromedial hypothalamus (VMH) apparently acts as an integrator for
energy balance regulation; affecting satiety (10,11), activation of
sympathetic nervous activity to BAT (51), and inhibition of
parasympathetic nervous activity. Lesions of the VMH generally
produce hyperphagia, hyperinsulinemia (10), and reduce sympathetic
nervous system activity (10,111). VMH-lesioned animals become obese
even when their intake is restricted to that of controls, indicating
increased metabolic efficiency in the lesioned animals, and in rats
lesioned shortly after weaning obesity can develop in the absence of
any hyperphagia (10).

In contrast to hyperphagia and obesity which is induced by
destruction of the ventromedial hypothalamus, destruction of the
lateral hypothalamus (LH) produces large decreases in food intake and
increases in metabolic rate (10). LH lesion-induced thermogenesis
seems to be mediated, in part, by increased activity of the
sympathetic nervous system since norepinephrine turnover and urinary
catecholamines are elevated after the lesion (10,138).

Other hypothalamic areas can also influence food intake and BAT
thermogenesis and participate in energy balance regulation. Lesioning
of paraventricular nucleus (PVN) results in hyperphagia and obesity
(3,65), but data on the effect of PVN lesions on sympathetic activity
are contradictory. BAT norepinephrine turnover and sympathetic firing
rates in rats with PVN lesions were similar to control rats (111).
Yoshimatsu (139), on the other hand, found a decrease in sympathetic
activity in the splanchnic nerve of rats with PVN lesions. Therefore,
PVN lesion-induced obesity may not result from alterations in the

autonomic nervous system.
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Genetically obese (ob/ob) mice have reduced brain weights and
cortical brain volumes compared to lean mice; morphometric analyses of
ob/ob mice brains reveal a significant decrease in soma cross
sectional areas of individual neurons in certain brain regions
including the VMH, which is indicative of a hypothalamic dysfunction

in this genetic obesity syndrome (5).

1.4.2. Peripheral Control

1.4.2.1. Sympathetic control

The sympathetic origin of a large fraction of the neural afferents
to the BAT was established by the finding of a high tissue
catecholamine content and by application of histochemical fluorescence
technique. Thermogenic responses of BAT are principally controlled by
its sympathetic innervation (17). NE and epinephrine act directly on
the brown adipocyte to activate the proton conductance pathway and
possibly other thermogenic systems. A physiological role for NE has
been established for BAT thermogenesis during cold exposure,
overfeeding, and arousal from hibernation (103). The findings that
concentrations of exogenous NE required to cause significant
thermogenesis are far in excess of normal circulating levels of NE
support the importance of local release of NE from svmpathetic nerve
endings in close proximity to the brown adipocvte (100).

Both beta- and alpha-adrenoreceptors have been shown to be present
in BAT and both receptors are required for a maximum response in vivo
(28). However, beta- rather than alpha-adrenoreceptors play the
dominant role in mediating NE-stimulated thermogenesis in the whole

animal, BAT in vivo (103) and brown adipocytes in vitro (79).
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Neverthless, experiments both in vivo and in vitro suggest that
alpha-adrenoreceptor stimulation has a significant influence (34). As
much as 20 % of the effect of NE on the respiration of hamster brown
adipocytes in vitro may be due to stimulation of alpha-adrenoreceptors
of the alpha 1l-subtype (79). Unlike beta-adrenoreceptor mediated
thermogenesis, this effect does not appear to be due to a c-AMP
mediated activation of the proton conductance pathway. It has been
proposed that alpha-adrenoreceptors participate in NE-induced turnover
of phosphatidylinositol (79), gating of calcium channels, initial
electrical changes in the plasma membrane (34), stimulation of
Na,K-ATPase (111) and stimulation of T4 5’-deiodinase (119). The
exact function of these changes is not yet clear and they play a
relatively minor role in the thermogenic response of isolated cells to
NE (79).

Sympathetic nervous system activity in genetically obese mice and
rats has been widely studied. NE turnover has been measured in BAT,
heart, liver and pancreas of these animals. When housed at 20-26'C
and fed stock diets, NE turnover in BAT is approximately 50 % lower in
ob/ob mice than in leans (60,62,142,147). This lowered SNS activity
has been demonstrated even at an early age, before obesity is visually
evident (61). The low NE turnover in BAT of ob/ob mice is not a
consequence of generalized depression of SNS activity because NE
turnovers in other organs of ob/ob mice are essentially comparable to
those reported for leans (61). SNS stimulation of BAT metabolism in
fa/fa rats is also depressed as it is in ob/ob mice (67,136).

Exposure of animals to cold activates the SNS. When genetically

obese mice or rats are acutely exposed to cold, NE turnover in BAT and
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several other organs increases markedly (see chapter 1.7). Diet is
another factor that is capable of influencing the activity of the SNS
in animals (see chapter 1.6). When ob/ob mice are fed a cafeteria
diet, NE turnover in BAT increases to the level of leans (44). Based
on these data one can conclude that genetically obese mice and rats
have generally comparable capacity for SNS activity to lean
counterparts, and that the primary defect may be in mechanisms
controlling norepinephrine release from sympathetic nerve endings to

BAT in obese mice and rats.

