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Abstract 

The fl-adrenoceptor activity profile of trimetoquinol and its 1-benzyl halogen-substituted analogues was studied in rat tissues 
containing primarily /31 (atria)-, /32 (trachea)- and atypical fl//33 (distal colon and brown adipose tissue)-adrenoceptors. Functional 
biological activity resided in the ( - ) - isomer  of trimetoquinol which was 112-, 275-, 372- and 513-fold more potent than (+)-trimeto- 
quinol in trachea, right atria, distal colon and brown adipose tissue, respectively. (+)-Trimetoquinol was equally or slightly less active 
than (-)-trimetoquinol. The 1-benzyl halogen-substituted analogues of trimetoquinol exhibited differential activation of fl-adrenoceptor 
subtypes. In functional assays, 3'-iodotrimetoquinol was a potent activator of all /3-adrenoceptor subtypes. 3',5'-Diiodotrimetoquinol was 
10-fold more potent as an agonist in tissues containing atypical /3//33-adrenoceptors than those tissues containing /3n- and /32-adrenocep- 
tor sites. Furthermore, this drug was a partial agonist as compared to (+)-trimetoquinol and 3'-iodotrimetoquinol on /3j-adrenoceptors. 
Pharmacological properties of the compounds on rat /33-adrenoceptors expressed in Chinese hamster ovary (CHO) cells were consistent 
with results observed in functional assays. 3',5'-Diiodotrimetoquinol possessed the greatest potency for activation of adenylyl cyclase. 
Rank order of affinity for rat /33-adrenoceptor was 3'-iodotrimetoquinol = 3',5'-diiodotrimetoquinol > (+)-trimetoquinol > ( - )- 
isoprenaline. These results suggest that 3',5'-diiodotrimetoquinol is a promising drug for further chemical modification in the development 
of selective /33-adrenoceptor ligands. 
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I.  Introduct ion 

/3-Adrenoceptors are cell membrane-bound G-protein- 
coupled receptors that mediate physiological functions of 
the endogenous catecholamines adrenaline and noradrena- 
line. These adrenoceptors were initially classified as /3 l 
(heart, white adipose tissue)- and /32 (lung, vasculature)- 
adrenoceptors by Lands et al. (1967) based on rank order 
of  sympathomimetic amine potencies. Studies with non- 
selective /3-adrenoceptor antagonists (Fassina, 1967) as 
well as the selective /31-adrenoceptor antagonist practolol 
(Stanton, 1972) gave results inconsistent with the classifi- 
cation of  /3-adrenoceptor in rat adipocytes as /3j-adreno- 
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ceptor subtype. Synthesis of  novel compounds such as ICI 
D7114 [(S)-4-(2-hydroxy-3-phenoxypropylaminoethoxy)- 
N-(2-methoxy-ethyl)phenoxyacetamide] and BRL 37344 
[(R* R* )-( + )-4-[2'-{2-hydroxy-2-(3-chlorophenyl)ethyl- 
amino}propyl]phenoxyacetic acid] and its derivatives that 
selectively elicited thermogenic and lipolytic responses in 
rat adipose tissue suggested that a /3-adrenoceptor with 
atypical properties is present in rat brown adipocytes (Hol- 
loway et al., 1991; Arch et al., 1984; Wilson et al., 1984). 

Cloning and characterization of a /3-adrenoceptor with 
atypical properties from a human genomic library conclu- 
sively demonstrated the existence of a third subtype of 
/3-adrenoceptor designated as /33-adrenoceptor (Emorine et 
al., 1989). Later, the rat homologue of the human /33- 
adrenoceptor was cloned from a rat brown adipose tissue 
cDNA library (Granneman et al., 1991). Rat /33-adreno- 
ceptors expressed in Chinese hamster ovary (CHO) cells 
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exhibited pharmacological properties similar to the atypi- 
cal /3-adrenoceptor present in rat adipocytes (Muzzin et 
al., 1991). Functional atypical fl-adrenoceptors have also 
been identified in other rat tissues such as distal colon, 
ileum, oesophageal smooth muscle and skeletal muscle 
(McLaughlin and MacDonald, 1990; Growcott et al., 1993; 
Buckner and Christopherson, 1974; Challiss et al., 1988). 

