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ABSTRACT
Measurements were made of the activities of enzymes of glycerolipid synthesis in
homogenates of interscapular brown adipose tissue. The enzymes studied were:

mitochondrial and microsomal forms of glycerolphosphate acyltransferase (GPAT), Mg2+-

dependant phosphatidate phosphohydrolase (PPH), fatty acyl-CoA synthetase (FAS) and
monoacyl-glycerolphosphate acyltransferase (MGPAT). In normal animals cold-exposure
(40C) for 3-days increased all activities relative to tissue DNA. Mitochondrial GPAT
showed a particularly marked increase (5-fold). Administration of the adipose tissue
specific p3-adrenergic agonist (BRL-26830-A) resulted in a mimic of cold-induction in
microsomal GPAT activity; no change was recorded for the other enzyme activities.
Phenylephrine administration, either with BRL-26830-A or alone, resulted in reduction of
activities of PPH, mitochondrial GPAT and MGPAT. Diabetes decreased mitochondrial
GPAT activity but did not affect the increase in activity due to cold-exposure. Diabetes
prevented the increase in activities of PPH and FAS due to cold-exposure. Hypothyroidism
mimicked and enhanced the cold-induced increase in mitochondrial GPAT activity but did
not affect the activity of PPH. Hyperthyroidism induced an approximate doubling of PPH
activity but did not affect mitochondrial GPAT activity. Adrenalectomy resulted in an
increase in mitochondrial GPAT activity which mimicked the effect of cold-exposure. PPH
activity was increased by adrenalectomy and decreased by cold-exposure in the
adrenalectomised animals. Cycloheximide administration prior to cold-exposure reduced
the cold-induced increase in mitochondrial GPAT. These findings are relevant to signals
that drive early events in mitochondriogenesis and cell proliferation in brown adipose tissue
on exposure to cold.

Mitochondrial GPAT activity was observed in both outer and inner mitochondrial
membranes from liver. Solubilisation of the mitochondrial GPAT activity resulted in an

increase in K, for glycerol-3-phosphate and sensitivity to N-ethylmaleimide. The

solubilised activity was precipitated and stabilised in 12-15% polyethylene-glycol.
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1.1. GLYCEROLIPID SYNTHESIS.

The glycerolipid synthesis pathway in mammals is vital in its provision of both
triacylglycerols, for energy storage, and phospholipids essential for membrane production
during cellular proliferation and mitochondriogenesis.

Regulation of the glycerolipid synthesis pathway (outlined in figure 1.1) has been
extensively studied in both liver and white adipose tissue, but only a few studies from
brown adipose tissue are known. Therefore, a concise resume of the known aspects of
glycerolipid synthesis and its regulation in liver and white adipose tissue will be given prior
to reviewing brown adipose tissue and glycerolipid synthesis in this tissue.

1.1A. Glycerolipid Synthesis in Liver and White Adipose Tissue.

The initial step in the utilisation of fatty acids in glycerolipid synthesis or p-

oxidation is their conversion to the acyl-Coenzyme A (acyl-CoA) derivative. This
conversion is catalysed by the enzyme long-chain fatty acyl-CoA synthetase (FAS). FAS is
either ATP-dependant or GTP-dependant. However it is reported that in liver the ATP-
dependant activity is 20-30 fold higher than that of the GTP-dependant activity (Van Tol,
1975) and the latter has no assigned physiological role to date. A number of different acyl-
CoA synthetases, differentiated by their chain-length specificities, are present in the liver
while white adipose tissue appears to contain only one enzyme with a broad chain-length
specificity (Aas, 1971). ATP-dependant long-chain acyl-CoA synthetases are present in
both microsomal and mitochondrial fractions, with the mitochondrial activity located in the
outer-mitochondrial membrane (Aas, 1971; Nimmo, 1979). Both the mitochondrial and the
microsomal enzymes are thought to have cytosolic active sites (Coleman and Bell, 1978;
Hall and Saggerson, 1985; Heslar et. al., 1990) and both utilise saturated and unsaturated
fatty acids (Groot et. al., 1976; Pande and Mead, 1968).

Long-chain acyl-CoA synthetase has been purified to homogeneity from rat liver

microsomes and mitochondria, the purified enzyme having a subunit M, of 76 kDa as

determined by SDS-polyacylamide gel-electrophoresis (Tanaka et .al., 1979).