1.4.2.2. Parasympathetic control

Little is known about the influence of the parasympathetic nervous
system (PNS) on energy balance and thermogenesis, although an
increased parasympathetic activity has been implicated in the
development of obesity. Powley and Opsahl (94) were the first to
report that subdiaphragmatic vagotomy completely reverses the
hyperphagia and obesity produced by VMH lesions in the rat. Several
investigators replicated this finding and further observed that
vagotomy prior to the VMH lesions or knife cuts prevents lesion-
induced hyperphagia and weight gain (53). Also, vagotomy increases
oxygen consumption and blood pressure in cold acclimated rats. The
hyperinsulinemia that characterises obesity has been largely
attributed to an overactive parasympathetic vagal activity, and
subdiaphragmatic vagotomy or transplantation of pancreatic beta-cells
attenuates the VMH-induced hyperinsulinemia (53). Genetically obese
fa/fa rats fail to increase oxygen consumption after food, but this

response can be completely restored to normal by atropine treatment,
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indicating high parasympathetic activity may also be responsible for
the defective thermogenesis and increased fat deposition in these
mutants (102). However, conflicting results have also been obtained.
Some researchers have shown that vagotomy produces only a partial
attenuation or no effect on VMH obesity, and in genetically obese
fa/fa rat, vagotomy does not reverse the obesity (90). Therefore, the
lack of consistent results makes the importance of parasympathetic

control in the etiology of obesity unclear.

1.5. HORMONAL CONTROL OF THERMOGENESIS

1.5.1. Insulin

Insulin has an important role in the regulation of both energy
balance and BAT thermogenesis. 1Injection of insulin is followed by an
increase in food intake. The effect is dose-dependent and will
produce obesity (64). There are two distinct roles of insulin in
control of BAT. First, insulin acts directly to modulate glucose
metabolism and second, insulin acts centrally to regulate BAT SNS
activity. Insulin promotes glucose utilization and lipogenesis in BAT
(82), and Schackney and Joel (113) found glucose uptake and fatty acid
synthesis are stimulated in BAT slices by exogenous insulin. The
possibility that the action of insulin is directly on the hypothalamus
is supported by the observations of Debons et al. (29). They showed
that gold thioglucose does not injure the VMH of hvperglycemic
diabetic animals. Parenteral administration of insulin to such
diabetic animals lowers blood glucose and restores the sensitivity of

the VMH to the destructive consequences of treatment with gold
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thioglucose. Furthermore, intrahypothalamic injection of insulin to
diabetic animals restores its sensitivity to the destructive effects
of gold thioglucose. This suggests that insulin might act directly on
the ventromedial nucleus.

Several studies have shown a requirement for insulin in cold and
diet induced thermogenesis in BAT (101). BAT thermogenesis is
suppressed in insulin-deficient diabetic rats and in insulin-resistant
diabetic mice, such as ob/ob mice and db/db mice (35,45). Both GDP
binding and the content of the 32,000 D protein were reduced in
diabetic rats compared to normo-insulinemic controls, and were
increased in hyperinsulinemic rats compared to controls. Severely
diabetic rats could not sustain the increased metabolic rate needed
for survival in a cold environment. Development of insulin resistance
in BAT of ob/ob mice also has important consequences for
thermogenesis. At 4 wks of age, before insulin.resistance develops,
the ob/ob mouse shows the normal increase in GDP binding on acute
exposure to cold. However, by 5 wks of age, when insulin resistence
has developed in BAT, the response to cold is greatly blunted (76).
The reversal of insulin resistance by administering an oral
hypoglycemic agent (ciglitazone) to ob/ob mice leads to the complete
restoration of the acute increase in GDP binding in response to cold

(76).

1.5.2. Glucocorticoids
Adrenal function has long been known to be implicated in the
regulation of food intake and body weight in man (47) and experimental

animals (8). Prolonged administration of glucocorticoids causes
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obesity in mice and rats, and elevated plasma corticosteroids and
adrenal hypertrophy in genetically obese rodents have been claimed to
be associated with hyperphagia and obesity (29,37,47,69,109,110).
Adrenalectomy reduces food intake and body weight gain in rats (4) and
in genetically obese rodents (29,37,71,108), and subsequent
administration of adrenal glucocorticoids rapidly reverses this effect
(29).

Glucocorticoids have also been implicated in the control of energy
expenditure. Corticosteroid treatment and excessive amounts of
glucocorticoids in genetically obese rodents reduces the activity of
the thermogenic pathway in BAT from mice and rats, and adrenalectomy
increases energy expenditure in these animals (29,48-50). Several
laboratories have demonstrated increased activity of the SNS as
measured by increased norepinephrine turnover in BAT, as well as
increased binding of GDP to BAT mitochondria following adrenalectomy
of genetically obese rodents (48,50,71,132). Adrenalectomy also
lowers plasma insulin concentrations (145), removes the insulin
resistance in muscle (91), and restores the activity of the sodium
pump to normal (115). Thus, glucocorticoids reciprocally modulate
both energy intake and energy expenditure with high levels of
glucocorticoid promoting positive energy balance and low levels
facilitating negative energy balance.

