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Brown adipose tissue: from thermal physiology to bioenergetics
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Abstract. Brown adipose tissue is an organ in mammals specialized for the generation of
heat. The tissue plays an important role in thermoregulatory heat production (nonshivering thermogenesis), and in nutritional energetics (through the process of diet-induced
thermogenesis). Much of the current interest in brown adipose tissue has been catalysed by
the postulate (1970's) that a reduced capacity for thermogenesis underlies the development
of obesity. Heat is generated in brown fat by a controlled uncoupling of oxidative
phosphorylation, a process regulated by a tissue-specific mitochondrial uncoupling protein,
Mr 32-33,000. The immunological identification of uncoupling protein is now used as a
biochemical criterion for distinguishing brown fat from white adipose tissue. The gene
coding for uncoupling protein has been cloned in several species, and a number of factors
regulating the expression of the gene, as well as the amount and activity of the protein
itself, have been documented. In addition to its direct role in heat production, brown
adipose tissue has some notable general metabolic properties, such as in the conversion of
thyroxine to triiodothyronine. An overview of the biology of brown adipose tissue is
presented in this article, with an emphasis on some recent developments.
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1. Introduction
The past 15 years has seen a considerable growth of interest in the biology of a
specialized form of adipose tissue, namely brown adipose tissue (BAT) or brown fat.
Traditionally, BAT has been associated with thermoregulation through its role in
the generation of heat by non-shivering thermogenesis", the tissue is prominent in
hibernators, the newborn of many mammalian species, and in adult rodents
adapted to the cold (Cannon and Nedergaard 1985; Himms-Hagen 1986;
Nedergaard et al 1986). The more recent focus on BAT has come primarily from the
recognition that the tissue also plays a significant role in nutritional energetics,
especially in diet-induced thermogenesis (Rothwell and Stock 1986). A large number
of studies have indicated, in particular, that impaired thermogenesis in BAT is
important in the aetiology of obesity in rodent models (Trayhurn 1986; Himms
Hagen 1989).
This article presents a short overview of the biology of brown fat, with some
emphasis on recent developments. Our current understanding of the tissue is the
result of an intensive application of concepts and techniques derived from a wide
range of biological disciplines—from molecular biology through to whole-animal
physiology and nutrition. For a detailed description of specific areas, the reader is
referred to several recent reviews (Cannon and Nedergaard 1985; Trayhurn and
Nicholls 1986; Himms-Hagen 1989; Ricquier et al 1991; Klaus et al 1991); because
of limitations of space, these and other review articles are quoted, where
appropriate.
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Mechanism of heat production in brown adipose tissue

All metabolic reactions generate heat, as a reflection of thermodynamic inefficiency.
Heat is therefore a normal by-product of metabolism. In BAT, however, heat is the
primary product, the generation of which is the central function of the tissue. The
extensive interest in brown fat reflects the fact that it is the sole tissue in mammals
specialized for heat production. BAT is extensively vascularized, exhibiting a very
high rate of blood flow during peak thermogenesis. Indeed, up to one-third of the
cardiac output may be directed to the tissue in rats adapted to the cold (Foster and
Frydman 1978; Foster 1986), enabling heat to be rapidly transferred to the body
core. The high blood flow also ensures that the substrates (including oxygen)
required to fuel thermogenesis are provided at rates appropriate to the major
demands of the tissue.
Heat is generated in BAT through a unique (apparently) proton translocation
mechanism located in the mitochondrial inner membrane (Nicholls and Locke 1984;
Nicholls et al 1986). This acts as a proton 'short-circuit' across the membrane such
that the proton gradient which is usually generated during respiration is dissipated
as heat rather than being linked to the synthesis of ATP (see figure 1). The proton
translocation of BAT mitochondria is regulated by a specific 'uncoupling protein'
(also termed 'thermogenic) in the inner membrane (Cannon and Nedergaard 1985;
Nicholls et al 1986). Uncoupling protein (UCP), Mr 32-33,000, is subject to acute
regulation such that the proton translocation of the mitochoadria, and thus the
heat produced, varies according to the physiological requirements for thermogene
sis.
