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The mechanism of the effect of noradrenaline on the transport of 3-0-methyl-o-{"*Clglucose (['*C}-MG) was studied in mouse brown adipocytes.
When cells were exposed to low concentrations (< 107 M) of insulin, the ['*C]-MG uptake by cells was enhanced by noradrenaline additively. The
aeon Of NOMKIENMINE Was INNILRed DY 1SDDrOIEFEDO), A a5 Lommaray Wocked by proprann)o). Byporiag &ok (o Roradrenriine indaasd otk
am ncrease in tae transport aclvity of plasma membrang fossions and 2 degrease in thar of misrasoxes) frackions stmdr &6 Anslin SRporare
indicating that noradrenaline also induces the translocation of glucose transporters to the plasma membrane. The ratio ol an incrense in the transport
acHWYY of Dasma memprane Irachon Yo 2 Oecyease I e 2e0VILy O3 IDIerosoing Jraclion was lower in oods eXposed 1o aorideeraling ¢hait in cells
exposed to insulin. This quantitative disagreement suggests that there are at [east two different modes involved in the regulation of the translocation
of glucose transporters in mouse brown adipocytes.
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1. INTRODUCTION

Brown adipose tissue (BAT) is the major site of non-
shivering thermogenesis activated by noradrenaline re-
leased Srom symparnede perve Ieroinals ) bas besp
suggesied that glucose is an important fuel for thermo-
genesis as well as a source for synthesis of fatty acids {1},
Despite the fact that BAT contains glycolytic enzymes
of high activity (21, the quantitative importance of glu-
cose as thermogenic fuel is equivocal [2,4-8]. A number
of studies qu the regulation of glucose transport and
utilization in BAT have been reported [3-12]. Recently,
Stot et al. [11] have demonstrated histochemically that
insulin wrings avout a factitation of e transiocation
cf glucase transpacters (GLUT4] w the cell surface {n
brown adipocytes as well as in white adipocytes. On the
ctler dand, (he mechandsm aC'(he reguiation of glucase
transport by noradrenaline in BAT has not been estab-
lished. The aim of the present study was to investigate
the mechanism through which noradrenaline regulates
glucose (ransport in mouse Drown adipotyies. Presemt
experiments revealed that insulin and noradrenafine in-
dependently stimulated the translocation of glucose
transporters from intracellular stores to the plasma
membrane.
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2. EXPERIMENTAL

2.1. Preparation of brown adipocytes and membrane fractions

Male ICR mice (aged 3-5 weeks), maintained at 25°C on a 12:12
nhpgm-bark cydie and ed ad o, were used In 1 2xpeRIments.
The animals were killed by cervical dislocation. The procedure for the
isolation of brown adipocytes is similar 10 thai reported by Marette
and Bukowiecki [10]. The finally isolated cells were suspended in
Krebs Ringer bicarbonate buffer (KRB) containing 4% bovine serum
albumin (BSA] gassed with 95% O.-5% CO, (pH 7.4), and were
counted on the Biirker-Tirk hemocytometer. All procedures were
earried out in plastic vials or tnbes.

After incubating with various test reagents, the cells were homoge-
nized in 250 mM sucrose containing ] mM EDTA and Tris-HC) (pH
7.4), then plasma and microsomal membrane fractions were prepared
by e metttad deserived by Custiman and Wardzals [15]. Acnvisies
of Senuclecidase, a marker eazyme of plasma membeaae, aad
NADH oxidase, a marker enzyme of mitochondria, were measured by
the method of Avruch and Wallach [i4]. Protein was measured by the
mernod of Bradiord 119). The y12ds and marker enzyme aclivitles are
shown in Table I,

2.2, 3-0-Meihyl-p-glucose trausport assay
The glucose transpott acivity was estimated by measuring the up-
take af 3-Q-methyl-g-glucase (MG, ¢ non-metabolic anafogue of
p-glucose, according to the modified method described by Vega and
Kono[16]. The rate of labeled MG uptake was expressed as a unidirec-
tional flux. Prior to the assay of MG transport, the cell suspensions
of 5-10 x 10° cells/ml were preincubated with hormones cr test rea-
gents in KRB supplemented with 49% BSA for 25 min at 37°C. Control
cells were incubated in KRB with 4% BSA under the same conditions.
MG uplake was measured by adding 10 ul of MG (final concentration
1) odD sompining 3.0 XBp M) LD 28 3D pnpplao) Ve
and & (eaces Iaust o FETRuin G T e la) (0 580 sl ofenli snspansion
with or without 40 4M cytochalasin B, *H]Inulin added wasa monitor
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for the estimation of the extracellular space. Incubation with tracers
was nerfarmed far 2 1.a5.37°C., During. his nerind hecall sspsnsian.
was continuously shaken. After incubation, a 6-1old volume of ice-cold
KRB containing 1 mM phloretin was added to the celi suspension, and
e Whdk yolume was Tiitered through o cdillose membiane fiter
(Millipore; pore size 0.45 um). The filter was wasled twice with the
same bulfer and dissolved in ACS-II scintillant (Amersham), and
radioactivities were counted in a liquid scintillation counter. The
amount of MG taken up by cells was calculated from the difference
between the total radioactivity of ['C}-MG on (he filter and that in
the extracellular inulin space [17). The activities of MG transport in
membrane fraclions were estimated by the slightly modified method
of Kashiwagi et al. [18]. In both cases the transporter-mediated trans-
port activity was determined from the difference between the values
in the presence and absence of 40 uM cytochalasin B. Statistical
sipnificance was cvaluated by using the Student’s r-test.