Bray (9) proposed mechanisms through which adrenal hormones could
induce hyperphagia by interfering with the hypothalamic hunger-satiety
mechanism. Also, recently it has been suggested that the effect of
glucocorticoids may be modulated by the corticotropin releasing factor

(CRF) in the PVN. After adrenalectomy, the negative feedback signal
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produced by gluococorticoids is absent, thus CRF will be released into
the hypothalamic portal circulation to stimulate adrenocorticotropic
hormone (ACTH) output from the pituitary. This increased CRF may also
serve as the principal stimulus for the reduction of food intake and
for the increased sympathetic activity following adrenalectomy.
Indeed, CRF injected into the ventricle of the normal rat and fa/fa
rat decreases food intake, and body weight gain (2,98), and increases
circulating levels of epinephrine and norepinephrine (16) and BAT
thermogenic activity assessed by GDP binding to mitochondria (2).
Glucocorticoids also are known to have a general action on protein
metabolism in skeletal muscle opposite to that of insulin, producing a
catabolic rather than an anabolic response. Loss of body weight,
marked atrophy of certain skeletal muscles (125), and decreased rates
of muscle protein synthesis (96,114,117) after glucocorticoid
administration have been consistently observed. The role of protein
degradation in the loss of skeletal muscle protein after
glucocorticoid administration is less certain, with some studies
showing no change in the degradative rate (117) and some showing
increases (125). Adrenalectomy, which has been shown to increase
muscle mass in ob/ob and db/db mice to normal (11l4), returns protein
synthesis rates in muscles of db/db mice to those of lean
counterparts. Although the classic experiments of Long (70)
demonstrating the effects of adrenalectomy and steroid treatment on
protein and carbohydrate metabolism in vivo have led to the general
view that the net stimulation of protein catabolism in muscle by
glucocorticoids serves to make amino acids available for

gluconeogenesis in liver, the site of action of glucocorticoids on
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muscle protein turnover is presently unknown. However, an impairment
in peptide-chain initiation has been suggested to be responsible for
the decrease in protein synthesis observed in glucocorticoid-treated

animals (96).

1.5.3. Thyroid Hormone

Thyroid hormones exert potent effects on metabolic rate.
Circulating triiodothyronine (T3) levels are elevated in cold exposure
and hyperphagic animals. Thyroid hormone is required for the
thermogenic response of BAT to NE (41). However, since only
permissive amounts of thyroxine are sufficient for normal thermogenic
response of BAT in thyroidectomized rats, thyroid hormone probably
does not exert a direct role in these changes (130). Moreover,
provision of excess exogenous thyroid hormone may result in
suppression of BAT thermogenic function in intact animals (104). The
effects of thyroid hormones on BAT thermogenesis are complicated by
the interactions between thyroid hormones and catecholamines. These
two systems appear to act in concert to promote thermogenesis whilst
also modulating the activity of each other (41). There are reports of
thyroid hormones modulating beta-adrenergic receptor number in many
tissues, including BAT (121). These complex interactions are further
complicated by the recent report that BAT converts T4 to T3 (66) and
that the 5’-deiodinase which catalizes this conversion is stimulated
by NE (119). It has been shown that thyroid hormones sensitize BAT to
NE (39), and it has been proposed that the reduction of the thyroid
hormone levels during a fast reduces the response of BAT to NE (95).

However, most studies show that thyroid hormones suppress BAT
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thermogenesis by stimulating thermogenesis in other tissues and
thereby indirectly suppressing sympathetic activity because of the
lowered requirement for BAT thermogenesis (89).

The low metabolic rate of the ob/ob mice has suggested that it
might be hypothyroid. However, ob/ob mice appear to have no major
hypothalamic-pituitary-thyroid abnormality and the T3 level in ob/ob
mice blood is normal or above normal for most of its life (11). It
is, however, possible that some tissues of the ob/ob mice may fail to
respond to the T3 present in blood. Hillgartner suggested T3
availability to target tissue is impaired in ob/ob mice (40). These
mice have an exaggerated increase in metabolic rate in response to a
dose of thyroid hormone that is without effect in lean mice (46,68),
suggesting a partial resistance to the effect of endogenous T3.
Moreover, treatment of ob/ob mice with thyroid hormone permits a
normal thermogenic response to injected NE and of its BAT to cold
exposure (46). Since the only role for T3 in BAT function and growth
appears to be a permissive one that allows the acute thermogenic
effect of NE on the tissue (130), the effect of thyroid hormone on BAT

of the ob/ob mice is probably due to improved responsiveness to BAT.

1.6. DIET COMPOSITION AND THERMOGENESIS

The composition of the diet consumed by animals affects energy
balance and BAT thermogenesis. Thermogenesis can be activated by
overconsumption of either carbohydrate or fat, and is particularly
sensitive to protein deficiency (44,49,59,77,105,140-143<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>