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The in vitro oxidation to CO, and tissue incorporation of alanine label by pieces of rat interscapular brown adipose
tissue (IBAT) has been investigated. Insulin increased both uptake and oxidation of alanine, as well as the incorporation
of alanine label into tissue. This effect only was observed in the presence of glucose in the incubation medium.
Noradrenaline hampered alanine incorporation, not affecting its rate of oxidation. IBAT from 4-h cold-exposed rats
showed a higher alanine utilization than that of controls; however, IBAT pieces from both 36-h starved and 30-day
cold-exposed rats presented lower rates of alanine utilization. The main fate of alanine taken up by the IBAT pieces was
its oxidation to CO,. Part of the label was also incorporated into the fatty acid fraction of lipids. The results obtained in
this study agree with a possible role of alanine as alternative energetic substrate for IBAT.

Introduction

Brown adipose tissue function has been directly re-
lated with adaptative thermogenesis [1], being recog-
nized as the main site of nonshivering thermogenesis
induced by cold [2] or diet [3]. Brown adipose tissue
shows a very high capability for the oxidation of differ-
ent metabolic substrates. Fatty acids, either from its
intracellular triacylglycerol stores [4], or released through
lipolysis from circulating lipoproteins [5], are considered
as the main fuel for heat generation. Glucose is also a
very important fuel for thermogenesis, as found in
studies both in vivo [6] and in vitro [7]. Moreover,
brown adipose tissue thermogenesis can be fueled by
other substrates, such as ketone bodies [8] or amino
acids [9].

IBAT has an important amino acid metabolism en-
zyme machinery, the activities of which are comparable
to those of liver and muscle [10]. The changes observed
in these activities, as well as in the amino acids pool
composition under certain situations, indicate that
amino acids can be eventually important energetic sub-
strates. Amino acids are used by the IBAT under condi-
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tions of exposure to cold temperature [11], and their
utilization is decreased in situations of diminished ther-
mogenesis as in starvation [12]. The quantitative impor-
tance of IBAT amino acid metabolism under situations
of short-term cold-exposure has been recently demon-
strated in vivo [9].

Alanine can be used as substrate by the IBAT be-
cause this tissue can incorporate alanine hydrocarbon
skeletons both into fat and proteins [13]. The IBAT
contains a high alanine transaminase activity [10], and
alanine concentration is deeply altered under the effects
of cold exposure [11]. It has also been postulated that
the utilization of this amino acid by the tissue can help
to prevent glucose wastage in postprandial situations
[14].

In the present work we have studied the in vitro
utilization of alanine by pieces of IBAT of animals
subjected to a short-term starvation period as well as by
the tissue fragments from rats subjected to short- or
long-term cold exposure. The effects of insulin and
noradrenaline on the amino acid utilization under these
situations has also been studied.

Materials and Methods

Male Wistar rats weighing 240-250 g were used.
They were fed ad libitum a standard pellet diet (type
A04 from Panlab, Barcelona). The rats were maintained
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in a temperature (21-22°C), humidity (75-85%) and
light-period (lights on from 08:00 to 20:00 h) con-
trolled animal room; they were housed individually in
polypropylene-bottomed cages with wood shavings as
absorbing material. Four groups of animals were
studied: group A (cold-exposed rats) were left in a cold
environment (4°C) for 4 h before death; group B
(cold-acclimated rats) were left for 30 days at 4°C;
group C (starved rats) had all food removed from their
cages 36 h prior to death; group D (control rats) were
maintained under the basal conditions outlined.

The animals were killed by beheading at 09:00-
10: 00 h; immediately, the interscapular brown adipose
tissue was exposed and dissected, weighed and sliced
into pieces of about 5 mg. The pieces were introduced
into 20 ml glass vials containing 1 ml Krebs-Ringer
bicarbonate buffer (pH 7.4) with one half of the original
calcium concentration [15], 10 g /1 fatty acid-free bovine
serum albumin (Sigma), 0.75 mM L-alanine, 5 mM
p-glucose and 18.5 kBq/ml of 1-[U-'*Clalanine
(Amersham). The medium was supplemented with either
0.2 U /1 bovine insulin (Novo) or 0.5 mg /1 noradrenal-
ine bitartrate (Sigma).