The concentration of UCP in the mitochondria changes in response to chronic
alterations in the requirements for thermogenesis, and this is a key mechanism for
altering the capacity for thermogenesis in BAT. UCP increases, for example, in the
cold and decreases in the warm (Trayhurn et al 1987). Prolonged exposure to a
thermogenic stimulus also results in an increase in the total amount of UCP in
BAT through an increase in the mitochondrial content of the tissue (mitochondrio
genesis). In general, parallel changes occur in the mitochondrial content of BAT and
the specific mitochondrial concentration of UCP. Acutely, as indicated above,
activation of pre-existing UCP occurs, and this is often reflected in what is
described as an 'unmasking of guanosine 5'-biphosphate (GDP) binding sites' on
he protein, mitochondrial GDP binding being a widely used assay for assessing the
thermogenic activity of the tissue in vitro (Trayhurn and Milner 1989). There are,
therefore, three distinct mechanisms for altering thermogenesis in BAT.
Free fatty acids (or possibly acyl CoA's) provide the intracellular signal for the
activation of the proton conductance pathway, through an interaction with UCP
(Nichols et al 1986). Thus fatty acids play a dual role, as both primary fuel and
Signal for the activation of thermogenesis. The initial event in the stimulation of
thermogenesis is the release of noradrenaline from the sympathetic nerves which
extensively innervate ΒAΤ· The tissue contains a novel â3 −adrenoceptor (Arch et al 1984;
Arch 1989), to which noradrenaline binds, and this leads, through a cascade of events, to
the activation of hormone-sensitive lipase with the stimulation of lipolysis (figure 1).

Brown adipose tissue

163

164

Paul Trayhurn

3. Structure of the brown adipocyte: distinction between brown and white adipose
tissue
The two types of adipose tissue are unified by their ability to store large quant-ities
of triacylglycerol, as lipid droplets. Functionally, however, they play quite different
roles in energy metabolism — white fat is the primary organ of energy storage for
the body, while BAT utilizes its triacylglycerols to generate heat. In its normal form,
white adipose tissue has a single large droplet (described as 'unilocular') with up to
85% of the weight of the tissue as triacylglycerol, the cytoplasm being sparse with
relatively few mitochondria. In the classic form of brown fat, some 30–50% of the
tissue weight is triacylglycerol and this is arranged in multiple lipid droplets
('multilocular'). In contrast to white adipose tissue, the cytoplasm in BAT is
extensive and contains large numbers of mitochondria with a well-developed cristae
structure (see Nechad 1986).
Although in their traditional forms BAT and white fat can be readily
distinguished histologically, there can be considerable overlap in gross appearance
between the less extreme forms of the two tissues. Thus, for example, BAT in obese
animals has a reduced mitochondrial content and the tissue is 'unilocular', while in
cold-exposed animals white adipose tissue may become 'multilocular' with the
mitochondria more evident (Loncar et al 1988a, b). The key feature differentiating
the two tissues is at the biochemical level — in the presence in BAT of UCP and the
proton conductance pathway (Cannon and Nedergaard 1985; Klaus et al 1991;
Ricquier et al 1991). BAT can therefore be distinguished by the identification of
UCP using immunological procedures, an approach now widely employed to assess
the species and age distribution of the tissue (see below).
An alternative approach to the identification of BAT is the detection of the
mRNA for UCP (by Northern blotting), although in this case it is necessary to
assume that the mRNA is actually transcribed, and that sufficient of the protein is
synthesized to have the appropriate physiological effect. Mitochondrial GDP
binding has also been used to identify BAT, but this does not provide sufficient
specificity in that mitochondria from most tissues will, to some extent, bind [3H]
purine nucleotides.
The degree to which BAT and white fat are quite distinct tissues, or part of a
continuous spectrum of adipose tissues, remains uncertain. In ruminants, there is a
rapid loss of UCP and its mRNA from adipose tissues over the early days, or
weeks, of postnatal life, and this implies a transition of white fat to BAT (Casteilla
et al 1987, 1989; Soppela et al 1991). Similarly, the re-appearance of UCP and its
mRNA in dogs treated with ß-agonists, is indicative of a re-conversion of white fat
to brown (Champigny et al 1991). Immunocytochemistry is required to determine
whether individual adipocytes undergo a reversible transition between 'brown' and
'white' forms, or whether there is a recruitment process from a pool of defined
(committed) precursor cells within a given adipose tissue depot.