The first, or committed, step in the glycerolipid synthesis pathway is the formation
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of monoacyl glycerol-3-phosphate from acyl-CoA and either sn-glycerol-3-phosphate or
dihydroxyacetone-phosphate. The formation using sn-glycerol-3-phosphate is catalysed by
the enzyme glycerolphosphate acyltransferase (GPAT) which, is of great interest and
importance since it is the committed enzyme for the pathway . In both liver and adipose
tissue GPAT exists in two forms, one in the mitochondria and the other in the microsomal
fraction. The distinction into different forms is based on differences in substrate specificity
and inhibition by thiol-group reagents (Bates and Saggerson, 1979; Daae, 1973; Monroy
et. al., 1972). Mitochondrial GPAT will only use saturated acyl-CoAs as a substrate,
whereas microsomal GPAT will utilise both saturated and unsaturated acyl-CoAs (Bremer
et. al., 1976; Daae, 1973; Haldar et. al., 1979). In addition, microsomal GPAT shows less
positional preference for placing of acyl-groups on the glycerol backbone (Haldar et. al.,
1979; Monroy et. al., 1972). Mitochondrial GPAT also has a lower K ;, for glycerol-3-
phosphate and higher apparent affinity for palmitoyl-CoA than the microsomal form (Bates
and Saggerson, 1979). The most distinctive difference between the two forms of GPAT is
the effect of thiol-group reagents on the activity of the enzymes. Microsomal GPAT is
completely inhibited by thiol-group reagents (such as N-ethylmalemide) but the
mitochondrial enzyme is unaffected (Bates and Saggerson, 1979; Lands and Hart, 1965;
Monroy et. al., 1972). In white adipose tissue the proportion of microsomal GPAT is
greater than that in liver and its specific activity higher than that of the mitochondrial
enzyme (Haldar et. al., 1979; Saggerson et. al., 1979; 1980; Schlossman and Bell, 1976).

Attempts to purify both mitochondrial and microsomal GPAT from rat liver have
been made but only partial purification has been achieved (Monroy et. al., 1973; Mok and
McMurray, 1990). It has been proposed that the mitochondrial enzyme is located on the
inner side of the outer-mitochondrial membrane (Heslar et. al., 1985; Monroy et. al., 1973;
Nimmo, 1979). GPAT has been purified and characterised from E. coli. (Green et. al.,
1981; Scheidelar and Bell, 1986; 1989).

Monoacyl-glycerolphosphate can also be produced using dihydroxyacetone

phosphate instead of glycerol-3-phosphate. This reaction is catalysed by
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dihydroxyacetonephosphate acyltransferase (DHAPAT). DHAPAT is found in both liver
and white adipose tissue, but shows different subcellular localisation in the two tissues. In
liver DHAPAT is present mainly in peroxisomes but also occurs in microsomal and
mitochondrial fractions, whereas in white adipose tissue DHAPAT is localised mainly in
the microsomal fraction (Bates and Saggerson, 1979; Declerq et. al., 1984; Hajra et. al.,
1979; Jones and Hajra, 1977; Saggerson et. al., 1980; Schlossman and Bell, 1976). It is
proposed that the microsomal GPAT and DHAPAT activities are present on one dual
catalytic enzyme as both exhibit identical properties in terms of acyl-substrate, pH
dependance, detergent inhibition and thiol-group reagent inhibition (Schlosssman and Bell,
1976; 1977). The peroxisomal activity shows slight stimulation by thiol-group reagents and
exhibits a partially latent activity in liver (Bates and Saggerson, 1979; Jones and Hajra,
1980).

The DHAPAT pathway contributes only 7% of total lipid synthesis in liver, the
remaining 93% derives from the glycerol-3-phosphate pathway (Declerq et. al., 1984). In
white adipose tissue the glycerol-3-phosphate pathway exceeds that of dihydroxyacetone
phosphate by at least 20-fold (Dodds et. al., 1976). It appears that DHAPAT is essential
for ether lipid synthesis (Declerq et. al., 1984; Dodds et. al., 1976). Although of interest,
due to its low percentage contribution to overall glycerolipid synthesis, DHAPAT has not
been studied in the work presented here.

Monoacylglycerol-3-phosphate is further acylated to produce phosphatidate, the
reaction being catalysed by monoacylglycerolphosphate acyltransferase (MGPAT). This
enzyme is predominantly microsomal in both liver and white adipose tissue (Okuyama et.
al., 1971; Saggerson et. al., 1980; Yamashita et. al., 1972). In liver it has been shown that
MGPAT acylates with saturated acyl-CoA’s preferentially at the 2-position of
monoacylglycerol-3-phosphate (Okuyama et. al., 1971). However once resolved away
from microsomal GPAT, MGPAT will acylate 1-acylglycerol-3-phosphate with saturated
and unsaturated acyl-CoA (Yamashita et. al., 1972). Microsomal MGPAT activity in white
adipose tissue is 7-fold higher than that of microsomal GPAT and 10-15 fold higher than
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that of liver microsomal MGPAT (Saggerson et. al., 1980).