The vials were sealed with rubber stoppers equipped
with hanging wells; the preparations were gassed (10
min) with O,/CO, (95:5%, v/v), and then they were
incubated for 20 min at 37°C in a shaking (1.33 Hz)
water bath. At the end of the incubation period, 0.2 ml
of 1 M hyamine hydroxide (Amersham) in methanol
was injected through the rubber stopper into the hang-
ing wells, and the reaction was stopped by injecting 0.5
ml of 3 M perchloric acid into the reaction medium.
The vials were then left standing 1 h at room tempera-
ture, in order to allow enough time to fix most of the
evolved 14C02. The plastic wells were then removed and
the radioactivity of the vial contents was estimated. The
pieces of tissue were fished out, washed once with fresh
medium, and used for tissue lipids extraction [16], puri-
fication and fractionation [17]. The radioactivity in the
fatty acid and glyceride glycerol fractions was esti-
mated. The lipid extract, as well as the insoluble residue
were washed with 9 g/1 NaCl; the washings were then
dried and the residue (water-soluble) radioactivity was
estimated. The delipidated dry residue was solubilized
with NCS (Amersham) and its radioactivity was mea-
sured.

IBAT alanine concentration was estimated with an
automatic amino acid analyzer (Rank-Hilger) using o-
phthalaldehyde as amino group reagent [18]. Tissue
protein was determined with the Folin phenol reagent
[19]. All results have been expressed as per tissue pro-
tein in order to render the different experimental groups
more comparable.

Statistical comparisons between groups were estab-
lished with Student’s t-test, as well as analysis of vari-
ance (ANOVA, BMDP Statistical Software) programs.

Results

The net production of 14C02 and the incorporation
of alanine carbon in the different tissue fractions with
respect to the time of incubation (up to 60 min), showed
linear regression coefficients greater than 0.98 in all
cases.

There were not important changes between groups in
the IBAT alanine concentration. The values obtained
were 1.66 +£0.11, 1.34 + 0.07, 1.62+0.19 and 148 +
0.07 pmol/g tissue for control, starved, cold-exposed
and cold-acclimated animals, respectively.

In Table I the values corresponding to the utilization
of alanine by pieces of IBAT of control animals in-
cubated with different concentrations of insulin and
noradrenaline, in the presence or absence of 5 mM
glucose, are presented. Insulin induced an increase in
both oxidation of alanine to CO, and its incorporation
to the tissue fractions at concentrations from 0.2 U /L
However, the effect was only observed in the presence
of glucose. Noradrenaline did not affect the rate of
oxidation of alanine, but induced an important decrease
of its incorporation into the tissue fractions. In all cases,

TABLE I

Effect of insulin and noradrenaline on in vitro alanine utilization by rat
interscapular brown adipose tissue in the presence of absence of glucose
in the incubation medium.

The results are expressed in pmol alanine oxidized to CO, or incorpo-
rated to the tissue/h per g protein. The incubations (n = 5-6) were
done in two different media: with 5 mM glucose or without glucose.
The concentrations of the different hormones correspond to the final
concentrations in the incubation vial. Statistical significance of the
Sifferences between groups: ® = P <0.05 versus basal conditions;

= P < 0.05 between the incubations made with and without glucose.
Two-way ANOVA P values are also shown.

Medium with glucose Medium without glucose

oxidation incorporation oxidation incorporation
Insulin (U /1)
basal 9.78+0.48 5.87+0.36 8.06+0.97 2.19+0.36°
005 11.76+110 6.90+1.22 10.96+1.05 2.61+0.76"

10.38+0.36*Y 2.72+40.34°
11.364+0.95% 2.73+0.69°

02 1328+055% 8.4240.67%
1.0  1319+067° 8.83+1.01%

Noradrenaline (mg/1)
basal 10.654+0.51 5.87+0.38
01 11.60+£0.55 217+0.39°
05 10.66+085 1.1240.13°
1.0 1099+041 1304+015%

8.06+0.75° 219+0.32°

8.07+0.70° 0.60+0.07%"
805+0.56° 043+0.052°
7.22+40.40° 0.41+0.05%°

ANOVA Oxidation incorporation
Insulin 0.001 0.026
Glucose 0.003 0.000
Ins/Glc 0.642 0.129
Noradrenaline 0.683 0.000
Glucose 0.000 0.000
NA/Glc 0.674 0.000




the presence of glucose in the incubating medium de-
termined an increase in the incorporation of alanine
label into the tissular components, but in the presence
of insulin or noradrenaline. This effect of glucose was
less patent on the rates of alanine oxidation.

