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Abstract—Acute injection of either noradrenaline or isoprenaline in mice activated both brown (BAT)
and white (WAT) adipose tissue hormone-sensitive lipase activity (HSL). Dose-response studies
indicated that isoprenaline (0.05-0.15 mg/kg) produced a dose-dependent activation of HSL in both
BAT and WAT, whereas SR 58611A produced no change in HSL in WAT over a dose range (1-5 mg/
kg) which, at the same time, dose-dependently increased HSL activity in BAT. The other B-
adrenoceptor agonists, ZD 7114 (10 mg/kg) and BRL 35135 A (5mg/kg) also selectively increased
HSL activity in BAT, these doses having previously been shown to stimulate lipogenesis in vivo. Higher
doses of ZD 7114 and BRL 35135 produced no further increase in HSL activity and, in the case of
BRL 35135, provoked symptoms of non-selective f-adrenoceptor activation. The increase in HSL
activity could be prevented by pretreating the mice with propranolol, 10 mg/kg, i.p., 30 min prior to
the agonist. The activation of HSL activity by the B;-adrenoceptor agonists was associated with an
increase in tissue CAMP production which was also prevented by pretreatment with propranolol. The
degree of cCAMP accumulation was least with BRL 35135 and greatest with ZD 7114. We conclude
that, in the mouse adipocyte, the atypical f-adrenoceptor (B;) is present in BAT, but is not present or

functional in WAT.
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BATt and WAT are now recognized as being
anatomically and functionally distinct. In addition
to lipogenesis and lipolysis, BAT has the specific
function of thermogenesis, in which the uncoupled
oxidation of lipids, derived from intracellular stores
of triglyceride, leads directly to heat production.
BAT thermogenesis can be activated indirectly
by feeding or exposure to cold (non-shivering
thermogenesis), or directly by the action of
catecholamines acting on adipocyte adrenoceptors
[1]. Although all three B-adrenoceptor subtypes had
originally been identified in the adipose tissue of
various species, as a result of both binding and
functional studies [2, 3], the increasing availability
of selective B;-adrenoceptor agonists has suggested
that the lipolytic response to noradrenaline in the
rat is mediated specifically via 85 receptors on BAT
[3-5].

Whereas f;-adrenoceptor agonists such as BRL
35135 and BRL 37344 [4], SR 58611A [6, 7] and ZD
7114 {7, 8] have all been shown to activate BAT in
vivo, the cellular response at the enzyme level to
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T Abbreviations: BAT, brown adipose tissue; cAMP,
adenosine 3’:5'-cyclic phosphate; HSL, hormone-sensitive
lipase; WAT, white adipose tissue; BRL 35135 A, R*,
R*-(%)-methyl-4-(2-(2-hydroxy - 2 - (3 - chlorophenyl)-
ethylamino)-propyl)-phenoxyacetate HBr; ZD 7114, (S)-
4-(2-hydroxy-3-phenoxypropylaminoethoxy)-N-(2-meth-
oxyethyl)phenoxyacetamide HCl; SR 58611 A, ethyl-
((78) - 7- ((2R) - 2 - (3 - chlorophenyl) - 2 - hydroxyethyl-
amino)5,6,7,8-tetrahydronaphthalen-2-yloxy)acetate HCI.

B-adrenoceptor activation has not been fully
investigated. However, the cellular signalling process
by which B-agonists stimulate adipocyte lipolysis is
well documented. fB-Adrenoceptors, linked to Gg
proteins, activate adenylate cyclase to increase
cAMP formation, which activatesacAMP-dependent
kinase which, in turn, phosphorylates and activates
hormone-sensitive lipase [9]; HSL (EC 3.1.1.34)
being the key enzyme in the regulation of lipolysis.
Murphy et al. [10], using BRL 37344, have recently
shown that lipolysis in rat white adipose tissue can
be directly correlated with the activation of cAMP-
dependent protein kinase. However, a number of
species-specific and tissue-specific differences in S
receptor distribution and function have beenreported
[2,11,12]. Also, the relationship between cAMP
production and lipolysis in white adipocytes appears
to vary between species [13]; adipocytes from the
ratshowing amuch steeper dose response relationship
for isoprenaline than human tissue. The cloning of
the atypical B;-adrenoceptor has tended to confirm
its identity with the atypical receptor of adipose
tissue [11,14]. Isolation of the gene which
specifically encodes the mouse fSs-adrenoceptor has
demonstrated an 82% homology with the human
atypical (fB;) adrenoceptor, as well as a phar-
macological profile which closely resembles the
human receptor [14]. We have therefore compared
the effects of three different Bs-agonists in vive on
HSL activity and cAMP production in both BAT
and WAT of the mouse in order to determine
the relative functional significance of the pS;-
adrenoceptorsin these tissues. A preliminary account
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of some of these findings has been published in
abstract form [15].

