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The main function of brown adipose tissue (BAT) is to produce heat, whereas that of white adipose tissue is to serve as an energy store. BAT is the primary tissue used for non-shivering thermogenesis (NST) (2), which is the dominating pathway for thermoregulatory heat production in neonates of a number of mammalian species and in metabolic cold adaptation, which develops in most small mammals during long-term or intermittent cold exposure, leading to improved cold tolerance. A further function of brown adipose tissue is thought to be energy expenditure following overfeeding, i.e., diet-induced thermogenesis (DIT), which, when effective, is thought to prevent weight gain in animals (20). BAT is also related to rewarming after hibernation. 





Structure And Mechanism Of Thermogenesis





BAT occurs as discrete lobes, predominantly in the interscapular, thoracic and cervical regions, beside the great vessels and contiguous with the spinal cord, while white adipose tissue is distributed throughout the body in a diffuse manner. Metabolic activity is much higher in brown adipose tissue  than in white and the vascular connection between the brown fat and other organs is important for its thermogenic function. At the histological level, the cells in brown adipose tissue are multilocular while white adipocytes are always unilocular. BAT cells may also present a unilocular appearance at thermoneutrality in the animal. The brown-red color of the tissue is due to its high vascularization and the presence of mitochondrial cytochromes. The mitochondria contain many cristae. 


BAT is highly innervated by sympathetic fibers and norepinephrine (NE) liberated from sympathetic nerve endings in BAT binds the adrenergic receptors of the beta-1 subtype and increases heat production in the brown cells via the activation of protein kinases and lipases. Substrate oxidation in BAT is uncoupled from the production of adenosine triphosphate (ATP), so that it produces a great deal of heat and little free energy is trapped in ATP. This uncoupling mechanism involves a specific regulated transport of protons across the inner membrane in the mitochondria (15). The molecular basis for this unique conductance pathway is a specific 32000 -mol wt. protein named thermogenin, or uncoupling  protein (UCP), located in the inner mitochondrial membrane (19). 


Uncoupling protein gene expression is strictly controlled at the transcription level by signals that are activated after the stimulation of brown adipocytes by norepinephrine. Uncoupling protein has two mRNAs in rodents but only one in man, cattle and sheep (19).  The binding of exogenous purine nucleotides to the uncoupling protein inhibits transport of proton conductance pathway in BAT, and many investigators have concluded that it is the total amount of UCP in brown adipose tissue that determines the capacity of the tissue for thermogenesis and the binding sites for purine nucleotides that determine its activity. Factors which are able to modulate the amount and activity of uncoupling protein are those which control thermogenesis by brown adipose tissue.





Regulation Of Thermogenesis





Physiological regulation of BAT thermogenesis essentially involves the  sympathetic nervous system and the adrenal medulla, although endocrine factors such as adrenocortical, thyroidal and pancreatic glucagon have also been demonstrated to regulate BAT function. 


The most important hormones are catecholamines, especially norepinephrine, which exerts its effects locally in the innervated tissue in the immediate vicinity of release. Epinephrine (E) is the circulating hormone of the adrenal medulla. The increased sympathetic activity results in activation of BAT thermogenesis in non-shivering and diet-induced thermogenesis.


Catecholamine release of both sympathetic nerve endings and adrenal medulla is the direct consequence of a descending flow of impulses from regulatory centers in the hypothalamus, pons, and medulla oblongata.  The central control of BAT is the least well understood aspect. The hypothalamus, which is concerned with the control of thermoregulation and feeding behavior, has been the primary focus for investigations into BAT thermogenesis, and several hypothalamic areas, including the ventromedial, paraventricular, and preoptic nuclei and neurotransmitter pathways, have been shown to play a role in the central regulation of heat production by BAT. 





Bat And Cold Exposure, Overfeeding And Other Factors





The first response of BAT to an increased release of norepinephrine in the cold is an increase in blood flow and metabolism in the tissue and the unmasking of existing uncoupling protein, leading to increased binding sites for the purine nucleotides.  The effect of NE on BAT also involves the conversion of thyroxine (T4) to triiodothyronine (T3), which is the metabolically active form of thyroid hormone. During long-term or intermittent cold exposure BAT hypertrophies and increases occur in a number of mitochondria and in the synthesis of uncoupling protein. Non-shivering thermogenesis is mainly attributable to the cold-induced increase in the uncoupling protein content of the BAT. The changes in BAT accompanied by long-term cold exposure can be mimicked by the administration of exogenous catecholamines or ß-agonist drugs. Exogenous catecholamines at room temperature increase the thermogenic activity of the tissue and reduce its lipid content (9). 


Overfeeding (DIT) or a refined carbohydrate and fat diet, which also stimulates the sympathetic nervous system in BAT, increases the uncoupling protein content, while fasting induces a decrease. Thus, chronic overeating and long-term cold exposure induce almost similar modifications in BAT, leading to an enhancement of the thermogenic capacity of the tissue. Reductions in the amount of uncoupling protein in the rat have been documented in obesity and poor thermoregulatory ability in genetically obese mice is thought to be due to a defect in the ability of the BAT to produce heat (7).


In addition to cold and diet, several other stimuli which act on the sympathoadrenal system may affect thermogenesis in BAT. These stimuli include injection, trauma, stress and drugs that affect thermoregulation. Repetitive non-thermal stress, such as immobilization (17) or chronic alcohol intake (12,13), which improves cold tolerance, has been shown to induce BAT thermogenesis, whereas an alcohol-induced decrease in body temperature has been observed to be associated with reduced BAT activity in the rat (Huttunen et al. unpublished observation).