2.3, Chemicals

Collagenase was oblained from Wako Purechemical Industries
(Usaka. Sapanj fMmsuflh, deoxyridonucfease [ (PNase 4, (—{-noradre-
naiime Aydrochiioridge, A%2=F=aidutyryl adenosine 35 -cyciic mono-
phosphate sodium sall. cytochalasin B and 3-O-methyl-p-glucose were
obtauned ffom Sigma Chiemical Co. Bovine serum afduinin, DL~ pro-
pranolol hydrochloride, phloretin, 3-iso-butyl-1-methylxanthine, pL-
isoproterenol hydrochloride and all other reagents were purchased
from Nacalai Tesque (Kyolo, Japan). 3-0-Methyl-p-["*C]glucose and
HJinulin were oblained from Amersham.

Table I

Yieids and marker enzymc activities in membrane preparations, Ise-

lated brown adipocytes were incubated in test reagents for 25 min at

37°C prior to preparation of membrane fractions. The concentrations

of insulin and noradrenaline are 107 M and 1078 M. resgectively. Data
arv grven as mean = $.5.8¢. (Or (Gar cxgertitents

Preparations YYield and marker enzyme activities
Protein 5-Nucleo- NADH
(mg/g of tidase oxidase
BAT) {(umol/s/mg  (umolrmin/
af pratein) me of proteing
Contral
Homoagenate 114.1 2 2.0 24 +Q1 2991 75
Plasmia membrane 132002 99.8=353 (5322394
Microsormes 4542945 LOESS WOAETTS
Mitochondria 8.7+0.2 1.6 £0.1 3130158
Insulin-exposed
Homogenate 932%2.0 26+0.2 327k 7.7
Plasma membrane 134002 1024228 1(400£22.2
Microsomaes 32+40.2 25401 108.7%169
Mixochondiia 8323888 (35291 54547228

Noradrenaline-exposed
Homogenate
Plasma membrane
Micrasomes
Mitochondria

1000 £2.8 28+0.2 31.2x 75
1.2£0.03 1055£29 153.8£20.0
28 +0.1 29202 1239z 47
770402 20202 3420+ 520

Insulin -+ Noradrenaline-exposed

Tomgennie PR TN THEDL2 OH2E D
Plastie iembraae {32402 G35+ 15 140.2+ 234
Microsomes 3.7x02 29202 922.6*+11.1
Mitochondria 8.7+£0.2 1.8+ 0.1 280.0 +46.0
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3. RESULTS AND DISCUSSION

