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SUMMARY
The ��en�ntiomer �=(2�ethylphenQxy)�1 -((1 �1 L�4-tetr�hy-
dr�n�phth�1 � ox�l�te (�A �9�QA) �
propo�ed t� bo thd firbt � re�ptor �nt�gon�t The
preeent work ehQwe thet �R �9�3OAI unlike te neatsve i�
enentlomer (SR �94R3)1 ente�n�ed e typ�el (�i3�edrenerg� re-
epenee In vitrQ, ,e, �R �61 lA the �
�
yl]exye�etete hyc1ra�hkride� �r ( - )�4�(3+hutylemino�2�
hydrQxypr�poxy)ben�m�e�Ql+one (Cc�� I 21 71)�stimuleted
eyntheeie c�f cAMP in ret hr�wn edipQee tieeue memhrenee, with
pK� veluee Qf R,R7 � 0,12 end �Q ‘ O1� In e�i1itiQn �R
5�3QA hed no enteUQnietia effect on fQrekoIin�incIu�ecl GAMP
e�umuletion in ret intere�epuIer hrown e�ip�ee tieeue �R
�9�OA in eQntreet to the eeIe�tive (� enc�1 (�2�edreno�eptor
ente�oniete �
3”(4(1 � prope�
nol end erythro�(i�)�1 �
� iici nQt GQunteret�t the GAMP
pr�du�tion in�iu�ei by ( � )�ieopreneline �r norepinephrine (Ne) in

ret hrein ereee rich in f� - or p2�ec1rencx�eptnre, auc�h ee frontel
cortex en�1 c�erehelIum Moreover, in prolifereting brown tel celle,
in which the 1�i �ec1reno�eptor ie the only frec1renergi� eubtype
c�ouple�I to GAMP produr�tion $R �9�QA did not modify the
pro�1u�tion of CAMP inclur�ed by N� whereee C�P 1�1i7 did In
confluent hrown fet �eIIe, in whK�h the I�edrenoaeptor le the
fun�tioneI (�edrenergi� euhtype �oupIed � to e�1enyIyI �ycIeee �R
�92�OA entegoni�ed the NF4ncIu�ed eAMP e�umuIetion en�1
�Iy�eraI releeee without e�e�ting their heeel veluee whereee C�P
1�1 77, whit�h per ee etimuleted cAMP e�umuIetion end glycerol
releaee, c1ic�not chenge the N�inc�uced increeae of either perem�
eter �ineIIy �R b���OA concentretion�Jependently counterectecl
the N�etimulete�I eyntheeie of uncoupling protein gene in conflw
ent hrown fet cello, which ie conei�1ered meinly e reeult of selective
stimuletion of ��e�renoceptors These results provide evirlence
thet the new selective (a�renoceptor entegonist cen contribute
considerebly to functionel chsrscteriRetion of the (�edrenocep�
tore

An �ttypicn1 (1�ndrono�upto,’ �nl1n4 thi� (�1-nch’.no�opto,’ hi�
been 4�1onod, etnrting from hunn�n �tnd mou� gonomw DNA

I 1, 2) t�nd t’ftt �DNA fli-b lth,’n,’hs, It i� b�nnun� wkkly
eccepts�d �hnt thth l’t3�eptw’ mt3ctmto� tht� non�/� ond nnn�f.�

�trlrone�’gic rosponst� of,’iit flAT �nrl WAT (�t�o ,‘t’�v�ow In Rof

6), It h� &su b�n �u�ti�ttid th�fl � nmdi�iw
�l verh�ty of ftllll�tlQfl5 �n rtUThr�nt t�n� nnd m’�nn �y�ttm�

siwh e� Intc$1nt� (7), �kn14& mu�Ie (8, ond po�ihIy ht�n,’t
(9), Tho BAT �1�dl’�no�eptor hts boon ph�u’rntwoIogi�nIIy
�he,’rwtrn’iz�d es hnving a high nffinity for �i1s�tivri n�oni�ts
ench �ts BRL l7�l44 rnd SR fi$611A tnrt n low offinity snd

Thi� �ttstly w� Fun4��tl iii jnirt by l�r�getls � 1’levvn�iss,)P t’ ton
uillo iiei ll’)lttnri 111 Militt� (bout IlATMA ()1()I)I�(I to Ml ).(‘. (ol)�iali)$
N��inn�le rielle Hirerche lIsirne Itely

$tor0o1(�i��tjvit,v for tho t�1n�it’ /l�4t’trntwtpto�’ nnttigonb�t�i

�twh � propr�tno1o1 I 10, 1 1 1; nlso it � �timulnt&cL by h(�h
t’oncontt’nflons of �ot’tntn �iflLLi�goflb�LlI of f1,� �tnd (��sdt’tmn�

t�tiptol’s �ut�h tte CUP 1�l77 I 10)

Both functiontil on4 hin4in� stuc1It�i hnvt� oflt�n Imon sntt1r�
prt)ttld t� �howin� thet only /I1?iid,’tiniwopto,’� i�t’o ,‘t�k�vnnt in
tii’own ndipnI�!ytoP� ( 12, lii w��hnut thifining n t’unt’Ljiin to,’ n
novel fMn1,’t�ino�optor �ubtyjm Mo,’o �‘t�ont works hnvt rtttm�

(ifl�tl’�tOd thin th� �ndrtnocs�ptnl’ i� tho fwwtionttlly ‘ols�
vt�nt (�ndi’ti�ntw#{248}pto�’ �llhtype in BAT � rr1vis�w nnd rofo�’-
oncti� in Ilof 101, In our nxperinn� 1�i nod �9�i4i’t�no�opLol’

nnLngoni�ts bnvt� �hown vtn’y low pA9 vntun� for inhibiting
NE�, I - )�i�opl’nnn1int1�, or vn’ying (�4-ndrnnovoptnr ng()ni�t�

indu�d r�AMP nt�nniuIntion, lipolysie, or t’n�pit’ntion in �‘nt

brown ndipotiytt� ( 1 1 1. Tho nua�t importnnt p’ohkrn in dti�
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Fig. 1. Structural formulas of SR 5861 1A and SR 59230A. 1 L. Manara, T. Croci, M. Landi, personal communication.

tecting and pharmacologically characterizing the f33-adreno-

ceptor may be the lack of a selective 13:radrenoceptor antag-
onist. The present report describes for the first time the

I3radrenoceptor antagonistic activity in rat brown adipocytes
of a newly synthesized compound, SR 59230A (see Fig. 1 for

chemical structure), which belongs to the aryloxypropano-
laminotetralin family (14). The affinity and selectivity of SR
59230A for the f33-adrenoceptor have been investigated in
BAT membranes, frontal cortex and cerebellum homoge-
nates, and cultured brown fat cells, challenging this com-

pound against NE, ( - )-isoprenaline, and the more selective

�3-adrenoceptor agonists SR 58611A and CGP 12177. The
results suggest that SR 59230A is a powerful and selective

j33-adrenoceptor antagonist and that it may be a useful tool

for further studies.

Experimental Procedures

Animals. Male Sprague-Dawley rats ( 180-200 g body weight) were
obtained from Charles River (Como, Italy). The animals were housed
with lights on from 7:00 am. to 7:00 p.m., with free access to standard

laboratory chow and water. All animal experiments were conducted in
accord with the highest standards of humane animal care.

cAMP determination in BAT membranes and in frontal

cortex or cerebellum homogenates. Interscapular BAT pads

were homogenized by Ultraturax in 5 volumes 10 mM TrisHC1

buffer, pH 7.4, containing 0.25 M sucrose and 2 mM EGTA. After
filtration through a fine gauze, the homogenate was centrifuged at

1000 x g for 15 mm at 10�. The infranatant was removed with a
syringe and ultracentrifuged at 100,000 x g for 30 mm at 4#{176}.The

resulting pellet was resuspended in fresh buffer and then centri-

fuged and resuspended twice, as described above. The final pellet

was resuspended in homogenization buffer ( 100 mM Tris-maleate,

pH 7.5, containing 1.2 mM EGTA). cAMP levels in BAT membranes

and frontal cortex and cerebellum homogenates were measured as

previously described (15, 16).

Isolation of brown adipocytes. Brown fat precursor cells were

isolated as described previously ( 17). The BAT fragments (12-15%
w/v) were carefully dissected under sterile conditions and placed in

the HEPES-buffered solution, pH 7.4, described by N#{233}chadet al. ( 17),

containing 0.2’�i (w/v) type II collagenase. After 30 mm of enzyme

treatment in a shaking water bath with vortexing of the tube every
5 mm for 10 sec at 37#{176},the tissue remnants were removed by
filtration through a 250-.tm nylon screen. The mature adipocytes

and the fat droplets resulting from broken cells were then allowed to
float to the surface on the cell suspension in ice for -30 mm. The

infranatant, containing adipocyte precursor cells, was then collected

with a 2-mm metal syringe, filtered through a 25-j�m nylon screen,
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pelleted by centrifugation for 10 mm at 700 x g in 10 ml of culture
medium (see below), and diluted to 20 ml. Samples ofboth precursor

and mature cells were counted in Burker’s chambers.
Adipose cell culture and treatment. We added 2 million cells

to collagen-coated glass Petri dishes (50-mm diameter). The glass
Petri dishes were used to avoid binding of SR 59230A to the walls, as

it does to plastic culture dishes. The cells were cultivated in 2.5 ml of

a culture medium consisting of Dulbecco’s modified Eagle’s medium
supplemented with 4 mM glutamine, 10�4 newborn calf serum, 4 nM

insulin, and 10 mM HEPES with 50 IU of penicillin, 50 pg of strep-

tomycin, and 25 pg of sodium ascorbate per milliliter (all from Flow

Laboratories, Milan, Italy) at 37#{176}in a water-saturated atmosphere of
6% CO2 in air in a NAPCO 5430 model incubator. The medium was

completely exchanged with fresh prewarmed medium on day 1 (when

the cultures were first washed with 5 ml of prewarmed Dulbecco’s
modified Eagle’s medium) and on days 3 and 9 (without washing). In

experiments for cAMP and glycerol determination, the cells were

exposed to NE (freshly made aqueous solution for each treatment)
and/or CGP 12177 for 30 mm and harvested.

Determination of cAMP and lipolysis in culture cells. Cells

were grown for 4 or 8 days (i.e., preconfluent or confluent cells) in the

glass Petri dishes. At 2 hr before each experiment, the medium was

replaced by the modified Krebs-Ringer bicarbonate buffer, contain-

ing 5 mM 3-isobutyl-1-methylxanthine, without bovine serum albu-

mm (which readily binds SR 59230A’), in the presence or absence of

the tested drugs. Fatty acid-free bovine serum albumin is normally

used to prevent extracellular accumulation of unbound fatty acids

during enzymatic dispersion of adipocytes and during the period
preceding the experiment ( 18). Under our experimental conditions,
i.e., measurements ofthe glycerol release from cultured fat cells, this
was not essential, probably because the cultured cells contain fewer

lipids than the dispersed mature brown fat cells.