Physical Training And Bat





Results of experiments concerning the effect of physical training on NST and BAT thermogenesis are controversial. Some show physical training to enhance the calorigenic response of BAT to norepinephrine and some that it reduces it. Most reports suggest, however, that physical training does not facilitate the capacity for heat production nor increase the heat production by BAT. 


Increased heat production by BAT has been found to occur in untrained rats at room temperature but not in trained ones, in whom an exercise-induced elevation in body temperature suppresses cold-induced heat production in BAT by reducing the binding sites for the purine nucleotide in the uncoupling protein  (21,  1). The weight of BAT has also been reported to decrease in trained rats under 8o but the tissue level of DNA increases (16). It has been suggested that exercise can attenuate the stimulating effect of cold on the sympathetic activity of BAT (18).  


Repeated physical training in a cool environment (4o) has been observed to enhance the plasma corticosteroid level and to accelerate metabolic adaptation to cold by increasing the total protein content and activity of mitochondrial enzymes in the interscapular adipose tissue of the adult guinea-pig more than does cold alone (11). No changes were found in the trained guinea-pigs at room temperature.





Species Distribution Of Bat





Uncoupling protein is unique to BAT mitochondria, and therefore the presence of this protein provides the definitive criterion for identifying the tissue as "brown". On this criterion laboratory rodents, hibernating species, domestic animals and primates have been identified as possessing brown adipose tissue. Such tissue has also been firmly identified in the human being, in neonates as well as adults, although its role in non-shivering and diet-induced thermogenesis in adults is not clearly estimated. 


BAT is an important regulator of energy balance in some rodent species, including the rat and mouse, at all stages in life, whereas in some mammalian species such as the guinea-pig, dog, cat, sheep and cow it is prominent in neonates but is widely considered to atrophy after the first few weeks of life. BAT may nevertheless be reactivated in these species by stimuli that increase demand for compensatory thermogenesis and restore sympathetic activity in the tissue. 


BAT comprises about 1% of total body-weight in the adult rat at thermoneutral temperature (28-30o) and contributes 1% to the overall metabolic rate. When stimulated by cold exposure this contribution can rise to 50% of the total metabolic rate and the weight of the BAT increases to 3-5% of total body weight. 


The post-partum decline in BAT activity in the guinea-pig is rapid and complete. The neonatal guinea-pig has clearly identifiable BAT, but the activity of the tissue is reduced within a few weeks of birth and enzyme pattern of the tissue in the adult guinea-pig resembles that seen in white rather than in brown fat. The structure of the tissue from adult guinea-pigs can be changed, however, by exposing the animals to chronic cold. The interscapular adipose tissue changes to that typical of BAT and its catecholamine content increases upon exposing the guinea-pig to cold (6,8). When cold-exposed guinea-pigs are returned to a warm environment again the activity of the tissue declines rapidly. 


The ontogeny of BAT in man is similar to that in the guinea-pig, although the human neonate has no compact pad of adipose tissue, but the brown fat is distributed close to the vital organs. The largest sites of BAT are quantitatively the axillary-deep cervical and perirenal adipose tissues. Thus the cervical and axillary sites can warm the blood supply to the head and heart, and the perirenal fat protects the kidneys. Autopsy studies of the anatomical distribution of brown adipose tissue and analysis of the uncoupling protein or its mRNA show that the number of BAT cells is significantly higher in infants than in adults (5, 4,  14). In the first decade of life there is a consistently wide distribution of brown fat, but with age, active brown fat disappears from most areas. The more peripherally situated areas, such as the interscapular area and the anterior abdominal wall, are the first to lose their active brown fat (5). The prevalence of brown fat cells in the sites of BAT in human adults aged 25 years or more has been found to be about 10% in autopsy in northern Finland (4). 


An increase in uncoupling protein or its mRNA content in perirenal tissue in adults in some pathological states with high sympathetic activity such as pheochromocytoma and hibernoma (14,3) and postmortem in the cervical adipose tissue of heavy alcohol consumers (Huttunen et al. unpublished observation) provides evidence for the functional capability of human BAT. Histochemical reactions and activities of mitochondrial enzymes in the adipose tissue around the neck arteries and in the pericardium in outdoor workers show that repetitive cold exposure can retain brown adipose tissue in "strategic" places in human adults, too (10). Autopsies of outdoor workers such as lumberjacks and timbermen, and of skid-row alcoholics, have shown them to have more multilocular adipose tissue than indoor workers, mostly around the carotid arteries. The amount of this tissue was found to be the greater, the longer they had been exposed to cold in recent times. Thus a lumberjack who had died in August did not have so much multilocular adipose tissue as one who died in February. This points partly to a disappearance of BAT with a return to warm conditions (10). The highest concentration of uncoupling protein was also found in older infants and children aged 1 - 15 years, who may be exposured more to cold temperatures with relatively less clothing than in most young infants (14). Based on autopsies, Heaton (5) found temporarily reactivated brown adipose tissue in the sixth decade, an increase which may be needed to compensate for a lowering of the basal metabolic rate. The subsequent decrease noted in the eight decade may be a factor in the high risk of hypothermia during this period of life (5). 


In addition to the possible role of BAT in survival in cold environments, BAT is also probably of some significance in the mechanism of obesity in man. It is suggested that brown adipose tissue is absent in obese persons, or its activity is reduced.
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