3.1. Boih insulin and noradrenaline stimulate MG trans-
P dr Howw wdipaopver

The effects of insulin and noradrenaline on MG up-
take by brown adipocytes are shown in Fig. 1A. Basal
MG transport activity was approx. 10-18 pmol/s/
10° cells. Exposing cells to insulin enhanced the trans-
portactivity in a dose-dependent manner. The half max-
imal concentration (1/2 V) for the stimulation was
approx. 107'° M of insulin, which was similar to the
reported value in both brown and white adipocytes
[10,19]. Beside the response to insulin, the MG uptake
increased in response to a rise of the noradrenaline
concentration in the range below 107 M (insert in Fig.
LA}, heing consistent with the tepotts in vine (4-6 and
n viwro 110120 A furtner dlevation of noradrenaline
concentration rather resulted in a suppression of MG
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Fig. 1. Effects of insulin, noradrenaline, isoproterenol and propra-
nolol on MG transport in brown adipocyles. Isolated brown adi-
pocytes were incubaled in various test reagents for 25 min at 37°C
prior to the aszay of MG transport. Conditions of the incubation
solutions are as follaws: A. 0, insulin; @, insulin and 10°® M noradre-
naiiig; ¥, insulin, 107* M noradrenaline and 10~° M propranclel. B.
2, eslin A W7 M isanrateranal, B nautin, W07 Mlisagratesenal
and IO~ 54 propranolol: &, [LeufB~<insuin; ¢, Lo suliin and
10 M noradrenaline. The insert in A shows (he relationship belween
MG transport and cencentration of noradrenaline. Verlical bars indi-
cate §.E.M. for four experiments.
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transport activity. This is compatible with the report
that the high concentration of noradrenaline (107° M)
has no influence on glucose transport [8]. The effect of
noradrenaline on insulin-stimulated glucose transport
was also examined. At any concentrations of insulin
lower than 10~ M, noradrenaline (1073 M) stimulated
MG transport. However, when the concentration of
insulin was 10°% M, noradrenaline had no effect on the
MG transport activity. Propranolol (10°¢ M), fS-
adrenergic antagonist, completely suppressed the stimu-
latory effect of noradrenaline on MG transport at all
insulin coneentrations examined. Isoproterenol (1077
M), f-adrenergic agonist, well mimicked the action of
noradrenaline on insulin-stimulated MG transport (Fig.
1B). Propranolol of 10°¢ M completely blocked the
stimulatory effect of isoproterenol. Phenylephrine, a-
adrenergic agonist, had no significant effects on the MG
uptake (data not shown). Fig. 1B shows that MG trans-
port in brown adipocytes were also stimulated by
{Leu]B*-insulin, a semisynthesized insulin analogue.
This finding accords with the previous observation in
skeletal muscle [20]. Again, noradrenaline of 10 M
enhanced MG transport at conceéntrations of the ana-
logue lower than 107 M,

To know whether this effect of noradrenaline de-
pends on cyclic AMP, dibutyryl cyclic AMP (DBcAMP,
a membrane-permeable cyclic AMP analogue) and 3-
isobutyl-1-methylxanthine (IBMX, an inhibitor of
phosphodiesterase) were examined. As listed in Table
11, both reagents stimulated the MG transport. Adding
insulin at 10" M to the incubation solution containing
one of these reagents caused a further increase in MG
transport. Further addition of propranolol did not give
any statistically significant effects on the levels of MG
transport stimulated by insulin and either DBcAMP or
IBMX.

Table 1I

Effects of DBcAMP, IBMX, insulin and propranolol on MG trans-

port in brown adipocytes. Isolated brown adipocytes were incubated

in test reagents for 25 min at 37°C prior Lo the assay of MG transport.
Data are given as mean + S,E.M. for {our experiments

Incubation conditions MG transport

(pmol/s/10°
cells)
DBcAMP Insulin Propranolol
(10-* M) (107% M) (10 M)
- - - 19.0 £ 4.0
+ - - 370254
+ + - 66.0 £ 24
+ + + 66.5% 24
IBMX Insulin Propranolol
(107* M) (107° M) (10° M)
- - 373+43
+ + - 7192 7.8
+ + + 68.4: 7.8
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To see if noradrenaline affects the process of the
translocation of glucose transporters which is stimu-
lated by insulin, brown adipocytes were incubated with
insulin in the presence or absence of noradrenaline for
various periods of time before adding ['*C]-MG to the
cell suspension. Fig. 2A shows the time courses of the
increase in glucose transport activity induced by insulin
of 10 M with and without noradrenaline. The trans-
port activity stimulated by insulin alone did not reach
a steady level even after 30 min of the starting incuba-
tion. In the presence of noradrenaline the stimulation
by insulin seemed to be accelerated. Fig. 2B shows the
time course of the increase in MG transport activity
when only noradrenaline was added to preincubation
solution. The difference between two curves shown in
Fig. 2A showed good accordance with the curve in Fig.
2B. This observation suggests that noradrenaline does
not facilitate the translocation induced by insulin of
glucose transporters, and that noradrenaline stimulates
the transport activity of the plasma menibrane via its
own pathway,
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Fig. 2. Time course of the stimulation of MG transport in brown
adipocytes by insulin and noradrenaline. A. Isolated brown adi-
pocytes were incubated in insulin in the presence and absence of
noradrenaline for the various periods at 37°C prior to the assay of
transport. Conditions of the incubation solutions are as follows: A.
0. 107 M insulin; @, 10 M insulin and 10~® M noradrenaline. B
shows the time course of the change in MG transport activity in brown
adipocytes after adding noradrenaline into the incubation sclution.
Vertical bars indicate S.E.M. for four experiments. A siraight line
represents the back ground level of transport activity.
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3.2. Insulin and noradrenaline independently induce both
an increase in the MG transport activity of plasma
membranes and a decrease in the activity of micro-
somes

In order to determine whether noradrenaline causes
the redistribution of glucose transporters in brown adi-
pocytes, MG transport activities in membrane fractions
prepared under a variety of conditions were examined.