Cell cultures were incubated at 37#{176}for 30 mm with agonists, and

the antagonists were added 15 mm before the agonists. The reaction

was stopped in ice by removal of the incubation medium, which was

then frozen and later analyzed fluorometrically in duplicate for glyc-

erol using reagents supplied by Boehringer-Mannheim (Mannheim,

Germany). The cells were harvested with ice-cold phosphate-buff-

ered saline containing 5 m�i 3-isobutyl-1-methylxanthine and, after
sonication ( 100 W for 10 sec), centrifuged for 5 mm; the resulting
infranatants were stored until cAMP determination. Protein content
was measured by the BCA Protein Assay (Pierce, Milan, Italy).

PCR assay. Total RNA was isolated from rat cultured brown cells

by the RNAzo1 method (TM Cinna Scientific, Friendswood, TX). For

PCR analysis, RNAs were treated for 1 hr at 37#{176}with 6 units of

RNase-free Dnase I/pg RNA in 100 mM TrisHCl, pH 7.5, and 50 mM

MgCl2 in the presence of 2 units/pi of placenta RNase inhibitor. One

microgram of total RNA was reverse- transcribed with 200 units of
Moloney murine leukemia virus reverse transcriptase (Promega) in

20 jcl of buffer (Promega, Madison, WI) containing 0.4 mM dNTP, 2
units/ml RNase inhibitor, 0.8 pg oligo(dT)15 primer (Promega), and
[32P]dCTP. The resulting cDNA was quantified through determina-

tion of the amount of radioactivity incorporated into trichloroacetic
acid-precipitable nucleic acid. A control without reverse tran-

scriptase was run for each sample to verify that amplification did not
proceed from residual genomic DNA. PCR was performed with trun-

cated Taq DNA polymerase (Biotaq, Bioprobe Systems, Milan, Italy)

in 50 pJ of standard buffer (20 mM Tris�HCl, pH 8.55, 16 mM

(NH4)2�SO4, 2.5 mM MgC12, 150 �g/ml bovine serum albumin, and

200 �.tM dNTP containing 10 or 20 ng ofcDNA from the preparations

and 1 �.LM of each sense- and antisense-specific oligonucleotide prim-
ers in the presence of trace amounts of radioactive dCTP. All oligo-

nucleotide primers for PCR were synthesized by phosphoramidite

chemistry with an Applied Biosystem synthesizer with reagents

purchased from Applied Biosystem (Foster City, CA). The specific
sequence of primers for UCP was 5’-GTGAGTTCGACAACTTC-
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Fig. 2. Antagonistic effects of SR 59230A on SR 5861 1A- or CGP 12177-increased cAMP production in rat BAT membranes. SR 5861 1A-
stimulated (1 �.LM [a]) or CGP 121 77-stimulated (10 �M [b]) cAMP synthesis (#{149})over the basal value (�) was concentration-dependently
antagonized by SR 59230A (#{149})(a: IC50, 26.7 nM; 95% confidence limits, 23.4-30.5; pKB, 8.90 ± 0.18; b: IC50, 21.1 nM; 95% confidence limits,
16.2-27.2; pK8, 8.73 ± 0.16) but not by SR 59483 (#{149},insets). SR 59230A alone was unable to induce changes of cAMP levels (0, a). SR 59230A
(1 00 nM, S) induced considerable rightward shifts of the concentration-response curves of SR 58611A-induced (0, c) or CGP 12177-induced (0,
d) cAMP accumulation (EC50 without and with the antagonist were 52 [42-69] and 3891 [31 76-4882] nM for SR 5861 1A and 974 [804-1 1 16] and
15,21 0 [13,300-1 7,960] nM for CGP 12177). Antagonists were added 15 mm before agonists. Reactions were performed in the presence of the
j3-adrenoceptor agonists at 30#{176}for 20 mm and stopped by placing the tubes in a boiling water bath for 5 mm. Then, the tubes were centrifuged
at 1000 x g for 10 mm, and cAMP was measured in the supernatants by radioimmunoassay (DuPont-NEN, Boston, MA). Each point represents
the me�n ± 95% confidence limits for three independent experiments performed in triplicate. Where 95% confidence limits are not reported, they
were less than the size of the symbol.
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CGAAGTG-3’ and 5’-CATGAGGTCATATGTCACCAGCTC-3’ (ami-
no acids 1-197) (19). Primers for f3-actin were as described by Gau-

dette and Cram (20) and correspond to nucleotides 861-884 and

1086-1107 in the published rat sequence (21). Thirty cycles at 94#{176}for

30 sec, at 60#{176}for 30 sec, and at 72#{176}for 60 sec, followed by a 10-mm
final extension at 72#{176},were performed. After amplification, 10 j.tl of

the reaction mixture were separated by electrophoresis ( 1.2% aga-
rose gel in Tris-borate-EDTA buffer) and visualized by ethidium

bromide staining. UCP and f3-actin cDNAs were coamplified, and the
bands visualized by ethidium bromide were cut out. The radioactiv-
ity incorporated into the DNA-amplified fragments was counted by

Cerenkov counting and expressed as UCP/�-actin ratio.
In addition, gels were blotted onto nitrocellulose filters that were

hybridized to probes obtained by PCR amplification of cloned UCP

and f3-actin genes with the specific primers given above. Nitrocellu-

lose membranes were exposed for 8 hr to NIF RX-100 films (Fuji,

Milan, Italy).
Data analysis. Data were analyzed statistically by analysis of

variance with Newman-Keuls multiple-comparisons posthoc test.

The significance of differences between cAMP accumulation and
lipolytic activities under basal or stimulating conditions was deter-

mined with the nonparametric Mann-Whitney U test.