Phosphatidate is dephosphorylated to produce diacylglycerol. This conversion is
catalysed by the enzyme phosphatidate phosphohydrolase (PPH). The formation of
diacylglycerol from phosphatidate directs glycerolipid synthesis into triacylglycerol,
phosphatidylcholine and phosphatidylethanolamine production. Phosphatidate can also be
converted to CDP-diacylglycerol and thence on to the anionic phospholipids. The anionic
phospholipids include cardiolipin which is essential for inner mitochondrial membrane
production.

Phosphatidate phosphohydrolase (PPH) is situated at an important branch point in
the glycerolipid synthesis pathway and has been considered as a possible rate-limiting
enzyme for the pathway as a whole. It has therefore been extensively studied in both liver
(Bates and Saggerson, 1979; Brindley, 1988; Jamdar et. al., 1984; 1991; Sturton and
Brindley, 1980) and white adipose tissue (Saggerson, 1988; Saggerson et. al., 1980;
Taylor and Saggerson, 1986). PPH activity has been recorded in the mitochondrial,
microsomal and cytosolic fractions of white adipose tissue (Jamdar and Fallon, 1973b;
Saggerson et. al., 1980; Taylor and Saggerson, 1986) and the enzyme is believed to be
ambiquitous (Taylor and Saggerson, 1986). Two distinct enzyme activities have been
shown in white adipose tissue, based on the dependance on Mg2+ for activity. Mg2+-
dependant activity has been shown to be both soluble and to be associated with the
microsomal fraction of the cell, whereas the Mg2+-independent activity seems to be
associated only with the particulate fractions of the cell (Jamdar and Fallon, 1973b). The
cytosolic PPH activity is almost exclusively Mg2+-dependant and has been estimated to
account for almost 70% of total Mg2+-dependant activity (Jamdar and Fallon, 1973b;
Saggerson et. al., 1980). Mg2+-independent activity has been estimated to account for only
20% of total PPH activity in the cell (Saggerson et. al., 1980). Mg2+-dependant PPH
activity can be strongly inhibited by the thiol-group reagent N-ethylmalimide (NEM), is

heat labile and susceptible to attack by proteolytic enzymes (Jamdar et. al., 1984). Mg2+-
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dependant PPH has a lower K, for phosphatidate than the Mg2+-independent activity

(Jamdar and Fallon, 1973b; Jamdar et. al., 1984). Ca2+ ions inhibit both PPH activities
(Lawson et. al., 1981).

The liver the two forms of PPH show identical properties to the white adipose
tissue enzymes. Recent reports, suggest that the Mg2+-independant PPH activity is present
predominantly in plasma membranes. This activity is not inhibited by NEM, is stable in the
presence of proteolytic enzymes and is heat stable (Jamal et. al., 1991). It is proposed that
this form of PPH is involved in signal transduction. Reports of PPH activity involved in
signal transduction in other tissues support this additional role for PPH (Bishop et. al.,
1990; Rossi et. al., 1990; Welsh et. al., 1990).

The specific activities of the central enzymes involved in glycerolipid synthesis are
5-10 fold higher in white adipose tissue than those in liver, reflecting the high capacity for
triacylglycerol synthesis in this adipose tissue (Bates and Saggerson, 1980; Billah et. al.,
1989; Yamashita et. al., 1973; Young and Lynen, 1969).

1.1B. Short-Term Regulation in Liver and White Adipose Tissue.

A major component of glycerolipid synthesis (especially in white adipose tissue) is
triacylglycerol production. The regulation of esterification has been studied in detail and
appears to be under tight hormonal control. The control of esterification can be applied to
all the aspects of the glycerolipid synthesis pathway if it is assumed that the regulatory
enzyme for the pathway is one of the central enzymes mentioned below. Although no
definite identification has been made this would seem likely.

In white adipose tissue, insulin and noradrenaline (norepinephrine, NA) have
antagonistic effects on triacylglycerol synthesis (reviewed by Saggerson, 1985). It has yet
to be eludicated whether the stimulatory actions of insulin are distal to the activation of
glucose transport (Simpson and Cushman, 1986). It has been shown, by using [14C]-

fructose or [3H]-H,0, that insulin stimulates production of glyceride glycerol from the

above precursors (Sooranna and Saggerson, 1975). In general lipolytic hormones increase
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the rate of esterification in adipose tissue by increasing the supply of fatty-acids (Grahn and
Davies, 1980), while decreasing the capacity of the esterification pathway, thus preventing
excess futile cycling (Saggerson, 1972, 1985). Insulin stimulates fatty acyl-CoA
production and simultaneously increases esterification of fatty acyl-CoA’s with glycerol-3-
phosphate derived from increased glucose metabolism. Insulin also inhibits lipolysis,
combining with the above to lead to reduced levels of fatty acyl-CoA in white adipose
tissue. In contrast B-adrenergic agonists such as noradrenaline increase fatty acyl-CoA
levels in adipocytes (Page-Penuelas et. al., 1987).