MATERIALS AND METHODS

Materials. Triolein, oleic acid, phosphatidyl-
choline, leupeptin, hemisulphate salt, pepstatin A,
DL-dithiothreitol, collagenase (Type I), cAMP,
noradrenaline, isoprenaline and propranolol were
all obtained from the Sigma Chemical Company
(Poole, Dorset, U.K.). Glycerol tri[9,10 (n)-*H]J-
oleate, [1-™C] oleic acid and [8-°H|cAMP,
ammonium salt were obtained from Amersham
International (Aylesbury, Bucks, U.K.). BRL
35135 A, was a gift from SmithKline Beecham
Pharmaceuticals (Epsom, Surrey, U.K.); ZD7114
was a gift from Zeneca Pharmaceuticals (Alderley
Park, Cheshire, U.K.); SR 58611 A was a gift from
Sanofi Midy S.P.A. (Milan, Italy). Binding protein
was kindly provided by Dr E Kelly at the University
of Bristol.

Animals. Male CBA/Ca mice, bred within the
University of Bristol Medical School, were 4-5
months old with body weight 30-34 g. They were
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Drug treatments. Drugs were made up freshly in
physiological saline (0.9%, w/v) for i.p. injection,
Ascorbate (107* M) was added as a preservative for
noradrenaline and isoprenaline in solution. A single
dose of noradrenaline (0.6 mg/kg), isoprenaline
(0.1 mg/kg), BRL 35135 A (5mg/kg), ICI D7114
(10 mg/kg), or SR 58611 A (2mg/kg) was
administered 1hr prior to the enzyme or cAMP
assays. This time period was selected since it
corresponds to the observed time course for the
acute thermogenic effects of the B-agonists in vivo
[7, 16]. Control mice received an equivalent volume
of saline. Propranolol (10 mg/kg) was given 30 min
prior to the agonist. All treatments were carried out
between 9.30 and 11.30 a.m.

Enzyme preparation. Interscapular BAT was
dissected out, and the connective tissue removed.
The clean BAT was minced, then homogenized in
10 volumes of pH 7.0 medium containing 0.25M
sucrose, 1 mM EDTA, 4 ug/mL leupeptin, 1 ug/mL
pepstatin A, and 1 mM dithiothreitol. This was
centrifuged at 105000 g for 45 min at 4°. The top
‘fat cake’ was removed and the clear infranatant
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Fig. 1. Effects of noradrenaline (NA, 0.6 mg/kg) and propranolol (Pro, 10 mg/kg) on: (a) hormone

sensitive lipase activity (expressed as nmol free fatty acid released/min/mg protein); (b) cAMP

accumulation (expressed as pmol/mg protein) in brown and white adipose tissue. Propranolol was

administered 30 min prior to the noradrenaline (Pro + NA). Data are the means =+ SEM of 6-7

independent observations performed in triplicate. * Pro + NA <NA, P <0.05; ** NA > Control,
P < 0.01; + cAMP in WAT > cAMP in BAT, P < 0.01.
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fraction decanted and used for the assay of HSL
activity [17}. Epididymal white fat pads (WAT) were
removed and prepared as for BAT, except that
2 vols of homogenization medium were used.

HSL activity assay. This was based on the standard
assay procedure of Nilsson-Ehle and Schotz [18].
The assay substrate was prepared immediately before
use to give a final concentration of each reagent in
the 200 uL assay volume as follows: 100 mmol/L Tris
HCl, pH 7.0; 5 g/L of BSA (fatty acid-free, fraction
V), and 4.58 mmol/L triolein as substrate. (For the
detailed preparation of triolein emulsion see ref.
[18]). The omission of apolipoprotein CII from the
assay medium and the addition of NaCl (250 mmol/L)
ensured that no lipoprotein lipase activity would be
present.