Atypical /3-adrenoceptors play an important role in lipid 
metabolism and compounds that selectively activate these 
receptors may have potential for the treatment of obesity 
(Arch et al., 1984; Howe, 1993). Additionally, administra- 
tion of these compounds to diabetic rats and mice de- 
creased their blood glucose levels and improved insulin 
sensitivity (Smith et al., 1985; Yoshida et al., 1994). These 
results suggest that /3-adrenoceptor agonists may be useful 
for the treatment of non-insulin-dependent diabetes. 

Trimetoquinol is a prototype of the tetrahydroisoquino- 
line class of compounds (Fig. 1). It has one center of 
asymmetry and the (-)- isomer of trimetoquinol has been 
shown to be the biologically active isomer on fl-adreno- 
ceptors (Iwasawa and Kiyomoto, 1967; Fraundorfer et al., 
1994) whereas the (+)-isomer possesses thromboxane 
A2/prostaglandin H 2 antagonist activity (Shin et al., 
1993). The chemical structure of trimetoquinol differs 
significantly from classical /3-adrenoceptor agonists such 
as adrenaline and isoprenaline. It lacks the fl-hydroxy 
group of catecholamines and the amino nitrogen is con- 
tained within a semirigid tetrahydroisoquinoline ring. 
However, it possesses a 3',4',5'-trimethoxybenzyl ring at 
the 1-carbon of the tetrahydroisoquinoline ring that is 
required for biological activity (Feller et al., 1978). Trime- 

toquinol has been shown to be a highly potent activator of 
/3-adrenoceptors in guinea pig atria, guinea pig trachea and 
rat epididymal white adipose tissue (Piascik et al., 1978). 
However, two structurally related analogues, 3'-iodotri- 
metoquinol and 3',5'-diiodotrimetoquinol (see Fig. 1) ex- 
hibited partial agonist activity in guinea pig atria and 
trachea (Shams et al., 1990). Recent studies indicate that 
compounds which are potent activators of atypical fl/fl3- 
adrenoceptors are either partial agonists or antagonists at 
ill- and fl2-adrenoceptor sites (Sugasawa et al., 1992; Blin 
et al., 1993; Mohell and Dicker, 1989). Moreover, the 
structure of trimetoquinol closely resembles those of ICI 
D7114 and BRL 37344, prototypical fl3-adrenoceptor ago- 
nists (Fig. 1). Therefore, we have evaluated the functional 
activities of trimetoquinol and halogenated analogues in rat 
tissues containing predominantly /3]- or /32 - or atypical 
/3//33-adrenoceptor subtypes, and on adenylyl cyclase acti- 
vation and receptor binding in CHO cells expressing rat 
fla-adrenoceptors. 

2. Materials and methods 

2.1. Pharmacological experiments using isolated tissues 
and cells 

2.1.1. Rat right atria and trachea 
Male Sprague Dawley rats (Harlan Industries, Cumber- 

land, IN, USA) weighing between 200-425 g were killed 
by cervical dislocation and the tissues were quickly re- 
moved according to standard procedures (Staff of the 
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Fig. 1. Chemical structures of tfimet(xiuino], ]-benzy] halogen-substituted analogues of trimetoquino], isoprena]ine, BRL 37344 [(R * R * )-( + )-4-[2'-{2-hy- 
droxy-2-(3-ch]orophenyDethy]amino}propy]]phenoxyacetic acid] and [C[ D7114 [(S)-4-(2-hydroxy-3-pheno×ypropy]aminoethoxy)-N-(2-methoxy- 
ethyl)phenoxyacetamide]. The presence of an asymmetric carbon atom is denoted by • in the chemical structure. 
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Department of Pharmacology, 1968). Spontaneously beat- 
ing right atria and trachea were prepared and mounted 
under a resting tension of 1 g in 10 ml water-jacketed 
tissue baths containing physiological salt solution (com- 
position in mM: CaCI2 .2H20,  2.5; KC1, 4.7; MgC12 • 
6H20, 5; NaC1, 118; NaHCO 3, 25; NaH2POn. H20,  1; 
and dextrose, 11.1) warmed to 37°C and gassed with 95% 
02-5% CO 2. Both tissues were preincubated with hydro- 
cortisone (10 -4 M), tO inhibit extraneuronal uptake and 
10- 5 M U-0521 (3',4'-dihydroxy-2-methyl-propiophe- 
none), to inhibit the enzyme catechol-O-methyl transferase 
for 30 min before the construction of concentration-re- 
sponse curves (Trendelenburg, 1980). In tracheal experi- 
ments, cocaine (3 × 10 -5 M) was also present to inhibit 
adrenergic neuronal uptake (Iversen, 1967). In some exper- 
iments, 10 -7 M pindolol was added as a /3-adrenoceptor 
antagonist. Both right atrial and tracheal tissues were used 
to construct concentration-response curves only once for 
each agonist. 