The hormonal effects on the central glycerolipid synthesis enzymes are summarized
below. The summary pays particular attention to regulation in white adipose tissue. Where
appropriate the known regulation in liver (and other tissues) will be detailed.

FAS is inhibited by adrenaline, the inhibition being potentiated by glucose and
antagonised by insulin and propranolol (Sooranna and Saggerson, 1978). Inhibition of
FAS appears to be parallel with stimulation of lipolysis by noradrenaline and is reversed by
insulin or propranolol (Hall and Saggerson, 1985).

The committed enzyme in the pathway, namely glycerolphosphate acyltranserase
(GPAT), is an obvious choice for a possible regulatory enzyme and as such its regulation
has been studied in detail in white adipose tissue. Adrenaline inhibits GPAT activity, the
inhibition is potentiated by glucose and antagonised by propranolol (c. £. FAS) (Sooranna
and Saggerson, 1976). As incubation with fatty acids had no significant effect on GPAT
activity it was proposed that the adrenaline inhibition was a direct effect and not secondary
to effects on lipolysis (Sooranna and Saggerson, 1976b). The inhibition by noradrenaline

on both mitochondrial and microsomal forms of GPAT is by a lowering of the V.4 of the

enzyme (Rider and Saggerson, 1983). Initial studies did not show any direct effect on
GPAT activity by insulin (Evans and Denton, 1977; Sooranna and Saggerson,1976; 1978)
but insulin was shown to block the noradrenaline-induced inhibition (Rider and Saggerson,
1983). Recently Vila and Farese (1991) showed insulin increased GPAT activity in white

adipose tissue and postulated a phosphoinositol-linked phospholipase C mediation. Insulin
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has also been shown to increase GPAT activity in myocytes (Vila et. al., 1990).

DHAPAT activity appears to be regulated in a very similar manner to that of GPAT,
supporting the hypothesis of a single enzyme containing dual-activity (Horie et. al., 1990;
Schlossman and Bell, 1976; Sooranna and Saggerson, 1979).

There appear to be no reports on the hormonal regulation of MGPAT in white
adipose tissue or liver to date.

Mg?2+-dependant PPH has also been put forward as a possible regulatory enzyme
for glycerolipid synthesis. It catalyses the formation of diacylglycerol from phosphatidate
which occurs at an important branch-point in the glycerolipid synthesis pathway. In liver
changes in triacylglycerol synthesis during different physiological states are reflected in the
translocation of, (between cytosol and particulate fractions) and activity of Mg2+-dependant
PPH. This supports PPH’s proposed role as the rate-limiting enzyme for the glycerolipid
synthesis pathway in this tissue. Also in liver, triacylglycerol synthesis is linked to
phosphatidylcholine production, as the export and transport of triacylglycerol from the liver
is via very-low-density lipoproteins (VLDL). VLDL’s consist of 20% phosphatidylcholine
and 60% triacylglycerol, so co-ordinated production of both is required in liver.
Phosphatidylcholine levels are regulated by CDP-choline levels, which are regulated by the
enzyme CDP-phosphocholine cytidyltransferase (CDP:PCT). The regulation of CDP:PCT
in liver is remarkably similar to that of PPH, with translocation from cytosol to microsomal
fractions when activated, also being seen (Pelech and Vance, 1984; Vance and Pelech,
1984). This demonstrates a direct link between the regulation of triglyceride production and
phospholipid production should the two be required together. PPH has also been shown to
translocate to mitochondria, allowing triacylglycerol, phosphatidylcholine and
phosphatidylethanolamine production from mitochondrially-synthesised phosphatidate
(Freeman and Mangiapane, 1989).

In white adipose tissue the inhibition of PPH activity by adrenaline or noradrenaline

was blocked by insulin or propranolol, although insulin alone has no effect on PPH activity
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(Cheng and Saggerson, 1978a,b). Adrenaline decreases PPH activity by a cCAMP-mediated
response (Haghighi et. al., 1990). It should be noted that only the Mg2+-dependant PPH is
hormonally regulated and is thought to be the only form important in the glycerolipid
synthesis pathway (Jamdar and Fallon, 1973a,b). The physiological role of Mg2+-

independent PPH is yet to be eludicated in white adipose tissue, but may be involved in
signal transduction in liver (Jamal et. al., 1991).

Insulin is reported to have no effect on diacylglycerol acyltransferase (DGAT)
activity but antagonises the inhibition induced by adrenaline (Sooranna and Saggerson,
1978).