The assay tubes were incubated at 37° with 100
cycles/min shaking, and the reaction begun by
adding 100 ul. of the assay substrate. After 15
min incubation, the reaction was stopped by
adding 3.25mL of methanol/chloroform/heptane
(1.41:1.25:1), 50uL of [“*Cloleic acid (2mM,
0.33 uCi/mL) as internal standard for estimating
recovery [19], and 1 mL of extraction buffer (K,CO,
buffer, pH 10.5). The assay tubes were then vortexed
for 30 sec and centrifuged at 3000 rpm for 10 min at
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room temperature. A 0.5 mL aliquot of the aqueous
upper phase was taken for double-label liquid
scintillation spectrometry in LSC cocktail (Packard,
Groningen, The Netherlands). Protein con-
centrations were determined by the Coomassie Blue
method of Bradford [20]. The results (medians of
triplicate determinations} were expressed as nmol
FFA released/min/mg protein.

cAMP accumulation. Adipocytes were prepared
from BAT and WAT tissue according to Rodbell
[21] but using Krebs-Ringer phosphate buffer,
pH 7.4, containing 128 mM NaCl, 1.4 mM CaCl,,
1.4 mM MgS0O,, 5.2 mM KCl, and 10 mM Na,HPO,.
The concentration of collagenase was 3 mg/mL for
BAT and 1 mg/mL for WAT and the incubation
time was reduced to 30min [22]. The suspended
adipocytes were washed three times with collagenase-
free Krebs—Ringer phosphate buffer containing 4%
BSA. HCI (20 uL. of 2M) was added to a 200 uL
volume of suspended cells. The mixture was vortexed
and then centrifuged at 3000g for Smin at 4°
Finally, 150 uL. of the supernatant was collected and
frozen at —20° for the cAMP measurement.

CAMP determination. A standard competitive
binding assay was used to assay tissue CAMP [23].
Briefly, standard cAMP or sample cAMP plus [*H]-
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Fig. 2. Effects of isoprenaline (ISO, 0.1 mg/kg) and propranolo! (Pro, 10 mg/kg) on: (a) hormone

sensitive lipase activity (expressed as nmol free fatty acid released/min/mg protein); (b) cAMP

accumulation {expressed as pmol/mg protein) in brown and white adipose tissue. Propranolol (10 mg/

kg) was administered 30 min prior to the isoprenaline (Pro + ISO). Data are the means + SEM of 6-7

independent observations performed in triplicate. Isoprenaline > control: * P < 0.05; ** P <0.01;
*** P < 0.005.
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Fig. 3. Effects of selective ; adrenoceptor agonists on hormone sensitive lipase activity (expressed as

nmol free fatty acid released/min/mg protein), and cAMP accumulation (expressed as pmol/mg protein)

in brown and white adipose tissue. (a) BRL 35135 (BRL, 5 mg/kg), (b) ICI D7114 (D7114, 10 mg/kg),

(c) SR 58611A (SR, 2 mg/kg). Propranolol (Pro, 10 mg/kg) was administered 30 min prior to the

agonists. Data are the means = SEM of 6-7 independent observations performed in triplicate. Drug
treatment > control: * P < 0.05; *** P < 0.005.

c¢AMP (40 nCi) in Tris-HCI/EDTA buffer (50 mM/
4 mM, pH 7.4) were pipetted into assay tubes and
the binding reaction started by adding 100 uL of
diluted binding protein (prepared from bovine
adrenal cortex) into the assay tubes. After 90 min
incubation at 4°, 200 uL of ‘charcoal’ (0.25 g charcoal
plus 0.1 g BSA in 50 mL of TE buffer) was added
and then incubated for further 20 min at 4°. The
tubes were centrifuged at 3000 X g for 15 min at 4°
and the supernatant decanted into scintillation vials
for counting. Each assay was performed in triplicate
and standard curve data were fitted to a logistic
expression. The protein content of cell suspensions
was determined as described above, and the results
expressed as pmol of cAMP/mg protein.

Statistical analysis. Results are shown as
means +* SEM of N = 6-7 combined from two or
three different experimental days. The statistical
significances of the differences between groups were
analysed by Student’s r-test for independent samples.