The IC50 and EC50 values were obtained by using the four-param-

eter logistic model according to Ratkowsky and Reedy (22). The

adjustment was obtained by nonlinear regression analysis using the

Levenberg-Marquandt algorithm in RS/1 software (B.B.N., Cam-
bridge, MA). None ofthe pseudo-Hill slopes obtained (range, 0.8-1.2)

were statistically different than 1. The negative logarithms of the



Frontal cortexantagonist dissociation constant KB were calculated either from a

derivative of the Cheng-Prusoff equation (23):

IC50
K5 = i � (A1/EC�)

in which 1A11 was the fixed agonist concentration used in the corn-

petitive assay, or from the Schild equation: log(dr - 1) = log[Bl - log

KB, in which [BI was the concentration of antagonist used in the

agonist concentration-response curve rightward shifts (24).

Materials. NE hydrochloride (Sigma, Milan, Italy) was diluted in

buffer containing 0. 1% ascorbic acid to prevent its possible oxida-
tion. ATP and 3-isobutyl-1-methylxanthine were purchased from
Sigma. Type II collagenase, fatty acid-free bovine serum albumin,

DNase I, creatine kinase, and creatine phosphate were obtained

from Boehringer (Mannheim, Germany). SR 59230A and SR 58611A
were synthesized in the Chemistry Section of the Sanofi Midy SpA.
Research Centre (Milan, Italy). CGP 12177 and CGP 20712A
were from CIBA-GEIGY (Basel, Switzerland). ICI 118,551 was from
Zeneca (Macclefield, Cheshire, UK).

Results
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The fact that SR 59230A (Fig. 1) but not its RR-enantiomer

SR 59483 has �3-adrenoceptor-antagonistic properties in rat
BAT membranes is suggested by the observation that it

concentration-dependently antagonized the cAMP accumula-
tion induced by SR 58611A or CGP 12177, both compounds

that have recently been demonstrated to be f33-adrenoceptor

agonists (25, 26). Fig. 2 shows that 1 �tM SR 58611A-stimu-
lated cAMP production was blocked by SR 59230A and the
inhibition was 100% at 10 p.M of the antagonist. Fig. 2b also
shows that cAMP synthesis stimulated by 10 j.tM CGP 12177

was blocked by SR 59230A with 100% inhibition at 7.8 p.M.

The lack of intrinsic efficacy of SR 59230A alone is shown in

Fig. 2a. Unlike the SS-enantiomer, the RR-enantiomer SR
59483 did not antagonize cAMP accumulation stimulated by

SR 58611A or CGP 12177 up to 100 p.M. Fig. 2, c and d, also

shows that 100 flM of SR 59230A induced notable rightward

shifts of the concentration-response curves of SR 586 1 1A- or

CGP 12177-induced cAMP accumulation, with calculated

pKB values of8.87 ± 0.12 and 8.20 ± 0.15, respectively. The

inhibitory potencies of SR 59230A against cAMP production

induced by the two selective f33-adrenergic receptor agonists

were much higher than those for CGP 20712A and ICI
118,551 (pKB, 6.41 ± 0.10 and 6.21 ± 0.11 or 5.99 ± 0.18 and

5.88 ± 0. 12, respectively; data not reported in Fig. 2).

To investigate the selectivity of SR 59230A as an antago-
fist of f33-adrenergic receptors, the cAMP production stimu-

lated by selective and nonselective j3�- and/or �32-adrenergic
agonists was measured in rat frontal cortex and cerebellum

homogenates. In rat cerebral cortex, the density of f31-adre-

noceptors is approximately four times that of �32-adrenocep-

tors, whereas in the cerebellum, the relative amounts of the

two receptors are reversed (27).

Furthermore, our previous work demonstrated that there

are no �3-adrenoceptors in adult rat brain and that the f3�

adrenergic agonist SR 5861 1A acts as a �1-adrenoceptor ag-
onist in cerebral cortex (28). Fig. 3 shows the effects of the

f3-adrenoceptor antagonists CGP 20712A, IC! 118,551, and

SR 59230A on the cAMP levels induced by 10 p.M (- )-isopren-

aline in both frontal cortex and cerebellum. The IC50 values

ofSR 59230A were 27,320 (850-61,050) and 23,430 (10,760-
48,980) flM in frontal cortex and cerebellum, respectively.
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Fig. 3. Effects of CGP 2071 2A (0), lCl 1 18,551 4), or SR 59230A (z\)
on the increases in cAMP induced by 10 �M (-)-isoprenaline in both
frontal cortex and cerebellum homogenates. � , Basal value of the
cAMP levels. Insets, lack of antagonistic effects of 1 �M SR 59230A
(SR) on 1 �tM dobutamine (Dob)- or salbutamol (SaI)-increased cAMP
over the basal value (b). Each point represents the mean ± 95%
confidence limits of three independent experiments performed in trip-
licate. The significance of differences between cAMP accumulation
under basal or stimulating conditions was determined with the non-
parametric Mann-Whitney U test. *, p < 0.01 vs. basal value.

Under the same experimental conditions, CGP 20712A and

ICI 118,551 potently antagonized the ( -)-isoprenaline stim-
ulation in both frontal cortex (IC50 = 43 [11-160] and 602
[123-2950] flM, respectively) and cerebellum (IC50 - 592
[157-14891 and 30 [11-67] nM, respectively). Similar results

were obtained with 10 p.M NE, which was used to increase

cAMP accumulation (data not shown). In addition, Fig. 3

shows that 1 p.M SR 59230A did not modify the cAMP accu-

mulation stimulated by either the selective f32-adrenoceptor

agonist salbutamol in cerebellum or the selective f31-adreno-

ceptor agonist dobutamine in frontal cortex. SR 59230A also
did not change the cAMP levels increased by SR 58611A (10
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p.M) in this brain area (data not shown), in which the latter

activates cAMP production through �1-adrenergic receptors

(28).