The mechanisms underlying these short-term hormonally-induced changes have yet
to be eludicated.

1.1C. Long-Term Regulation in Liver and White Adipose Tissue.

The long-term regulation of the glycerolipid synthesis pathway has been studied
extensively in both liver and especially in white adipose tissue. Thus, in the following
resume the known regulation in white adipose tissue will be emphasized, with that known
in liver given where appropriate.

In white adipose tissue the capacity for glycerolipid synthesis is reduced during
starvation (Angel and Roncari, 1967; Harper and Saggerson, 1976; Saggerson, 1972a),
streptozotocin-induced diabetes (Saggerson and Carpenter, 1987) and during aging
(Jamdar and Osbourne, 1982; Jamdar et. al., 1986).

Decreased activities of FAS (Lawson et. al., 1981), GPAT (Angel and Roncari,
1967; Jamdar and Osbourne, 1982; Sooranna and Saggerson, 1979; Taylor and
Saggerson, 1986), DHAPAT (Sooranna and Saggerson, 1979) and Mg2+-dependant PPH
(Jamdar and Osbourne, 1982; Moller et. al., 1977) have been recorded in white adipose
tissue during starvation. Microsomal GPAT has not been shown to change during
starvation (Lawson et. al., 1981).

Refeeding of starved animals resulted in restoration of GPAT and PPH activity
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levels (Jamdar and Osbourne, 1982).

Streptozotocin-induced diabetes results in decreased activities of FAS, MGPAT,
Mg2+-dependant PPH (Saggerson and Carpenter, 1987) and GPAT (Saggerson and
Carpenter, 1987; Taylor and Saggerson, 1986). All activities are restored by 2 day or 2 h.
treatment with insulin (Saggerson and Carpenter, 1987; Taylor and Saggerson, 1986)

GPAT and PPH activities are also reduced in hypothyroid white adipose tissue,
with restoration of control levels of activity after 3 days of thyroxine administration (Taylor
and Saggerson, 1986). Recently, administration of td-iodothyronine (T'3) to guinea pigs
was shown to result in elevated lung GPAT activity, the elevation being dependant upon
transcription and translation (Mukherjee et. al., 1990).

Increasing age leads to decreased activities of GPAT, DGAT and PPH (Jamdar et.
al., 1984, 1986). The activity of MGPAT does not change with respect to aging and is
unaffected by cell size (Jamdar et. al., 1986). GPAT, DGAT and PPH all have greater
activities in larger adipocytes, which parallels the increased triacylglycerol synthesis in
these cells over the smaller adipocytes (Jamdar et. al., 1981; 1986).

In liver physiological stress leads to an increased supply of fatty acids. This is
accompanied by increased p-oxidation due to a lowering of malonyl-CoA levels which
relieves the inhibition of, and thus increases the activity of, camitine palmitoyltransferase
(McGarry and Foster, 1980). However the capacity for B-oxidation in the liver can, during
conditions such as diabetes, be exceeded leading to increased hepatic glycerolipid synthesis
(Murthy and Schipp, 1979; Woods et. al., 1981). PPH activity levels are elevated in
diabetes (Murthy and Schipp, 1979; Woods et. al., 1981) and starvation (Kinnula et. al. ,
1978; Mangiapane et. al., 1973; Vavrecka et. al., 1969). The increased activity of PPH in
diabetes is reversed by treatment with insulin (Murthy and Schipp, 1979; Woods et. al.,
1981). PPH has also been shown to increase in diabetic heart where glucagon causes
translocation of PPH to the particulate fractions (Schoonderwoerd et .al., 1990). PPH is

also elevated during regeneration of liver after partial hepatectomy, indicating the
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importance of the glycerolipid synthesis pathway during cell proliferation and tissue growth
(Tijburg et. al., 1991).

The activities of the other enzymes central to the glycerolipid synthesis pathway
appear to be either unchanged or decreased during long-term stress in liver. Hepatic GPAT
is decreased during starvation (Aas and Daae, 1971; Bates and Saggerson, 1979; Vavrecka
et. al., 1969), diabetes (Bates and Saggerson, 1979) and lipid peroxidation (Thomas and
Poznansky, 1990). FAS and DHAPAT also decrease during starvation (Bates and
Saggerson, 1979; Mangiapane et. al., 1971).

Overall, in white adipose tissue elevated levels of catacholamines relative to insulin
decrease the capacity of the glycerolipid synthesis pathway by decreasing the activities of
FAS, GPAT, DHAPAT and PPH.