4. Structure and molecular biology of uncoupling protein
UCP is a member of the family of mitochondrial carriers, and there is considerable
homology between it and both the ADP/ATP translocase and the mitochondrial
phosphate carrier (Klingenberg 1990). UCP consists of a single polypeptide chain
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with 306 amino acids. In terms of secondary structure, the protein contains ~ 50 %
α-helix, ~30% ß-sheet, and 7% ß-turn. Several models have been proposed for the
organization of UCP within the inner mitochondrial membrane. The models are
similar in suggesting that there are six hydrophobic transmembrane α-helices,
although the most recent model has proposed that the hydrophobic segment
nearest to the C-terminal end of the molecule does not completely span the
membrane (Klaus et al 1991). There appear to be two hydrophilic loops on the
matrix side of the membrane, with three hydrophilic loops and the C-terminal
region of the molecule on the cytosolic side (Klaus et al 1991). The region of the
protein responsible for the translocation of protons may be located close to the Nterminal end of the molecule.
Some of the most important recent developments in the study of BAT have come
from the application of molecular biology, and this has of course focussed on UCP.
The gene coding for the protein has been cloned and sequenced in several species —
rats, mice, rabbits, cattle and humans (see Ricquier et al 1991; Klaus et al 1991).
Heterogeneity between species in the sequence of the UCP gene is very evident;
comparison of the derived amino acid sequences suggests, however, that there is
considerable species homology in the primary structure of the protein itself (Klaus
et al 1991). Α central issue is the basis for the tissue-specific expression of the UCP
gene. This question is under active investigation, and the regulatory elements
(promoter sequences) that allow hormonal responsiveness are being explored. The
transcription unit of the UCP gene contains 6 exons, and in rats and humans is
close to 9 kbases in size (Ricquier et al 1991).
The availability of cDNA's for UCP has provided a tool for the detection and
measurement of the mRNA for the protein, so that factors (environmental,
nutritional, hormonal) which affect UCP gene transcription can be examined. Acute
cold exposure has been shown, for example, to induce a striking increase in the level
of UCP mRNA (Bouillaud et al 1984; Ricquier et al 1991), as the first event
underlying the production of more of the protein. UCP mRNA is also increased
during overfeeding with a cafeteria diet, and in response to ß-agonists (Bouillaud et
al 1984). On the other hand, fasting (at least in the short-term) and streptozotocininduced diabetes result in a fall in the level of UCP mRNA (Champigny and
Ricquier 1990; Brander et al 1993). It is evident that physiologically the UCP gene
is transcriptionally regulated by noradrenaline from the sympathetic nervous
system, and that T3 also plays a role (Bianco et al 1988).
Large, or full length, rat cDNA's for UCP do not appear to hybridize readily
with UCP mRNA from widely different species (e.g. cattle, humans), reflecting the
heterogeneity between species in the sequence of the gene. One relatively
substantive region of 27 bases is, however, identical in rats and cattle, and shows
only a single base change in mice, rabbits and humans (Brander et al 1993). This
highly conserved region contains a preponderance of guanine and cytosine
(i.e. the bases which form triple hydrogen bonds) and the complementary
sequence has been recently synthesized as a 27-mer oligonucleotide (3'TGGAAGGGCGACCTGTGGCGGTTTCAG-5') to provide a simple probe for
studying the expression of the UCP gene across a wide range of species (Brander et
al 1993). Using this probe we have been able to detect the mRNA for UCP, and
thus the expression of the UCP gene, in species as diverse as laboratory rodents,
pipistrelle bats, and newborn ruminants such as goats and red deer (Brander et al
1993).
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5. Elevated thermogenesis in brown adipose tissue
The classical function of BAT is to generate heat for thermoregulatory purposes.
Consequently, much is known about the response of the tissue to exposure of
animals to cold. Acutely, as noted above, the proton translocation of the
mitochondrial inner membrane is increased through the activation of pre-existing
UCP. Chronic exposure to cold induces, however, a constellation of changes in
BAT. These include an increase in cell number in the tissue, an increase in the
mitochondrial content, and an increase in the specific mitochondrial concentration
of UCP (see Himms-Hagen 1986, 1989; Trayhurn et al 1987). The net effect of these
changes is to greatly augment the capacity for thermogenesis, and this is driven
principally by increased stimulation from the sympathetic system (Himms-Hagen
1986). Other metabolic processes, such as the provision of substrates, change in
parallel.