Transport activities are summarized in Table I1I, which

shows that only 22% of the total MG transport activity

was present in the plasma membrane fraction prepared
from the control brown adipocytes. In insulin-exposed
cells, MIG transport activity of the plasma membrane
fraction was higher than its control value. The plasma
membrane fraction prepared from noradrenaline-ex-
posed cells also showed an increase in the transport
activity. Similar to the cells exposed to noradrenaline,
cells exposed to isoproterenol (1077 M) also showed
both an increase in the MG transport activity of the
plasma membrane fraction and a decrease in the activity
of the microsomal fraction (data not shown). As ex-
pected from the curves shown in Fig. 1A, the increased
induced by noradrenaline at 107 M in the transport
activity of the plasma membrane fraction was smaller
than the increase induced by 10°® M insulin. The MG
transport activity of the plasma membrane fraction pre-
pared from the cells exposed to both insulin (10™° M)
and noradrenaline (107 M) was 315.0 £ 13.8 pmol/s/g
whereas its control value was 69.2 + 7.2 pmol/s/g. The
difference between these two values was 245 pmol/s/g
which was nearly equal to the sum of the increases in
the transport activity induced by exposing the cells to
insulin (228.7 pmol/s/g) and by exposing the cells to
noradrenaline (32.8 pmol/s/g), separately. On the other
hand, in the corresponding microsomal fractions the

MG transport activity was seen to be decicased in a

mirror image fashion to the events in the plasma mem-
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brane fractions. These results suggest that noradrenal-
ine induces the translocation of glucose transporters to
the plasma membrane independently of the stimulation
by insulin, The increase in MG transport activity of the
plasma membrane (raction of insulin-exposed cells is
7.1-fold (228.7/32.2) of that of noradrenaline-exposed
cells. However, the decrease in MG transport activity
of the microsomal fraction by insulin is only 2.2-fold
(147.8/66.6) of that by noradrenaline. This quantitative
disagreement implies that the mechanisms of transloca-
tion of transporters may be different between stimula-
tions by insulin and noradrenaline.

Insulin has been reported to be capable of causing the
redistribution of not only glucose transporters but also
of other membrane proteins in various tissues
[9,11,15,21-23]. It has been reported that catecholam-
ines inhibit insulin-stimulated glucose uptake in white
adipocytes [24,25] and that exogenous adenosine modi-
fies insulin sensitivity in white adipocytes [8,10]. In con-~
trast with the reported action of catecholamines on
white adipocytes, present experiments revealed that
noradrenaline stimulated glucose uptake in brown adi-
pocytes by recruiting glucose transporters to the plasma
membrane from intracellular stores even in the presence
of insulin. This finding supports the view that a proce-
dure activating thermogenesis may involve the stimula-
tion of glucose transport [12]. It is reasonable to con-
sider that BAT utilizes a readily available energy source
during the period of activated thermogenesis.

In conclusion, noradrenaline activates the transloca-
tion of glucose transporters through a cyclic AMP-de-
pendent pathway which is different from that involved
in the activation induced by insulin, Taking into ac-
count the observation that the maximum stimulation by
insulin of Mg transport activity was not affected by
noradrenaline, it may be said that the number of
translocated transporters is iimited with the depletion

Table 111

MG transport in plasma and microsemal membrane fractions prepared from insulin-, noradrenaline- and both of insulin and neradrenaline-exposed
brown adipocytes. Isolated brown adipocyies were incubated in test reagenis for 25 min at 37°C prior to prepare membrane fractions. The
concentrations of insulin and noradrenaline are 10° M and 107" M, respeciively. Data are given as mean = S.E.M. for four experiments

Incubation conditions

MG transport (pmol/s/g BAT)

Plasma membrane Microsomal
fraction (pmf) fraction (mf)
A(M)pmf M A(M)mr
Control 69.2+ 7.2 0 247.6 £ 14.3 0
Insulin-exposed 297.9 £ B.0%* 228.7 99.8 = 10.5** -147.8
Noradrenaiine-exposed 101.4 £ 6.8** 322 180.7 £ 7.3%* -66.9
Insulin + Noradrenaline-exposed 3150 £ 13.8%* 2458 76.2+ 1.8% -171.4

* and * represent the statistical significance of the difference between test and control groups evaluated by using the Student’s r-test

(**P < 0.0l and *P < 0.05).
A(Aﬂpmr = (M- Mcnmml)pml‘; A(M)ml' = (A’I—M:onlrnl)mr
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o1 Ine yranyporiers soregd n_plhimary avahidhe wiiracs-
lular sites, and that noradrenaline may play a role when
blood insulin level is low.
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