Table II shows the metabolic fate of the labelled
alanine in the different IBAT fractions from control,
36-h starved, 4-h cold-exposed and 30-day cold-
acclimated rats under basal conditions, as well as in the
presence of insulin or noradrenaline. The oxidation of
alanine to CO, was higher in the animals exposed to
cold than in controls, but the values corresponding to
starved or cold-acclimated animals were lower. The
presence of insulin in the incubation medium de-
termined increases in this parameter in all the experi-
mental groups, except in the cold exposed animals.
Noradrenaline did not affect this parameter except for
an increased oxidation of the amino acid in the cold-
acclimated animals.

The incorporation of alanine carbon into the fatty
acids fraction was higher in control and cold-exposed
animals than in the other experimental groups. The
presence of insulin increased the synthesis of fatty acids
from alanine, especially in the cold-acclimated group,
whereas noradrenaline diminished that incorporation.

Alanine carbon was also incorporated in the glyceride
glycerol fraction, with a pattern similar to that of fatty

TABLE II

acids under basal conditions. Insulin did not affect this
trend, inducing only small increases except in the con-
trol group. Noradrenaline determined a significant de-
crease in the control group, a pattern similar (but with
less marked changes) to that in the other situations
studied.

The presence of alanine label in the water-soluble
fraction was very similar in all the situations tested. The
most important feature was the higher activity found in
the cold-exposed rats, which was maintained in the
presence of both insulin and noradrenaline. The incor-
poration of the label in the delipidated water-extracted
residue followed the pattern already described. The
addition of insulin did not change the tissue response to
alanine; noradrenaline induced a significant decrease in
alanine label incorporation into this fraction for all
groups except the cold-acclimated rats.

Discussion

It is well known that insulin enhances glucose utiliza-
tion by IBAT, increasing its uptake {20], oxidation [7]
and the incorporation of glucose carbon into fatty acids
[21]. Insulin also clearly stimulated alanine utilization
by IBAT, but this effect was only apparent when gluc-
ose was present in the incubation medium. Alanine
degradative pathway is initiated with its transamination

In vitro alanine utilization by interscapular brown adipose tissue of control, 36-h starved, 4-h cold-exposed and 30-day cold-acclimated rats in the

presence of insulin or noradrenaline

The results are expressed in gmol of alanine oxidized to CO, or incorporated to the different tissue fractions /h per g protein. Fractions: I = alanine
oxidized to CO,; II = alanine incorporated into the fatty acids of the lipid fraction; III = alanine incorporated into the glycerol of the lipid
fraction; IV = alanine label present in the tissue in water-soluble form; V = alanine label present in the delipidated water-extracted residue of the
tissue. The incubations (n = 5-6) were made in a medium containing 0.75 mM L-alanine, 5 mM D-glucose and either 0.2 mU /ml insulin (+ INS) or
0.5 ug/ml noradrenaline (+NA). Statistical significance of the differences between groups: * P < 0.05 versus control rats; ° = P < 0.05 versus

basal conditions. Two-way ANOVA P values are also shown.

Group Hormone Fraction
I 1 I v v
Control basal 10.10+0.68 4364032 0.47 +0.08 0.27+0.04 0.314+0.03
+INS 13.72+0.68° 5.8740.06° 0.31+0.08 0.33+0.05 0.31+0.04
+NA 8.72+0.81 1.64+0.16° 0.13+0.02° 0.21+0.06 0.19+0.01°
36-h starved basal 450+0.30° 0.36+0.10% 0.05+0.01* 0.15+0.04 0.14+0.02°
+INS 5.53+0.42° 0.59+0.17* 0.09+0.012° 0.25+0.05 0.13+0.02°
+NA 47040.44° 0.10+0.022P 0.034+0.012 0.18+0.04 0.104£0.01%°
4-h cold-exposed basal 14.38+1.40° 3.41+0.57 0.33+0.07 0.45+0.04% 0.40+0.07
+INS 1421+1.07 4.54+0.51* 0.4340.04 0.44+0.03 0.26+0.04
+NA 11.834+0.78° 1.10+0.142P 0.18+0.04 04340042 0.1940.03°
30-day cold-acclimated basal 3.89+0.66% 0.45+0.132 0.08+0.022 0.33+0.08 0.13+0.02°
+INS 6.48+0.982 2.04+0.46>° 0.19+0.04" 0.38+0.04 0.17+0.03%
+NA 573+ 0.4220 0.69+0.18? 0.08+0.012 0.36+0.04 0.14+0.012
ANOVA Group 0.000 0.000 0.000 0.000 0.000
Hormone 0.000 0.000 0.000 0.224 0.000
Group/hormone 0.016 0.000 0.002 0.822 0.012




into pyruvate by means of alanine transaminase, an
enzyme found at a high activity in the IBAT [10]. The
increase in alanine utilization induced by insulin can be
related to its activation of pyruvate dehydrogenase [22].
On the other hand, insulin activates acetyl-CoA
carboxylase [22], which can explain the enhanced incor-
poration of the amino acid label into fatty acids. The
presence of glucose in the incubation medium enhanced
the effects of insulin in a similar way to that described
for white adipose tissue in vitro, in which the activation
of pyruvate dehydrogenase requires the presence of an
exogenous source of carbohydrate [23].