In liver similar conditions result in increased glycerolipid synthesis (especially
triacylglycerol) associated with elevated PPH activity but unchanged or decreased GPAT
activity. It would appear, therefore, that in liver the most likely candidate for the regulatory
enzyme for glycerolipid synthesis is PPH and not the first committed enzyme GPAT.

Only a small amount of work has been carried out on this pathway in brown
adipose tissue. Prior to reviewing that work a brief introduction to brown adipose tissue,

it s functions and regulation will be given below.

1.2. BROWN ADIPOSE TISSUE.

Thermogenic processes can be classified under two major headings:-

Obligatory thermogenesis; which is the heat associated with metabolic processes
such as ingestion, digestion, absorption and storage of food (known as the thermic effect
of food or TEF). Also included in this category is the energy expended during growth,
lactation and tumour growth. Changes are small and generally appear to be regulated by
thyroid hormones (Himms-Hagen, 1989).

Facultative thermogenesis accompanies processes which are switched on and off

relatively quickly by the nervous system. Exercise and cold-induced shivering are examples
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of this category. Non-shivering thermogenesis, produced by activation of brown adipose
tissue, is also a facultative thermogenic response.

The primary function of brown adipose tissue (BAT) is to produce metabolic heat
without measurable muscle contraction (i.e. without shivering), either via cold-induced non-
shivering thermogenesis (NST), or diet-induced thermogenesis (DIT) (Reviews by
Trayhurn and Nicholls, 1986 and Himms-Hagen, 1989; 1990).

BAT is thought to be exclusive to mammals as, since its first description (Gessner,
1551), it has only been found in mammals. It is possible to speculate that the appearance of
BAT may have coincided with the development of the homeothermes (organisms which can
maintain their core temperature within a few degrees centigrade despite large environmental
temperature fluctuations). The homeothermes include the mammals. Poikilothermies, in
contrast to homeothermes, are the organisms which are unable to maintain a constant core
temperature (e.g. reptiles) and do not possess BAT.

Cold-induced NST in BAT is induced by a number of conditions:-

1) Cold exposure; animals (such as rats, mice or hamsters) are placed at a
temperature sufficiently below their thermoneutral temperature (the temperature at which no
thermoregulation is apparent) for a short period of time (e.g. rats placed at 40C for 4h.).

2) Cold acclimation (sometimes referred to as adaptation); animals are placed in a
cold environment (see above) for a long period of time. This treatment is likely to be more
physiological as, in the wild, animals would be exposed to decreasing temperatures which
then remain low for an extended period e.g. winter. The laboratory version of long-term
cold exposure is to subject the animal to 40C for a period of not less than 3 days and up to
3 months. During acclimation to cold BAT undergoes recruitment, where tissue DNA and
protein increases and total BAT mass is elevated (this is not usually seen in cold exposure).

3) Arousal from hibernation; Initial raising of the core temperature from the low
level during hibernation is thought to be achieved by NST in BAT. Once shivering is
possible this form of heat production becomes the major one (Nedergaard and Cannon,

1984 for review).
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4) In newborn mammals (reviewed Nedergaard and Cannon, 1992); There are a
number of different times at which BAT is developed and/or activated in newborns. NST in
BAT buffers the cold shock experienced at birth and when venturing into the environment
for the first time. Altricial (nest-dependant) newborns are born relatively under-developed.
They are blind, helpless, without fur or other insulation and are without functional BAT,
which develops just prior to the newborn exiting the nest, where it encounters its first cold
shock. It is however, possible to recruit BAT from the moment of birth . Altricial
newborns includes the rat and mouse. Precocial newborns, including the guinea-pig and
lamb, are very well developed at birth (they are usually fully independently mobile within a
few minutes of birth) and have fully functional, often activated, BAT at birth. The
development and activation of BAT in utero is the most interesting aspect of these
newborns. Immature newborns are those which are born in an extremely under-developed
state where recruitment of BAT (or any independent thermoregulation) is not possible for at
least several days post-partum. This group is small but includes the marsupials, hamster
and possibly the ground squirrel (Nedergaard et. al., 1986; Nedergaard and Cannon,
1992).

What is clear is that until the capacity for other thermoregulatory processes ( e.g. fur
and/or shivering) is developed, the major thermoregulatory site in vivo in newborns is
BAT. Most larger mammals (e.g. humans) lose the majority of their functional BAT soon
after maturation of all thermoregulatory processes. However both the hibernators and the
small mammals, such as rats and mice, retain most of their functional BAT, making them
ideal models for studying BAT structure, function and metabolism.

The remaining form of thermogenesis (DIT) is, as its name suggests, induced by
overeating and is used to maintain a lean body weight (reviewed by Rothwell and Stock,
1986; Stock, 1989).