The effects on BAT of overfeeding with a variable and palatable 'cafeteria' diet
consisting of human food items has also been extensively studied (Rothwell and
Stock 1986). Such a diet leads to a stimulation of 'diet-induced thermogenesis', a
process that provides a counter-regulatory mechanism in the control of whole-body
energy balance such that energy expenditure is increased on overfeeding and energy
storage (as lipid) reduced. Both the thermogenic activity and capacity of BAT are increased in young animals (rats, mice) fed a cafeteria diet (Rothwell and Stock 1986).
Thus, as animals with cold exposure — with which there are many parallels –
mitochondrial GDP binding, mitochondrial content, and the specific mitochondrial
concentration of UCP are each augmented (together with other measures linked to
the activity of the tissue). Again, such changes are the result of an increase in the
sympathetic stimulation to BAT (Rothwell and Stock 1986).
Additional situations in which the thermogenic activity of BAT is augmented
include the arousal from hibernation (Milner et al 1989), fever, and the cachectic
state associated with cancer (see Himms-Hagen 1989). Such changes have important
correlates on a whole-body basis in that the capacity for non-shivering
thermogenesis and the overall rate of energy expenditure may be increased.
6. Functional atrophy of brown adipose tissue
There are a number of situations which lead to a functional atrophy of BAT. The
most widely studied is that related to obesity, and the activity of the tissue has been
investigated in a range of different types of obese animal (Himms-Hagen 1989). In
general, it is evident that there is a relative atrophy of the tissue in obesity, with a
reduction in mitochondrial GDP binding, mitochondrial content and the
concentration of UCP (see Himms-Hagen 1989). The decrease in GDP binding is
an early event, the other changes following later. The decrease in thermogenic
activity and capacity in BAT in obese animals contributes substantially to the
positive energy balance which leads to the obese state.
Fasting also results in a major atrophy of BAT, with a substantial fall in both the
specific mitochondrial concentration and total tissue content of UCP. Such changes
are reversed by refeeding, but this needs to be prolonged in order for their to be a
full restoration of thermogenic capacity (Trayhurn and Jennings 1988). Lactation
leads to a similar functional atrophy of BAT as that in fasting, and the lactation-
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induced changes are largely reversed following the weaning of the pups (Trayhurn
1989). The decline in thermogenesis occurring in lactation is thought to reduce the
energy costs of milk production through a reduction in the non-lactational
component of maternal energy expenditure (Trayhurn 1989). Equally, energy
expenditure is reduced by the atrophy of BAT occurring during fasting.
In the same way that the activation of thermogenesis results from sympathetic
stimulation, functional atrophy of BAT is attributable to a fall in sympathetic tone
(see Himms-Hagen 1989). Regulation of the tissue is also, however, dependent on
other factors, such as insulin and glucocorticoids. This is clearly illustrated in
relation to the effects of experimentally-induced diabetes. A major atrophy of BAT
occurs in animals made diabetic with streptozotocin, there being a substantial fall in
the amount of UCP (Geloen and Trayhurn 1990a). The protein, and therefore
thermogenic capacity, is restored in a dose-dependent manner by the long-term
infusion of insulin from implanted osmotic minipumps (Geloen and Trayhurn
1990a). Studies in which the sympathetic innervation of BAT was surgically cut
suggest that insulin regulates the amount of UCP in the tissue through an
interaction with the sympathetic nervous system (Geloen and Trayhurn 1990b).
Insulin may also regulate the expression of the gene coding for UCP. In
preliminary studies we have observed that the level of UCP mRNA is greatly
reduced in BAT of streptozotocin-diabetic animals (Brander et al 1993).
7. General metabolic role of brown adipose tissue
In addition to the direct generation of heat, BAT has several general metabolic
properties of key importance. In physiological terms these are, of course, linked to
the primary thermogenic function of the tissue.
BAT has a high capacity for the de novo synthesis of fatty acids when an animal
is fed a high carbohydrate/low fat diet, which varies according to the long-term
acclimation temperature, the lower the temperature the greater being the rate of
lipogenesis (Trayhurn 1981). In a cold-acclimated mouse, for example, BAT may be
responsible for approximately one-third of whole-body lipogenesis — a contribution
that is considerably greater than that of the liver (Trayhurn 1981). Thus, under
defined conditions BAT is a very major site of the conversion of carbohydrate to
lipid. The high rate of lipogenesis in BAT is a reflection of the requirement for fatty
acids as the primary fuel for thermogenesis. Fatty acids can also be obtained from
the circulation, either directly or in the form of triacylglycerols. A high lipoprotein
lipase activity is present in the tissue, enabling circulating triacylglycerols to be
utilized to provide fatty acids without de novo synthesis (Carneheim et al 1984).