To further confirm the selectivity of SR 59230A for the
�3-adrenoceptor, studies were performed on immature and
mature brown fat cells in culture. In preconfluent (i.e., im-

mature) brown fat cells, the �-adrenoceptor that coupled to
cAMP production was � whereas in confluent (i.e., mature)

cells, it was fl3 (29), the stimulation ofwhich also gives rise to

glycerol release (30). As shown in Fig. 4, 1 p.M NE induced an
increase in cAMP levels in proliferating cells. The addition of

1 p.M CGP 12177 produced inhibition, but SR 59230A (at the

same concentration) did not affect the increase. CGP 12177

or SR 59230A per se had no or only modest effects on cAMP
production, like SR 58611A (Fig. 4). In addition, no signifi-
cant increases in glycerol release were obtained with these

drugs. Taken together, these data suggest that NE acts on
f31-adrenergic receptors to stimulate cAMP production, with-

out antagonism by SR 59230A of this stimulation. On the
other hand, both increases in cAMP and glycerol release
induced by 1 p.M NE or SR 58611A in confluent cells were

antagonized by 1 p.M SR 59230A (Fig. 4), whereas CGP 12177

did not counteract the NE-induced increases but rather, like
SR 58611A, led to effects quantitatively identical to those of
NE when added alone to the cell cultures (Fig. 4). SR 59230A

(up to 10 p.M) did not change the basal level of either param-

eter (Fig. 4). These results confirm both that NE, CGP 12177,

and SR 58611A work as agonists and that SR 59230A works
as a selective antagonist on the �3-adrenergic receptor in

mature brown fat cells in culture.

To determine whether the antagonistic action of SR
59230A on cAMP production induced by the �-adrenoceptor
agonists was due to a selective receptor binding, its activity

was studied on forskolin-stimulated second messenger pro-

duction in BAT membranes. Forskolin is an ubiquitous acti-

vator of cAMP-generating systems in both broken and intact
cells. In BAT homogenate, 1 p.M forskolin induced up to a
4-fold increase in cAMP formation (Fig. 5) (see also Ref. 16).

Fig. 5 clearly shows the lack of any inhibitory effect of SR

Proliferating BAT cell culture (Day 4)

Fig. 5. Effects of SR 59230A (0) or clonidine (#{149})on 1 �M forskolin-

induced (#{149})cAMP accumulation in BAT membranes. K� , Basal value of
the cAMP levels. Each point represents the mean ± 95% confidence
limits for three independent experiments performed in triplicate.

59230A on this forskolin-induced cAMP accumulation,
whereas the selective a2-adrenoceptor agonist clonidine,

used as an internal control, was active (IC50 = 414 [355-483]

flM) as expected (31).

All these findings are consistent with a selective f3:3-adre-

noceptor antagonistic property of SR 59230A. Thus, to dem-

onstrate its usefulness in studying the functional relevance

of the different j3-adrenoceptor subtypes in controlling the

metabolism of brown adipocytes, the effects of different con-

centrations of SR 59230A on UCP mRNA production induced

by NE were analyzed in cultured confluent fat cells. Since we

previously developed a PCR approach that enabled us to

study the expression of the UCP gene in cultured brown fat

cells (30) without particular pharmacological treatments, in

the present work the effects of SR 59230A were analyzed by

PCR. As previously reported (30, 32), NE (10 p.M for 4 h)

induced an intense expression of the UCP gene in confluent

I �GP 5R1

c NE COP SR SR

Fig. 4. Effects of SR 59230A on cAMP production and
glycerol release in proliferating and confluent cell cul-

tures. On day 4 or day 8 of culture, 1 j.tM NE, CGP 12177
(CGP), SR 59230A (SR), SR 5861 1A (SR), or a combina-
tion of these drugs was added to the cell cultures. The
cell cultures were incubated at 37#{176}for 30 mm with ago-
nists (SR 59230A and CGP 121 77 [when the latter used
as antagonist] were added 15 mm before NE or SR
5861 1A). The incubation medium was removed, frozen,
and later analyzed in duplicate fluorometrically for glyc-
erol. The cells were harvested, homogenized by sonica-
tion, and centrifuged. The resulting infranatants were
stored for cAMP determination. Values are mean ± stan-

dard error for three independent experiments run in trip-
licate. *, p < 0.01 vs. basal value; **, p < 0.001 vs.
stimulated cAMP or glycerol production.
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brown fat cells that had developed in culture from undiffer-

entiated precursor cells. A representative agarose gel of PCR-

derived products corresponding to UCP mRNA is illustrated
in Fig. 6a. A pair of primers designed on the basis of the

published 13-actin sequence were added to each PCR tube to
allow co-amplification of the structural protein mRNA, which

generated a fragment of 241 bp. The identity of the bands
was confirmed by Southern analysis with 32P-labelled probes

complementary to the expected amplified fragments on the

basis of the published sequences (data not shown).