Cumulative concentration-response curves were gener- 
ated on spontaneously beating right atria, after an initial 
equilibration period of 60 min, to measure the chronotropic 
effects of trimetoquinol and its analogues. 

Spirally cut tracheal strips were equilibrated for 60 min 
and then precontracted with carbachol (3 × 10 -7 M) to 
induce a response equal to 60-70% of the maximum. After 
stabilisation of the tracheal contraction (approximately 10- 
15 min), cumulative concentration-relaxation curves were 
constructed for each drug. In preliminary experiments, no 
significant changes in the carbachol-induced contraction of 
tracheal strips were observed over the time period used for 
studies with agonists. 

In both tissues, drug-induced effects were expressed as 
a percentage of the maximal response to 10 -5 M ( - ) - i s o -  
prenaline, added to tissue baths on completion of each 
concentration-response curve. 

2.1.2. Rat distal colon and brown adipose tissue 
Harlan male rats (180-400 g) were killed by CO 2 

asphyxiation, tissues were dissected out and prepared ac- 
cording to the procedures described by McLaughlin and 
MacDonald (1990) for rat distal colon and Rodbell (1964) 
as modified by Bukowiecki et al. (1981) for brown 
adipocytes, respectively. Pindolol (10 -6 M) was present in 
some experiments to block the /31- and /32-adrenoceptor- 
mediated responses in these tissues. 

Rat distal colon segments (about 3 cm) were mounted 
under 2 g tension in an organ bath containing 10 ml 
physiological salt solution and pretreated for 30 min with 
hydrocortisone (10 -5 M), cocaine (3 × 10 -5 M), U-0521 
(10 -5 M) and the c~-adrenoceptor antagonist phentolamine 
(10 -5 M). An approximate 75% maximal tone was in- 
duced in these segments with 30 mM KC1. Cumulative 
concentration-response curves were constructed for relax- 
ation of colon segments by trimetoquinol and its ana- 
logues. Following addition of the highest concentration of 

each compound, 10 -5 M (-)- isoprenaline was added to 
determine the maximal relaxation response in each tissue. 

Interscapular brown adipose tissue (approximately 0.5 g 
wet weight/animal) was dissected free of surrounding 
white adipose and finely minced with scissors. The tissue 
was then suspended in physiological salt solution (pH 7.4) 
containing 4% bovine serum albumin and bacterial colla- 
genase (5 mg/ml) .  Following an incubation period of 
45-60 min at 37°C, the suspension was filtered through a 
nylon mesh screen. The filtrate was centrifuged for 1 min 
at 200 × g and adipocytes floating on top of the solution 
were recovered. Adipocytes (0.5-1.5 × 10 6 cells) were 
incubated with varying concentrations of drugs in 1 ml 
(final volume) of physiological salt solution containing 4% 
bovine serum albumin for 30 min at 37°C. Trichloroacetic 
acid (5% final concentration) was added to quench the 
reactions. Aliquots of the medium were assayed for glyc- 
erol release by the method of Nash (1953). 

2.1.3. Radioligand binding and other assays 
Radioligand binding assays were carried out as de- 

scribed before (Fraundorfer et al., 1994). CHO cells ex- 
pressing rat /33-adrenoceptors were harvested into Ham's  
F-12 solution following digestion with trypsin. Cells were 
centrifuged and the cell pellet was washed three times with 
Tris-EDTA (composition in mM: TRIZMA HC1, 75 mM; 
NaC1, 154 mM; and disodium E D T A - 2 H 2 0 ,  20 mM) 
buffer (pH 7.4). Competition binding assays were per- 
formed in duplicate by incubating 0.8-1 × 10 6 ce l l s /130-  
200 pM [125I]iodocyanopindolol and varying concentra- 
tions of competitors for 1 h at 37°C. Non-specific binding 
was determined in the presence of propranolol (10 -4  M). 

