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The maximal activity of the enzymes hexokinase and 
6-phosphofructokinase were measured in interscapular brown 
adipose tissue during agelng in the rat. The activity of 
these glycolytic enzymes increased markedly during the 
suckling-weaning transition (20-22 days of age), but from 30 
to 100 days of age the activities per gram wet weight and 
per mg protein decreased. The rate of lipogenesis in brown 
adipose tissue was also increased over the suckling-weaning 
transition and the contribution of glucose to this fatty 
acid synthesis was greater in weaned animals especially 
under the Influence of insulin. D 1986 Academic press, Inc. 

The importance of brown adipose tissue (BAT) as a major site 

of non-shivering thennogenesis in mammals is now well 

established (1). The synthesis of triglyceride from glucose 

is also quantitatively important in BAT (2-4). The role of 

lipogenesls in BAT Is probably to maintain a store of 

trlglycerlde for thennogenesis as the rate of llpogenesis is 

increased during cold acclimation (3). That glucose is the 

major precursor for BAT lipogenesis during cold-acclimation 

is suggested from the finding that the activities of the key 

glycolytlc enzymes hexokinase, 6-phosphofructokinase and 
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pyruvate dehydrogenase are markedly increased during this 

condition (5,6). 

It has been reported that in suckling rats and mice the rate 

of lipogenesis in BAT is low (7,8). To examine the possible 

importance of glycolysis in BAT at this time of development 

the maximal activities of hexokinase and C-phosphofructo- 

kinase have been measured during the suckling period, the 

suckling weaning-transition and during ageing to 100 days. 

To determine whether changes in the maximum activity of key 

glycolytic enzymes can indicate changes in the rate of 

lipogenesls from glucose in BAT the Incorporation of 3 E from 

3E20 and 14C from [U-l4 Cl glucose into the fatty acid moiety 

of triglyceride was studied in suckling and weaned rats. The 

effect of insulin administration on incorporation of CU-14C1 

glucose and 3E20 into fatty acid In BAT was also studied. 

METHODS 

The animals used In this study were obtained from the 
animals house of the Department of Biochemistry, University 
of Oxford, U.K., and the Bosch animal house, University of 
Sydney, N.S.W., Australia. They were housed at 21°C and 
weaned at 20 days of age. Weaned rats were supplied ad 
libitum with water and laboratory chow (Rat and Mouse Kubes, 
Allled Feeds, Rhodes, N.S.W., Australia; or rat and mouse 
No.1 beta diet, B.P. Nutrition Ltd., Wilham, Sussex, U.K.). 

Chemicals and enzymes were obtained from Boehringer Ltd. 
(Lewes, Sussex, U.K.) and radiochemicals were from Amersham 
International, U.K. Insulin (Actrapid) was obtained from 
NOVO, Copenhagen, Denmark. 

At the requlred age rats were killed by cervical 
dislocation, the interscapular BAT removed and homogenised 
in a medium containing 6OmW Tris, lmt4 EDTA and 5mW MgCl at 
pll 8.2. Blood was collected from the ch?st cavity for 
determination of specific radioactivity of A,0 in plasma. 
Bexokinase was 'assayed radiochemically (9) and 
6-phosphofructokinase spectrophotometrically (10). 

For the measurement of llpogenesis and 14 C incorporation 
Into fatty acids In BAT of suckling rats (16 days of age and 
30g body weight), the animals were removed from the mother 3 
hours before the start of the experiment; for weaned rats 
(30 days of age and 60g body weight) food was removed 3 
hours before the commencement of the +?xperiment which was 
alwy,ys between 11 a.m. and 12 noon. B,O (50 mCi/kg) and 
cu- Cl D glucose (100 mCi/kg) were injected I.v. through 
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the tail vein. When the effect of insulin (1.0 U/kg) was 
Investigated It was injected i-v. simultaneously with the 
radioactive compounds. The volume of injection did not 
exceed 0.2 ml. 

Animals were sacrificed 1 hour after injection and tissue 
llpld extracted and saponified as prevlously described (11). 
The rates of fatty acid synthesis are expressed as ug atoms 

H incorporated Into l$.issue fatty, acid/hr/g fresh weight. 
The incorporation of C from tU- Cl glucose in fatty acid 
1s expressed as a percentage of the total 14C injected per 
gram fresh weight of BAT. Protein was measured using a 
Blorad reagent with gamma globulin as the standard. 

RESULTS 

The increase In weight of the Interscapular BAT with age 

correlates well with increased body weight both during the 

suckling-weaning transition and during normal growth to 60 

days of age after which there Is a decrease In the 

proportion of BAT to body weight (fig 1). In contrast the 

activity of hexokinase Increased dramatlcally during the 

suckling-weaning period (Fig. 2a) as did the activity of 

6-phosphofructokinase (Fig. 2b). The changes in activity 

were not due to changes in the triglyceride content of BAT 

because the same increases were observed if the results are 

expressed as activity per mg protein (Fig. 3). There was 
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FIGURE 1 

Increase In body welght and interscapular brown adipose 
tissue weight of the rat with age. Each point represents 
the mean + S.E.M. for 4-5 separate animals 0 body weight 
(!7) l interscapular BAT weight (mg). 
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FIGURE Z 

Changes in the activity per gram fresh weight of hexokinase 
and 6-phosphofructokinase in interscapular BAT of the rat 
with age. 