Several investigators have demonstrated that NE does not
affect the levels of �-actin mRNA (32). Therefore, measure-
ment of j3-actin mRNA was used as an internal control of the

amount of starting cDNA template in the different experi-

mental samples. Recent papers (33) have reported that in
selected experimental conditions, the yield of the reverse-

transcribed, PCR amplified DNA fragment is linearly corre-
lated with the amount of original RNA template. Thus, the

radioactivity content of the different DNA fragments ob-

tamed after PCR amplification of cDNA with primers selec-
tive for each target gene can be taken as an index of mRNA

steady-state levels. It is also to be stressed that the UCP to

f3-actin ratios have been calculated to normalize the amount
ofstarting template and, due to the differences ofefficiency of

the amplification reaction with different pairs of primers,
they do not reflect the relative levels of the two transcripts

actually expressed in the cells. Fig. 6b reports the cpm values
for UCP- and f3-actin-corresponding bands as detected by
PCR, and it shows that SR 59230A was able to concentration-

dependently antagonize the NE-induced UCP mRNA in-
crease. Fig. 6c and d also report the lack of any consistent

antagonistic effect of CGP 20712A on the NE-increased UCP

mRNA levels. These findings clearly demonstrate that the

/33-adrenoceptor is the functionally active �3-adrenoceptor

subtype through which NE modulates the BAT thermoge-

netic functions.

Discussion

SR 59230A has been synthesized, studied, and developed

as a putative �3-adrenoceptor antagonist for the gut (14).

Here we report that in vitro SR 59230A selectively blocks the
effects of the �3-adrenergic agonists, SR 58611A and CGP

12177 in BAT. Under the experimental conditions used in

the present study, SR 59230A had IC50 and pKB values in
antagonizing SR 58611A- or CGP 12177-induced cAMP ac-

cumulation in rat BAT membranes consistent with the
idea that the compound is a potent �3-adrenergic antagonist.
The potency obtained was much higher than those obtained

with CGP 20712A and ICI 118,551, which had been previ-

ously described as selective j3�� and �32-adrenergic receptor

antagonists, but more recently reported to possess weak f33�

antagonistic properties in CHO cells transfected with the
human �3-adrenergic receptor gene (34). In addition, the

lack of any antagonistic effect of SR 59230A on cAMP pro-

duction induced by non-selective or selective f3�- and/or ��2-

adrenoceptor agonists in rat brain regions rich in f3�- or

132-adrenoceptors, such as frontal cortex and cerebellum,
showed that this compound has no � or f32-adrenergic an-

tagonistic properties.

Under our experimental conditions, although SR 59230A
had IC50 values of the same order of magnitude as those

observed in rat colon (14), it showed greater selectivity
than in guinea-pig atrium (f31-adrenoceptors) and trachea

(132-adrenoceptors), in which the compound had affinity val-
ues -<10-fold lower than in the rat proximal colon (f33-

adrenoceptors) (14). It remains to be established whether the

much higher selectivity ofSR 59230A observed in the present

study is due to the peculiar characteristics of the in vitro

experimental model or to the different pattern of transducing
systems coupled to f3-adrenoceptor subtypes concomitantly

expressed in the various tissues or organs. Nevertheless, the
findings of different selectivities under differing experimen-

b) �

ox
Ca

�0

�- 1

d) �

a
E

x
CO.

�0

�- 1

Fig. 6. Effects of � or 133-ad-
renoceptor antagonists on NE-
stimulated UCP mRNA synthe-
sis in confluent brown fat cells.
Representative agarose gels
showing PCR analysis for the
ucP and f3-actin mRNA content
in confluent brown fat cells un-
treated or treated with 10 �tM NE
alone or by 10 pM NE plus dif-
ferent concentrations of SR
59230A (a) or CGP 20712A (c)
are reported. cDNA was ampli-
fied in the presence of both UCP
and �3-actin primers. b and d,
Relative quantifications of the
drug-induced changes in UCP
mRNA. Radiolabeled PCR prod-
ucts were excised from the gels
and counted. For UCP mRNA
determination, 30 cycles (94#{176}for
30 sec, 60#{176}for 30 sec, 72#{176}for 60
sec) were performed, followed
by a 10-mm final extension at
72#{176}.



fi3Adrenoceptor Antagonist I 3

tal conditions are not surprising considering that SR 58611A,
unlike other f33-adrenoceptor agonists such as BRL 37344,

Id 215,001, and CGP 12177, behaves as a p1-agonist in

central nervous system but not in a peripheral tissue also

rich in f31-adrenoceptors, such as atrium, or in Chinese ham-

ster ovary cells transfected with the f31-adrenoceptor (35). It
is worth emphasizing that SR 59230A was very effective in

antagonizing SR 58611A acting as selective p3-agonist in
BAT but ineffective against the same SR 58611A acting as a

p31-agonist in frontal cortex (28).
In addition, the considerable inhibition by SR 59230A of

the cAMP accumulation induced by NE in cultured confluent
BAT cells and the lack of any effect on NE-stimulated cAMP

production in preconfluent cells confirmed its selectivity for

the f33-adrenoceptors. As demonstrated by Bronnikov et at.

(29) in preconfluent young cells, the f31-adrenoceptor is the
only expressed and coupled �-adrenoceptor, whereas in the

confluentJmature cells, only the �3-adrenoceptor is coupled to
a response.

SR 59230A, acting on the p-adrenoceptor and not directly

on adenylyl cyclase, left the forskolin-stimulated cAMP syn-

thesis in BAT preparations completely unchanged even at

the highest concentrations.
Some investigators have speculated about a possible dif-

ference among /33� P2’ and, especially, f31-adrenoceptors in
the site that interacts with the �-hydroxy group of arylo-

xypropanolamine antagonists and about the possibility that

133 represents the most primitive adrenoceptor subtype in
evolutionary terms on the basis of the alleged limited ability

to distinguish between the ( - )-enantiomers of various stan-

dard antagonists and their less potent (+ )-enantiomers (10).
The present results clearly demonstrate that �3-adrenocep-

tors are endowed with high stereoselectivity. SR 59230A was

>10,000 times as potent as SR 59483 in antagonizing the
increases in cAMP induced by different p3-adrenoceptor ago-

nists. These findings do not support the above speculations.