Insulin stimulated amino acid uptake by different
tissues [24] as well as their incorporation into proteins
[25]. Although the amino acid transport mechanisms
have not yet been fully characterized in brown adipose
tissue, insulin increased the Na*-dependent uptake of
2-aminoisobutyric acid [26]; the synergic effect of gluc-
ose can also be related to the energetic cost of this
transport.

Noradrenaline decreased the incorporation of alanine
into tissue components. This can be due in part to the
catecholamine inhibition of glucose oxidation [27] which
reduces the synthesis of fatty acids from glucose through
a decrease in the acetyl-CoA carboxylase activity [28].
Different studies realized in vitro have shown that the
IBAT is very sensitive to the lipolytic action of nor-
adrenaline [24,29]. Its action results in higher availabil-
ity of acetyl-CoA originating in the metabolization of
intracellular triacylglycerols. The reduced oxidation of
alanine can be a consequence of increased availability
of fat-lipolysis-derived acetyl-CoA.

The main fate of the alanine taken up by IBAT was
its oxidation to CQO,, in a proportion (with respect to all
alanine taken up) ranging from 87% in the starved
group to 65% in the control group. Most of the label not
oxidized, but incorporated into the tissue, found its way
into fatty acids, in accordance with the active 1IBAT
lipogenesis described [8].

The incorporation of alanine label into the glycerol
moiety of glycerides suggests that, in the IBAT, pyruv-
ate is not solely a source of acetyl-CoA, but can also be
utilized in part for the triose-phosphate synthesis. The
alanine label present in the water-soluble fraction repre-
sents mainly amino acids (i.e., alanine), intermediate
metabolites and glycogen. On the other hand, the de-
lipidated water-extracted residue was essentially com-
posed of protein and nucleic acids. The amount of
radioactivity found in these two fractions was small,
and for that reason the actual contribution of their
different components was not evaluated. The relative
lack of incorporation of alanine into protein, despite the
high metabolic relevance of this tissue strengthens the
suggested role of alanine as eventual substrate. It is also
indicative of the high turnover of the tissue alanine
pool, since the radioactivity found in the water soluble
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fraction was very small, despite the size of the cellular
alanine pool [11].

The utilization of alanine by the IBAT of the starved
rats was reduced with respect to controls. This is in
agreement with the diminished IBAT thermogenic capa-
bility described under food deprivation conditions [30].
In this situation, incorporation of label into the fatty
acid fraction was most deeply affected, with values of
about one-tenth of those observed in the control rats.

Starvation inhibits fatty acid synthesis [31] and the in
vivo incorporation of alanine to IBAT lipids is grossly
reduced in the starved rat [13]. IBAT amino acid
metabolism decreases during starvation, with important
changes in the activities of some enzymes as well as in
the amino acid pool composition [12]. The decrease of
tissue alanine levels has been related to the net release
of this amino acid into blood in the post-prandial and
starved states [32], a situation comparable to that of
white adipose tissue [33]. The alanine efflux agrees with
the observed decrease in alanine utilization by the IBAT
in this situation.

The IBAT from short-term cold-exposed rats had the
highest rates of alanine utilization; however, when the
duration of the cold-temperature stimulus was pro-
longed (cold-acclimation) the use of alanine as fuel was
very much reduced. Amino acids can play a significant
role as energetic substrates for IBAT under conditions
of cold-exposure, as suggested by the changes observed
in enzymes involved in their metabolism [11] and the in
vivo amino acid uptake evaluations [9]. During long-
term exposition to the cold (cold-acclimation) other
substrates seem to play a more important role, such as
glucose {9] and fatty acids from lipoprotein triacyl-
glycerols [5]. Under all these other situations there is a
net IBAT efflux of alanine and reduced amino acid
oxidation [9}].

In conclusion, the present results agree with a puta-
tive role of alanine as energetic substrate for IBAT
under emergency conditions such as short-term cold-ex-
posure; however, this role does not seem to have a
special quantitative importance under other situations
such as starvation or cold acclimation. The modulation
of this utilization by hormones and the availability of
glucose agree with this role of transient emergency
substrate postulated for alanine in the IBAT.