Assays were carried out as described in the Methods section. 
Each point represents the mean + S.E.M. for 4-S separate 
animals. m hexokinase;A6-phospThofructokinase. 

also a gradual decrease In the specific activity of both 

enzymes after 30 days of age. 

The rate of synthesis of fatty acids was higher in BAT 

of weaned rats compared to suckling rats (Table 11, and the 

effect of insulin on lipogenesis in suckling and weaned rats 

was different. In suckling rats insulin stimulated 
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FIGURE 3 

Changes in the activity per mg protein of hexokinase and 
6-phosphofructokinase in interscapular BAT of the rat with 
age. 

Assays were carried out as described in the Methods section. 
Each point represents the mean + S.E.M. for 4-5 separate 
animals, 8hexokinase;A6-phosphzfructokinase. 

lipogenesis 3 fold In BAT, but the same dose of insulin 

increased lipogenesls 10 fold in BAT from weaned rats. 

These results indicate a greater capacity for lipogenesis in 

BAT of weaned rats rats and also an increased response to 

Insulin In BAT of weaned rats. 
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TABLE1 

The effect of insulin on lipogenesis and [U-14C1 glucose 
incorporation into fatty acids in brown adipose tissue of 

suckling and weaned rats 

Treatment Lipogenesis Binjected l'+C 
ug atoms 
3H/hr/g 

incorporated 
into fatty 
acids/g 

Suckling Control 3.78 + 0.35 0.054 + 0.014 
Insulin 10.37 7 1.35*** 0.17 T 0.021** - - 

Weaned Control 18.8 + 2.0 0.243 + 0.011 
Insulin 196 T 11.0*** 3.67 T 0.50*** - - 

For experimental detail see Materials and Methods section. 
Each result is the mean + S.E.M. for 5-9 separate animals. 
Statistical difference baween insulin treated and control 
animals was determined using Students t test. 

** P < .Ol 
*** P < .005 

To compare the contribution of carbon from glucose to the 

increased lipogenic rates in weaned rats the percentage of 

injected CU-l4 Cl glucose incorporated into fatty acid was 

measured (Table 1). The initial specific radloactivlty of 

blood glucose was the same for both suckling and weaned rats 

(data not shown) and so comparison of glucose contribution 

to lipogenesis is possible between suckling and weaned rats 

as well as between control and insulin injected animals of 

the same group. In suckling rats the incorporation of 

[U-14C1 glucose into fatty acids In BAT was stimulated 3 

fold by insulin, but both control and insulin stimulated 

values were less than control incorporation for weaned rats. 

When CU-14Cl glucose incorporation into BAT lipld was 

measured in insulin injected weaned rats a 15 fold Increase 

over the control value was observed (Table 1). 
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DISCUSSION 

The fact that the activities of the key glycolytic enzymes 

hexokinase and 6-phosphofructokinase Increased dramatically 

during the transition from suckling to weaning in BAT of the 

rat suggest that this pathway becomes quantitatively 

important after weaning. This increased capacity for 

glucose utillsatlon In BAT coincides with a change in the 

diet of the animals from the high fat diet of milk to the 

high carbohydrate diet of laboratory chow. The marked 

increase in the incorporation of 14 C from glucose to fatty 

acid in response to Insulin in BAT of the weaned animal 

suggests that one role for the glycolytic pathway in this 

tissue after weaning is to provide precursors for 

llpogenesis. Although several previous studies have shown 

that glucose may be an important precursor for fatty acid 

synthesis in BAT (2, 6, 12) the present work emphasises the 

metabolic transition that occurs at weaning and provides 

further support for the view that BAT can play a 

quantitatively important role in regulation of the blood 

glucose level (131. It must also be borne In mind that 

glycolysis may provide acetyl CoA for oxidation In the 

tricarboxylic acid cycle in order to generate heat (14). 

Recently there have been several reports showing changes In 

BAT thermogenesis In rats in response to a single meal of 

various compositions. A high carbohydrate meal markedly 

increased blood flow and thermogenesis in BAT while a high 

fat meal had little effect on BAT thermogenesis (15, 16). 

This acute nutritional effect on BAT thermogenesis coupled 

with the adaptive changes in metabolism occuring with the 

nutrltlonal change from suckling to weaning suggest an 

important role for BAT In carbohydrate utlllsation in the 
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rat and show the sensitivity of this tissue to the 

nutritional status of the animal. 

In previous studies of lipogenesis in BAT during ageing in 

the rat (7) and mouse (17) the increase In lipid synthesis 

at weaning is followed by a gradual decrease In lipogenesis 

In this tissue. In the present study the specific activity 

of the glycolytic enzymes also decreased gradually with age 

and so it appears that the ability of BAT to utllise glucose 

Is involved with the ability of the tissue to synthesise 

lipid. A decrease in llpld synthesis and thennogenesls in 

BAT could be an important factor in dlversion of excess 

nutrients to lipid synthesis in other tissues such as white 

adipose tissue and liver and to increased adiposity In older 

animals. 
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