Taken together, the present results suggest that SR
59230A is a suitable and useful tool to study the functional

role of the �3-adrenoceptors in various tissues. We used SR
59230A to examine the �-adrenoceptor subtype involved in
the control of the expression of the gene coding for the brown

fat-specific UCP. BAT mitochondria possess this unique pro-

tein in the inner mitochondrial membrane. Its main function
is to dissipate the proton gradient generated by respiration

activity and thus uncouple mitochondrial respiration from

oxidative phosphorylation, giving rise to dissipation of en-

ergy as heat (19). As previously reported (32), the addition of

NE to brown fat cells, isolated as undifferentiated precursors

from BAT and differentiated in culture, induced the expres-
sion of the UCP gene, and this ability was maximal in cells

near the stage of confluence. Under our experimental condi-
tions, the f33-adrenoceptor antagonist SR 59230A, but not the

f31-adrenoceptor antagonist CGP 20712A, concentration-de-
pendently and fully inhibited the NE-induced increase of the
UcP mRNA in confluent culture cells. This demonstrates
that the �3-adrenoceptor is the functionally relevant f3-adre-
noceptor subtype in the control of the thermogenetic signal-
ling pathways stimulated by NE in BAT. Finally, because our
findings also show that expression of the UCP gene is low in
nonstimulated cells, i.e., in control cells not exposed to NE, it
is worth noting that an apparently differentiated state is

reached in these cells without previous exposure to NE.

In conclusion, SR 59230A is a selective and potent P:r

adrenoceptor antagonist and a useful pharmacological tool
with which to study the function of rat f33-adrenoceptors.

Further in vitro studies with this compound on human tissue

can contribute to better understanding of the species-specific

differences in �3-adrenoceptor subtypes, and future in vivo

experiments should take into account its significant plasma

protein binding characteristic.

Acknowledgments

We wish to thank Marina Benarese and Mariateresa Angeli for

technical assistance, Maria Pia Crespi for typing the manuscript,

Prof. Paolo Mantegazza (University of Milan, Milan, Italy) for en-

couragement and insights, and Dr. Luciano Manara (Research Cen-

ter, Sanofi Midy, Milan, Italy) for careful reading of the manuscript.

References

1. Emorine, L. J. , S. Marullo, M.-M. Briend-Sutren, G. Patey, K. Tate. C.
Delavier-Klutchko, and A. D. Strosberg. Molecular characterization of the

human beta:3 adrenergic receptor. Science (Washington D. C.) 245:118-121
( 1989).

2. Nahamias, C., N. Blin, J.-M. Elalouf, M. G. Mattei, A. D. Strosberg, and L.

J. Emonne. Molecular characterization of the mouse (3:1adrenergic recep-
tor: relationship with the atypical receptor of adipocytes. EMBO J. 10:
3721-3727 (1991).

3. Granneman, J. G., K. N. Lahners, and A. Chaudry. Molecular cloning and
expression of the rat � adrenergic receptor. Mol. Pharniacol. 40:104-114
(1991).

4. Muzzin, P., J.-P. Revelli, F. Kuhne, J. D. Gocayne, W. R. McCombie, J. C.
Venter, J.-P. Giacobino, and C. M. Fraser. An adipose tissue-specific (3-ad-
renergic receptor: molecular cloning and down-regulation in obesity. J.

Biol. Chem. 266:24053-24058 I 1991).
5. Bensaid, M., M. Kaghad, M. Rodriguez, G. Le Fur, and D. Caput. The rat

f3�-adrenergic receptor gene contains an intron. FEBS Lett. 318:223-226
I 1993).

6. Zaagsma, J. , and S. R. Nahorski. Is the adipocyte f3-adrenoceptor a proto-

type for the recently cloned atypical “(3-adrenoceptor”? Trends Pharmacol.
Sci. 11:3-7 (1991).

7. Bianchetti, A., and L. Manara: In vitro inhibition of intestinal motility by

phenylethanolaminotetralines: evidence of atypical (3-adrenoceptors in rat
colon. Br. J. Pharmacol. 100:831-839 (1990).

8. Challis, R., B. Leighton, S. Wilson, P. Thurlby, and J. R. S. Arch. An

investigation of the (3-adrenoceptor that mediates metabolic responses to

the novel BRL 28410 in rat soleus muscle. Biochem. Pharmacol. 37:947-
950 (1988).

9. Kaumann, A. J. Is there a third heart (3-adrenoceptor? Trends Pharnzacol.

Sci. 10:316-320 (1989).
10. Arch, J. R. S., and A. J. Kaumann. f3� and atypical f3-adrenoceptors. Med.

Res. Rev. 13:663-729 11993).
11. Nisoli, E., C. Tonello, and M. 0. Carruba. Differential relevance of the

f3-adrenoceptor subtypes in modulating rat brown adipocyte function.
Arch. mt. Pharmacodyn. 329:436-453 I 1995).

12. Bukowiecki, L., N. Foll#{233}a, A. Paradis, and A. Collet. Stereo-specific stim-

ulation of brown adipocyte respiration by catecholamines via f3�-

adrenoreceptors. Am. J. Physiol. 238:E552-E563 I 1980).
13. Levin, B. E., and A. C. Sullivan. Beta-i receptor is the predominant beta

adrenoceptor on rat brown adipose tissue. ,J. Pharmacol. Exp. Ther. 236:
681-688 (1986).