References

—

Foster, D.O. (1984) Can. J. Biochem. Cell Biol. 62, 618—622.
Foster, D.O. and Frydman, M.L. (1978) Can. J. Physiol. Pharma-
col. 56, 110-122.

Rothwell, N.J. and Stock, M.J. (1979) Nature 281, 31-35.

4 Prusiner, S.B., Cannon, B. and Lindberg, O. (1968) Eur. J. Bio-
chem. 6, 15-22.

Carneheim, C., Nedergaard, J. and Cannon, B. (1984) Am. J.
Physiol. 246, E327-E333.

[\

(")

w



10

10
11
12
13
14
15
16
17

18
19

Ferré, P., Burnol, A.F., Leturque, A., Terretaz, J., Penicaud, L.,
Jeanrenaud, B. and Girard, J. (1986) Biochem. J. 233, 249-252,
Shackney, S.E. and Joel, C.D. (1966) J. Biol. Chem. 241, 4004-
4010.

Agius, L. and Williamson, D.H. (1981) Biochim. Biophys. Acta
666, 127-132.

Loépez-Soriano, F.J., Fernandez-Lopez, J.A., Mampel, M., Villar-
roya, F., Iglesias, R. and Alemany, M. (1988) Biochem. J. 252,
843-849.

Lépez-Soriano, F.J. and Alemany, M. (1986) Biochem. Int. 12,
471-478.

Lopez-Soriano, F.J. and Alemany, M. (1987) Biochim. Biophys.
Acta 925, 265-271.

Lopez-Soriano, F.J. and Alemany, M. (1987) Comp. Biochem.
Physiol. 87B, 91-94.

Monfar, M., Prats, E., Argilés, J.M. and Alemany, M. (1987) Nutr.
Res. 7, 871-876.

Lépez-Soriano, F.J. and Alemany, M. (1989) Biochim. Biophys.
Acta 1010, 338-341.

Umbreit, W.W., Burris, R.H. and Stauffer, S.F. (1964) in Mano-
metric Techniques, p. 132, Burguess, Minneapolis.

Folch, J., Lees, M. and Sloane-Stanley, G.H. (1957) J. Biol. Chem.
226, 497-509.

Stansbie, D., Brownsey, R.-W., Crettaz, M. and Denton, R.M.
(1976) Biochem. J. 160, 413-416.

Lee, K.S. and Drescher, D.G. (1978) Int. J. Biochem. 9, 457-467.
Lowry, O.H., Rosebrough, N.J., Farr, AL. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

20

21
22

23

24

25

26

27

28

29

30

31
32

33

Czech, M.P., Lawrence, J.C,, Jr. and Lynn, W.S. (1974) J. Biol.
Chem. 249, 5421-5427.

McCormack, J.G. (1982) Prog. Lipid Res. 21, 195-223.
McCormack, J.G. and Denton, R.M. (1977) Biochem. J. 166,
627-630.

Farese, R.V., Ferese, R.V., Jr., Sabir, M.A., Larson, R.E., Truedeau,
II, W.L. and Barnes, D. (1984) Diabetes 33, 648—-655.

Guidotti, G.G., Borghetti, A.F. and Gazzola, G.C. (1978) Biochim.
Biophys. Acta 515, 329-336.

Fulks, R.M,, Li, J.B. and Goldberg, A.L. (1975) J. Biol. Chem.
250, 290-298.

Zamora, F., Arola, L. and Alemany, M. (1988) Biochim. Biophys.
Acta 968, 346-352.

Kasser, T.R. and Martin, R.J. (1982) Proc. Soc. Exp. Biol. Med.
169, 320-325.

Gibbins, J.M., Denton, R.M. and McCormack, J.G. (1985) Bio-
chem. J. 228, 751-755.

Bukowiecki, L.J., Folléa, N., Lupien, J. and Paradis, A. (1981) J.
Biol. Chem. 256, 12840-12848.

Rothwell, N.J., Saville, E. and Stock, M.J. (1984) Biosci. Rep. 4,
351-357.

Buckley, M.G. and Rath, E.A. (1987) Biochem. J. 243, 437-442.
Lépez-Soriano, F.J., Fernindez-Lépez, J.A. and Alemany, M.
(1989) Biochem. Int. 18, 895-902.

Snell, K. and Duff, D.A. (1977) Biochem. Biophys. Res. Commun.
77, 925-931.