RESULTS

Noradrenaline and isoprenaline stimulation of HSL
HSL activity in both brown and white adipose

8P 50:5-B

tissue was significantly increased following an acute
dose of NA (Fig. 1a). At the same time there was
an equivalent increase in the cCAMP level in BAT
and a smaller, non-significant increase in WAT (Fig.
1b). Although the levels of HSL activity in BAT
and WAT were very similar, the accumulation of
cAMP under control conditions was significantly
greater (by 50%) in WAT compared to BAT. This
suggests that the link between HSL activity and
cAMP level may be different in the two tissues. The
increases in HSL activity and BAT cAMP level were
blocked by pretreating the mice with propranolol
30 min prior to the NA. Propranolol alone at the
same dose had no effect on HSL activity or cAMP
accumulation in either tissue.

A single acute dose of isoprenaline produced
equivalent parallel increases in HSL (Fig. 2a) and
cAMP accumulation (Fig. 2b) in both brown and
white adipose tissue. Although the increase in HSL
activity in WAT was similar in magnitude to that
produced by noradrenaline, there was, in contrast,
a highly significant increase in cAMP (by 40%).
These increases were also blocked by pretreatment
with the same dose of propranolol that had blocked
the stimulation produced by NA.
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Fig. 4. Dose-response effect of isoprenaline and SR 58611A on hormone-sensitive lipase activity
(expressed as nmol free fatty acid released/min/mg protein) in brown and white adipose tissue. Drug
treatment < control: * P < 0.05; *** P < 0.005.

Bs-Agonist stimulation of HSL

The same experiment was repeated with the three
selective B; agonists BRL 35135A, ICI D7114, and
SR 58611A at doses which had previously been
found to maximally stimulate adipose tissue fatty
acid synthesis in vivo {6, 7]. All three drugs produced
significant increases in HSL activity and cAMP
accumulation in BAT (Fig. 3). It is worth noting
that, although the degree of stimulation of BAT
HSL activity was very similar for the three drugs at
the doses used, the concomitant increase in cAMP
varied widely, being lowest for BRL 35135 and
highest for ICI D7114. In WAT, in contrast to the
responses to noradrenaline and isoprenaline, no
stimulation of HSL activity was observed. The doses
of both BRL 35135 (5 mg/kg) and ICI D7114 (10 mg/
kg) were already the maximum compatible with a
selective By-agonist effect. Higher doses (BRL 35135:
7.5 mg/kg and ICI D7114: 15 mg/kg) produced no
further increase in HSL activity in BAT and no
activation of HSL in WAT. cAMP accumulation
was not measured at these higher doses. However,
in order to eliminate the possibility that the difference
in the tissue responses to the selective Bs-agonists
was dose-related, the dose-response relationships
for isoprenaline and SR 58611A on HSL activity in
BAT and WAT were compared (Fig. 4). It is evident
that, whereas isoprenaline produced dose-dependent
increases in HSL activity in both tissues, BAT
showing a larger increase than WAT, SR 58611A
was completely selective towards BAT over a five-
fold dose range and had no effect on WAT HSL
activity.

DISCUSSION

Previous studies of the correlation of S-adreno-

ceptor activation, CAMP production and lipolysis
have tended to use isolated white adipocytes
or cultured cells in vitro (for example, refs
[2, 10, 13, 22, 24, 25]). However, since one important
therapeutic application of the B;-agonists would be
to reduce obesity, presumably through the activation
of lipolysis and thermogenesis in WAT and BAT,
respectively, the in vivo effects of these drugs on
lipolytic activity is also of importance. This is the
first study which has undertaken concomitant
measurement of HSL activation in BAT and WAT
following the in vivo administration of a number of
B-agonists in the mouse, and in which ¢cAMP
accumulation has been measured over the same time
period. We have already demonstrated, using a
functional assay, that the selective S;-agonists can
activate BAT and increase lipogenesis in vivo in the
mouse [6, 8]. The present findings indicate that the
same drugs, under identical experimental conditions,
simultaneously increase cAMP accumulation and
HSL activity in BAT, and that this action can
be blocked by the non-selective f-antagonist
propranolol. (At present there are no selective f35-
antagonists generally available). It would therefore
appear that fatty acid synthesis and lipolysis and, by
inference, thermogenesis can be stimulated by f;-
adrenoceptor activation in BAT, and that this
response occurs through cAMP-dependent activation
of HSL.