BAT has a high rate of glucose uptake, glucose being the primary substrate for
lipogenesis in the tissue; glucose is not, however, a major direct substrate for
thermogenesis (Cawthorne 1989). Glucose uptake into BAT is stimulated by both
insulin and noradrenaline from the sympathetic nervous system (Cawthorne 1989),
and occurs primarily through the presence of the insulin-sensitive facilitative glucose
transporter—GLUT4 (James et al 1989). GLUT4 is found exclusively in those
tissues in which glucose uptake is stimulated by insulin (skeletal muscle, heart and
the adipose tissues). Euglycaemic clamp studies indicate that BAT is particularly
sensitive to insulin, the stimulation of glucose uptake being considerably greater
than in other tissues (Ferre et al 1986). BAT may therefore provide a particularly
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valuable model system for investigating the mechanism of insulin action.
A fatty acid-binding protein (Mr 14,800) has recently been isolated and
characterized from BAT (Dutta-Roy et al 1992). The fatty acid-binding proteins are
a family of low molecular weight proteins that are widely distributed in tissues, and
which are believed to play an important role in the intracellular transport and
metabolism of fatty acids and associated ligands (Kaikaus et al 1990). Given the
high flux of fatty acids in BAT, resulting from their importance both as a fuel and
as an intracellular signal for the activation of proton translocation, fatty acidbinding protein may play a key role in the regulation of thermogenesis (figure 1). In
newborn lambs (which have a high capacity for non-shivering thermogenesis) fatty
acid-binding protein amounts to several per cent of the total cytosolic protein—a
higher concentration than that of a similar protein in the liver (Dutta-Roy et al
1991).
A key area in which the metabolism of BAT is of particular interest is that
relating to thyroid hormone. In rats, the tissue contains a high activity of the type
II iodothyronine 5'-deiodinase enzyme (Silva and Larsen 1983) that catalyses the
conversion of thyroxine (T 4 ) to the biologically active thyroid hormone,
triiodothyronine (T3). This enzyme is stimulated by the sympathetic nervous system,
and cold exposure overnight leads to a substantial increase in the activity in BAT
through synthesis of the protein (Silva and Larsen 1983; Himms-Hagen 1989). It has
been suggested that brown fat may provide T3 for utilization by other tissues
(Fernandez et al 1987), but the primary site of action of the T3 is BAT itself, where
the hormone is implicated in the control of the transcription of the UCP gene
(Bianco et al 1988).
High iodothyronine 5'-deiodinase activity is also found in the perirenal BAT of
newborn ruminants (lambs, cattle, goats), but in these species the type I form
appears to predominate (Giralt et al 1989; Wu et al 1991; Nicol et al 1992). The
activity, and thus the capacity to generate T3, declines markedly during the rapid
transition of BAT to white adipose tissue over the first weeks of postnatal life in
ruminants (Giralt et al 1989; Wu et al 1991; Nicol et al 1992). The basis for the
marked species differences in the type of iodothyronine 5'-deiodinase present in
BAT is not clear. However, it is likely that when the type I form occurs, BAT may
make a significant contribution to the provision of circulating T3.
Recent work has demonstrated that the type I iodothyronine 5'-deiodinase is a
selenium-containing enzyme, and disorders of thyroid hormone metabolism occur
in selenium deficiency — as in Keshan's disease in man and degenerative
myopathies in agricultural animals (see Arthur 1991). Perhaps somewhat
surprisingly, the type II enzyme does not contain selenium. Nonetheless, feeding
rats a selenium-deficient diet leads to a reduction in the activity of the type II
iodothyronine 5'-deiodinase in brown fat and other tissues, and the cold-induced
increase in the activity of the enzyme in BAT is greatly impaired (Arthur et al 1991).
Overall these observations suggest that selenium deficiency may have important
implications for the generation of thermoregulatory heat, particularly in newborn
agricultural animals where perinatal survival may be severely compromised in
regions where the feedstuffs are selenium-deficient.