Both NST and DIT are switched on and off in response to changes in demand for
heat or fuel combustion. The cellular mechanisms involved in NST and DIT are thought to

be the same, although the central control may be via different areas of the brain (Rothwell,
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1989).

Thus, in contrast to white adipose tissue (WAT), BAT utilises excess dietary, or
stored energy to produce heat. The heat produced needs to be transported around the entire
body to have an overall thermic effect. This is achieved by transport of heat by circulating
blood, which passes through the various BAT depots. BAT depots are primarily situated
near the major blood vessels ( e.g. around the aorta, above the heart and in the kidney area)
and other depots (such as interscapular and cervical) are extremely well supplied with
blood, the flow of which has been shown to increase dramatically during NST (Kuroshima
et. al., 1967). Figure 1.2 shows the distribution and amount of BAT in the rat.

BAT contains, in addition to mature brown adipocytes, interstitial cells and
preadipocytes (capable of differentiating into mature brown adipocytes during cold
acclimation) and endothelial cells (also recruited during acclimation to cold) (Bukowiecki
et.al., 1982; Bukowiecki, 1986; Geloen et. al., 1988).

Brown adipose tissue differs white adipose tissue, in a number of key ways:-

1) White adipocytes contain more than twice the amount of lipid (80-90%) than
brown adipocytes.

2) Mature adipocytes generally have a unilocular triglyceride droplet in white
adipose tissue which is larger than the multilocular triglyceride droplets in active brown
adipocytes. When BAT is quiescent brown adipocytes tend to take on the appearance of
white adipocytes in terms of their triglyceride droplet(s).

3) The noradrenaline (NA) content of white adipose tissue is lower than that of
BAT but innervation appears to be distributed in a similar manner in both tissues (Stock
and Westermann, 1963; Rosell and Belfrage, 1979).

4) Maximal blood flow through white adipose tissue is lower (0.25 mVmin/g tissue)
than that through BAT (7-20 mVmin/g tissue). The variation seen in maximal blood flow
through BAT is apparently due to a dependance upon which BAT depot is studied (Foster
and Frydman, 1972).

5) The mitochondria in BAT are larger, more numerous and have a larger cristae
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Figure 1.2. Distrubution of Brown Adipose Tissue in the Rat.

%B.wt.
cervical 0.05
interscapular  0.28
axillary 0.26
periaortic a37
perirenal 045
TOTAL 141

Figure 2 shows the distrubution and % of total body weight of brown adipose
tissue depots in the rat. The depot of brown adipose tissue which is the most extensively

studied is the interscapular depot. Figure 2 is adapted from Rothwell and Stock (1986),

with permission.
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surface area than that found in white adipose tissue. More importantly, and most
specifically, is the exclusive occurrence of the nucleotide-binding protein, thermogenin
(known also as uncoupling protein, GDP-binding protein or 32kDa protein), in BAT
mitochondria. It is the regulated uncoupling property of this protein (uncoupling respiration
from ATP production in the mitochondria by allowing the dissipation of the proton gradient
across the inner mitochondrial membrane) which allows the combustion of substrate
yielding heat, estimated to be as much as 300 watts/kg tissue (Nedergaard and Lindberg,
1982). The specificity of the occurrence of thermogenin in BAT provides an accurate
criterion by which the tissue can be identified i.e. the occurrence of|, or ability to produce
thermogenin identifies the tissue as BAT (see section 1.2A. for more details).

Brown adipocytes have the capacity to communicate directly with adjacent cells via
gap junctions (bridge-like contacts between two continuous plasma membranes). The area
of gap junctions increases in parallel with increasing thermogenic activity, suggesting an
important role for intercellular signaling in BAT during thermogenesis (Schneider-Picard
et. al., 1980; 1984). Mitochondrial membranes and plasma membranes are often seen close
to one another, with small vesicles below invaginations in the plasma membrane. It is
suggested that these structures could be involved in fuel supply from extra-cellular sources
(Greco-Perotto et. al., 1987a, b).

1.2A. Thermogenin and the Mechanism of Thermogenesis:

In mitochondria B-oxidation of fatty acids is coupled, via respiration, to production
of ATP. The production of ATP is dependant upon the presence of a proton gradient across
the inner mitochondrial membrane which drives the synthesis of ATP in a process known
as oxidative phosphorylation.