The role of the B;-adrenoceptorin rodent adipocyte
lipolysis and thermogenesis is well documented
[10-12]. Under normal circumstances, adipose tissue
lipid metabolism is principally under the control of
circulating catecholamines and insulin, although
BAT is unusual in that it is densely innervated by
the sympathetic system. It has been shown that
surgical sympathectomy of the interscapular BAT in
the rat leads to a reduction in sucrose-induced
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lipogenesis and a specific increase in fS;-receptor
mRNA levels in this tissue [26, 27]. Also, injections
of f-adrenoceptor agonists eventually lead to down-
regulation of B; mRNA after 8 hr. These and other
direct neurophysiological findings [28} suggest that
sympathetic innervation of BAT is important in
controlling thermogenesis.

Other workers have suggested that although the
Bs-receptor on white adipocytes is largely responsible
for lipolysis, the B;-subtype also has a role {29]. In
this contextitisinteresting that, whereas exogenously
administered NA in our present studies stimulated
HSL is both brown and white adipose tissue, the
selective fBi-agonists at the same time had no effect
on HSL activity in WAT. This would suggest that
Bs-adrenoceptor-mediated stimulation of lipolysis in
the mouse occurs selectively in BAT and, since ;-
adrenoceptors appear to be absent in the WAT of
rodents [3], the adrenoceptors responsible for
stimulating lipolysis in WAT in the mouse are f;.
Our present results, based on the in vivo action of
the selective adrenoceptor agonists are in contrast
to the findings of Murphy er al. [10] who used
isolated rat adipocytes. In their model, stimulation
of WAT lipolysis consequent upon cAMP production
was clearly mediatec by fs-adrenoceptor activation.
In addition, Langin ez al. [2] have demonstrated that
isoprenaline and BRL 37344 (the active metabolite
of BRL 35135) are approximately equipotent at
stimulating lipolysis in vitro in white adipocytes.
Their cross-species investigation of WAT g
adrenoceptor subtypes included rat, hamster, rabbit,
dog and human tissue, but not the mouse. However,
they also found that the same concentrations of
selective f;-agonists did not stimulate lipolysis in
human white fat cells. It would appear that WAT in
the mouse differs from the rat and may be more
similar to the human in terms of functional S
adrenoceptor subtype. Lafontan and Berlan [11] in
their recent review of the control of white and brown
fat cell function, have emphasized this inter-species
variation in the distribution and function of
adrenoceptor subtypes in adipocytes.

Nevertheless, there is now direct molecular genetic
evidence for f-adrenoceptor mRNA expression in
human white fat cells [30] and the same authors have
also found that BRI 37344 acts as a partial agonist
compared to isoprenaline in an assay of lipolysis in
human omental and subcutaneous fat cells, although
the relative potencies were different in the two
tissues [31). The observation that glucagon injected
in vivo in the rat suppresses f-adrenoceptor mRNA
in BAT but not WAT [27] suggests that cAMP-
mediated control of the expression of adipocyte S,
adrenoceptors may also differ between brown and
white fat even within the same species.

Our finding that similar levels of HSL activation
in BAT were associated with differing levels of
¢cAMP accumulation following stimulation by the
different agonists support the earlier findings by
Hollenga et al. [13] who demonstrated that the
relationship between adenylyl cyclase activation and
lipolysis in rat adipocytes was different for
isoprenaline and BRL 37344. They suggested that
compartmentalization of cAMP within the adipocyte
could be responsiblz, which would also explain the

discrepancy between adenylyl cyclase activation and
lipolysis in white fat from different species. An
alternative in vivo pharmacokinetic explanation for
this variation, which we also observed in the case of
NA activation of HSL in WAT (Fig. 1), is that the
time course of the adrenoceptor-mediated cAMP
accumulation in the two tissues could well be
different for the different drugs, whereas the activity
of HSL was measured at a single point at which time
the cAMP level may have passed its peak. It is an
unavoidable constraint of in vivo studies of this type
that only one time point can be studied in each
animal.

Although clinical trials have indicated the potential
of selective fB;-agonists as anti-obesity agents in
obese human subjects {32, 33], the drugs have not
proved as effective as earlier studies in rodent models
of obesity would suggest [4, 5] and there is still some
doubt concerning the physiological significance of
BAT in humans. Qur present findings clearly
indicate that there are within-species differences
in adrenoceptor-mediated stimulation of lipolysis
between BAT and WAT in terms of the receptor
subtype. The physiological significance of this
difference in adrenoceptor function in the mouse is
still unclear, although it may reflect the different
roles of the two tissues in controlling overall
metabolic efficiency and energy balance in a small
animal in which BAT thermogenesis is relatively
important.
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