8. Species distribution
The majority of studies on BAT have been conducted on small laboratory rodents,
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particularly in work focussed on the role of the tissue in the regulation of energy
balance. However, the limited type of animal that has been employed has raised
concern over the general applicability of the concepts that have evolved. From a
general biological point of view it is, of course, important to know the species
distribution of BAT. This is of particular interest from an evolutionary perspective
in that systems specialized for the generation of heat are required by homeotherms,
though not by poikilotherms. There are, nonetheless, special circumstances where
an ability to generate heat for a thermal function is evident in poikilotherms; an
example is in the warming of the flight muscle in bumble bees, enabling flight to
occur at low ambient temperatures (Newsholme and Crabtree 1976).
Until recently, brown fat was diagnosed in different species, and distinguished
from white adipose tissue, on the basis of histological appearance. However, since
this is now recognised to be an unsatisfactory and potentially misleading approach
to identifying BAT, as discussed earlier, recent studies have focussed on the
immunological identification of UCP as providing the critical criteria for the tissue.
The most effective way of identifying UCP is by immunoblotting (or Western
blotting), since this ensures that immunoreactivity occurs at the molecular weight
appropriate to the protein. Immunoblotting has now been applied to a variety of
mammalian species, ranging from rodents to ungulates through to primates such as
man. Table 1 shows the species in which UCP has been identified. In some cases,
such as ruminants (cattle, sheep, goats, reindeer) UCP and hence BAT, is present
only for a restricted period over the first few days or weeks of postnatal life—
presumably because for thermal reasons the tissue is required only for the initial
period after birth.
Table 1. Species distribution of BAT.

Based on the immunological identification of uncoupling protein in an adipose tissue.
* Present only in the neonate/young.

As more animals are examined, and UCP identified, species and situations where
the tissue is absent take on increasing significance. Among mammals, the
domesticated pig is the sole species reported where UCP has not been found
(Trayhurn et al 1989). We have also been unable to identify the protein in several
avian species adapted to the sub-arctic winter (Saarela et al 1991); current evidence
would suggest that BAT is restricted to mammals.
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9. Brown adipose tissue in man
Studies demonstrating an impairment of BAT activity in obese rodents rapidly led
to consideration of the possibility that low rates of thermogenesis in the tissue may
be involved in the development of human obesity (Himms-Hagen 1979). UCP has
been isolated from adipose tissue of human neonates, and the protein has also been
detected in adult humans (Lean 1989). Furthermore, the gene coding for UCP in
humans has been cloned, and partially sequenced (Cassard et al 1990). Thus BAT is
present in man and studies in patients with phaeochromocytoma indicate that a
major activation of the tissue can take place in adults, given the appropriate
(catecholaminergic) stimulus (Lean 1989).
Despite the data from experimental animals, it now seems highly improbable that
impaired thermogenesis in BAT is implicated in the aetiology of human obesity.
This does not, however, preclude the possibility that the disorder can be treated by
therapeutic agents targeted to BAT, particularly in view of the activation of the
tissue that occurs with phaeochromocytoma. In principle, any mechanism for
stimulating energy expenditure provides a therapeutic route for obesity, providing
that the activation is substantial and that it occurs without detrimental
cardiovascular effects. The position is analogous to that of dieting in that given a
substantial reduction in intake, weight will inevitably be lost — irrespective of
whether excessive consumption is the critical aetiological factor.
The presence of a novel ß3-adrenoceptor in BAT has provided a clear theoretical
route for the development of anti-obesity agents which specifically stimulate the
tissue without provoking a major cardiovascular response. However, in practice this
approach has yet to lead to an effective therapy.
10. Coda—achievements of research on brown adipose tissue
Although it is now evident that BAT does not represent the 'philosophers stone' in
terms of the aetiology of obesity in man, the achievements of studies on the biology
of the tissue over the past 15 years are nonetheless considerable. These
achievements particularly include the elucidation of the unique bioenergetics of
BAT mitochondria, and the demonstration that in small mammals the tissue plays
an important role in the regulation of energy balance. The identification of a novel
ß -adrenoceptor, and the recognition of BAT as an important site in the generation
of T3 from T4—and in the conversion of carbohydrate to lipid —are also of
considerable importance. In addition, BAT has served as an important model
system for investigating both environmental. effects and the neural (sympathetic)
regulation of peripheral metabolism—down to the level of the expression of
individual genes.
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