When BAT is stimulated, the proton gradient across the inner mitochondrial
membrane is dissipated and the mitochondria are uncoupled (i.e. oxidation occurs without
appropriate ATP production). Thus heat is produced instead of ATP (i.e. thermogenesis
occurs). The BAT specific protein thermogenin is responsible for the dissipation of the

proton gradient (for reviews on thermogenin see Trayhurn and Nicholls, 1986;
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Klingenburg, 1990). Thermogenin, as some of its alternative names suggest (see section
2), is a 32kDa protein, which binds nucleotides (such as GDP or ADP) and is a proton
translocator (Nicholls et. al., 1986). Thermogenin also binds fatty acids and acyl-CoA
esters, with acyl-CoA esters thought to bind at the same site as nucleotides (Katiyar and
Shargo, 1991). The protein has been shown to span the inner membrane of BAT
mitochondria several times, with the C-terminal end projecting from the outer surface
(cytosolic facing surface) of the membrane (Aquila et. al.,1985; Eckerskorn and
Klingenburg, 1987). Recently Winkler and Klingenburg (1992) have shown the adenosine
binding site on thermogenin to be localised at a hydrophilic channel in the tripartite
structural domain spanning the membrane and the site can be accessed from both the
cytosolic and matrix surfaces of the membrane. Binding of nucleotide to the binding site
confers total inhibition of proton translocation on thermogenin (Nicholls, 1976a,b,c). The
binding of the nucleotide (GDP experimentally and probably ADP or ATP physiologically)
appears to be highly pH dependant (Klingenberg,1984; 1988). The small rise in
intracellular pH, seen when BAT is stimulated (Giovannini et. al., 1988), may be sufficient
to displace any bound nucleotide and thus activate thermogenin and thermogenesis.
Thermogenin also appears to translocate halide ions in a nucleotide regulated manner
(Jezek et. al., 1990). Although generally excepted as being exclusive to BAT, thermogenin
messenger RNA (mRNA) has been reported in cold-acclimated (40C for 4wks) and
newborn, rat liver (Shinohara et. al., 1991), but the levels shown were very much lower
than those seen in BAT. This report is unique and therefore lacks conformation.

Various methods of acute regulation of thermogenin have been forwarded, all of
which involve the removal of nucleotide bound to thermogenin when BAT is in the
quiescent state. Change in pH (see above), competitive binding and displacement of
nucleotide by acyl-CoA esters and decreases in physiological levels of nucleotides (ATP
and/or ADP) via a putative ATPase, have all been suggested. However all the above lack
any substantial corroboration. The most probable acute regulation of thermogenin is by

binding of fatty acids to the protein, thereby increasing proton conductance resulting in
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reduction in membrane potential (Nicholls et. al., 1986; Rial et. al., 1983). Fatty acids are

thought to be the major fuel for thermogenesis and have been demonstrated to be
increased intracellularly during stimulation of thermogenesis (see sections 1.2C. and 1.2G)
thus fatty acids would act as both substrate and signal for increased thermogenesis. Fatty
acids have been shown to directly interact with and regulate thermogenin in brown
adipocytes (Bukoweicki et. al.,, 1981; 1986; Cunningham et. al., 1986) and isolated
mitochondria (Locke et. al., 1982a,b; Rial et. al., 1983), but not in reconstituted
phospholipid vesicles (Klingenburg and Winkler, 1985; 1986; Strieleman et. al., 1985a,b;
Strieleman and Shargo, 1985).

Chronic regulation of thermogenin involves changes in both protein and mRNA
levels (Nedergaard and Cannon, 1987; Jacobsson et. al., 1986; 1987; Peachey et. al.,
1988). Cold-acclimation results in increased levels of mRNA for thermogenin (but with
decreased stability of the mRNA) and increased thermogenin protein levels, which is in
excess of the increases in mitochondrial and tissue protein also seen (Ashwell et. al., 1983;
Desautels et. al., 1978; Jacobsson et. al., 1986; 1987; Sundin et. al., 1987). Recently an
enzyme-linked immuno-sorbant assay (ELISA) for thermogenin has been developed and
experiments using this technique also show increased thermogenin levels in cold
acclimation (Chan and Swamainathan, 1991). Increased synthesis of thermogenin mRNA
is a very rapid response (apparent at 15 mins in the nucleus) and is maximal only 12-24h.
after the start of cold stress (Jacobsson et. al., 1986; 1987; Ricquier et. al., 1986).
Increased levels of thermogenin mRNA have also been observed in BAT of "cafeteria-diet”

fed animals (i.e. DIT stimulated) (Falcou et. al., 1985) with similar increases being

inducible by infusion of noradrenaline (NA) and by chronic treatment with p;-adrenergic

specific agonists, such as BRL 26830A (see section 1.2C.) (Cunningham and Nicholls,
1987; Ricquier et. al., 1984; 1986). Although generally thought to be essentially a p-
adrenergic mediated response, there is growing evidence that both a- and p-adrenergic
receptors are involved in the regulation of thermogenin gene expression (Jacobsson et. al.,

1986; Rehnmark et. al., 1990). There appears to be an absolute requirement for tri-


















































































































































































































































































































































































