14. Manara, L. , D. Badone, M. Baroni, G. Boccardi, R. Cecchi, T. Croci, A.
Giudice, U. Guzzi, and G. Le Fur. Aryloxypropanolaminotetralines are the
first selective antagonists for atypical ((3:1 (-adrenoceptors. Pharmacol.
Commun. 6:240-245 (1995).

15. Nisoli, E., M. Memo, C. Missale, M. 0. Carruba, and P. F. Spano. Repeated
administration of lisuride down-regulates dopamine D-2 receptor function
in mesostriatal and in mesolimbocortical rat brain regions. Eur. ,J. Phar-

macol. 176:85-90 (1990).
16. Nisoli, E., C. Tonello, M. Memo, and M. 0. Carruba. Biochemical and

functional identification ofa novel dopamine receptor subtype in rat brown

adipose tissue: its role in modulating sympathetic stimulation-induced
thermogenesis. J. Pharmacol. Exp. Ther. 263:823-829 11992).

17. N#{233}chad, M., P. Kuusela. C. Carneheim, P. Bjorntorp, J. Nedergaard, and

B. Cannon. Development ofbrown fat cells in monolayer culture. Exp. Cell
Res. 149:105-118 (1983).

18. Bukowiecki, L. P., N. Foll#{233}a, J. Lupien, and A. Paradis. Metabolic rela-

tionships between lipolysis and respiration in rat brown adipocytes. J.

Biol. Cheni. 256:12840-12848 (1981).
19. Bouillaud, F., J. Weissenbach, and D. Ricquier. Complete cDNA-derived

aminoacid sequence of rat brown fat uncoupling protein. J. Biol. Chenl.
261:1487-1490 11986).



I 4 Nisoli et aL

20. Gaudette, M. F., and W. R. Cram. A simple method for quantifying specific
mRNAs in small numbers of early mouse embryos. Nucleic Acids Res.
19:1879-1880 (1991).

21. Nudel, U., R. Zukut, M. Shani, S. Neuman, Z. Levy, and D. Yaffe. The
nucleotide sequence of the rat cytoplasmatic 13-actin gene. Nucleic Acids
Res. 11:1759-1771 (1983).

22. Ratkowsky, D. A., and T. J. Reedy. Choosing near-linear parameters in the
four-parameter logistic model for radioligand and related assays. Biomet-

rics 42:575-582 (1986).
23. Leff, P., and I. G. Dougall. Further concerns over Cheng-Prusoff analysis.

Trends Pharmacol. Sci. 14:110-112 (1993).

24. Schild, H. 0. Drug antagonism and pA,� Pharmacol. Rev. 9:242-246
(1957).

25. Mohell, N., and A. Dicker. The (3-adrenergic radioligand I3HICGP-12177,
generally classified as an antagonist, is a thermogenic agonist in brown
adipose tissue. Biochem. J. 261:401-405 (1989).

26. Nisoli, E., C. Tonello, and M. 0. Carruba. SR 58611A: a novel thermogenic
(3-adrenoceptor agonist. Eur. J. Pharniacol. 259:181-186 (1994).

27. Minneman, K. P., L. R. Hegstrand, and P. B. Molinoff. Simultaneous
determination of (3k- and j32-adrenergic receptors in tissue containing both

receptor subtypes. Mol. Pharmacol. 16:34-46 (1979).

28. Nisoli, E., C. Tonello, M. Benarese, and M. 0. Carruba. Rat frontal cortex

(31-adrenoceptors are activated by the f3�-adrenoceptor agonist SR 58611A
and SR 58878A but not by BRL 37344 or ICI 215,001. J. Neurochem.
65:1580-1587 (1995).

29. Bronnikov, G., J. Houstek, and J. Nedergaard. (3-Adrenergic, cAMP-
mediated stimulation ofproliferation ofbrown fat cells in primary culture:

mediation via l3� but not 133 adrenoceptors. J. Biol. Chem. 267:2006-2013
(1992).

30. Nisoli, E., C. Tonello, M. Benarese, P. Liberini, and M. 0. Carruba. Ex-
pression of nerve growth factor in brown adipose tissue: implications for
thermogenesis and obesity. Endocrinology 137:1-9 (1996).

31. Sundin, U., and J. N. Fain. n2-Adrenergic inhibition of lipolysis and
respiration in rat brown adipocytes. Biochem. Pharmacol. 32:3117-3121

(1983).
32. Rehmark, S., M. N#{233}chad,D. Herron, B. Cannon, and J. Nedergaard. a- and

f3-adrenergic induction of the expression of the uncoupling protein ther-

mogenin in brown adipocytes differentiated in culture. J. Biol. Chem.
265:16464-16471 (1990).

33. Srivastava, L. K., M. A. Morency, and R. K. Mishra. Ontogeny of dopamine
D2 receptor mRNA in rat brain. Eur. J. Pharmacol. 225:143-150 (1992).

34. Blin, N., C. Nahamias, M. F. Drumare, and A. D. Strosberg. Mediation of
most atypical effects by species homologues of the (33-adrenoceptor. Br. J.

Pharmacol. 112:911-919 (1994).

35. Blin, N., L. Camoin, B. Maigret, and A. D. Strosberg. Structural and
conformational features determining selective signal transduction in the
f33-adrenergic receptor. Mol. Pharmacol. 44:1094-1104 (1993).

Send reprint requests to: Enzo Nisoli, M.D., Ph.D., Sezione di Farmacolo-
gia, Tossicologia e Terapia Sperimentale, Dipartimento di Scienze Biomediche

e Biotecnologie, Universita’ degli Studi, via Valsabbina, 19, 25123 Brescia,
Italy.