Incubations were terminated by filtration over Whatman 
G F / B  glass fiber filters using a Brandel model 12-R cell 
harvester. The radioactivity in the filter discs was quanti- 
tated by gamma scintillation counting (Beckman gamma 
counter Model 8000). The PC version of the radioligand 
binding program LIGAND (McPherson, 1985) was used to 
calculate dissociation constants (K  i) for each drug for 
displacing [125I]-iodocyanopindolol (K~ = 1.3 nM, Muzzin 
et al., 1991) from rat /33-adrenoceptors. 

Accumulation of cAMP in confluent cultures of CHO 
cells expressing rat /33-adrenoceptors was determined as 
described previously (Fraundorfer et al., 1994). Briefly, 
CHO cells were grown to confluence and washed with 
Hank's balanced salt solution. Cells were then incubated 
with Hank's buffer (pH 7.4) containing 1 mM 3-isobutyl- 
l-methylxanthine and 20 mM Hepes for 20 min at 37°C. 
Various concentrations of drugs were then added and cells 
incubated for an additional 30 min. Hank's buffer was then 
removed and the cAMP generated in these cells was 
extracted by trichloroacetic acid (6% w / v )  and the precipi- 
tated cellular protein was dissolved in 0.1 N NaOH. cAMP 
content in samples and standards was estimated by ra- 
dioimmunoassay as described by Brooker et al. (1979). 
cAMP was measured as the amount of ~25I-labelled suc- 
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cinyl-cAMP tyrosine methyl ester/antibody precipitated 
by addition of ammonium sulfate solution (60% of satura- 
tion). A standard curve generated by GraphPad InPlot was 
used to interpolate sample cAMP concentrations. Protein 
content was determined by the method of Lowry et al. 
(1951), using bovine serum albumin as the standard. 

2.1.4. Data analysis 
Data are expressed as means _+ S.E.M. of the given 

number of experiments. Statistical difference between two 
data sets was determined by Student's t-test (paired: tra- 
chea, distal colon and brown adipose tissue; unpaired: right 
atria) at a significance level of 5%. 

2.1.5. Drugs and cell system 
Chemicals used in this study were procured from the 

following sources: hydrocortisone sodium succinate (Ab- 
bott laboratories, Chicago, IL, USA), carbamyl choline 
chloride (Aldrich Chemical Co., Milwaukee, WI, USA), 
(-)-3-[12sI]iodocyanopindolol (2000 Ci/mmol,  Amer- 
sham, Arlington Heights, IL, USA), (+)-propranolol 
(Ayerst Laboratories, New York, NY, USA), fetal bovine 
serum, Geneticin, L-glutamine, Ham's F- 12 culture 
medium, Hank's balanced salt solution, penicillin-strepto- 
mycin solution and trypsin-EDTA solution (Gibco, 
Gaithersburg, MD, USA), cocaine HCI (Mallinckrodt 
Chemical Works, St. Louis, MO, USA), (+)-pindolol 
(Receptor Research Biochemicals, Baltimore, MD, USA), 
bovine serum albumin, 3-isobutyl-l-methylxanthine, ( - ) -  
isoprenaline-(+)-bitartrate, phentolamine HCI and 
TRIZMA HC1 (Sigma Chemical Co., St. Louis, MO, USA) 
and bacterial collagenase (Worthington Biochemicals 
Corp., Freehold, NJ, USA). The isomers of trimetoquinol 
[(-)-(S)-trimetoquinol, ce D = - 28.5 (99.9% stereochemi- 
cal purity) and (+)-(R)-trimetoquinol, ce D = +29.0 
(99.78% stereochemical purity)] were generously provided 
by Dr Yoshio Iwasawa (Tanabe Seiyaku Co., Osaka, Japan) 
and U-0521 was provided by Dr Popat N. Patil (College of 
Pharmacy, The Ohio State University, Columbus, OH, 
USA). ICI D7114 was a gift from ICI Pharmaceuticals 
(Macclesfield, UK). (___)-Trimetoquinol and the 1-benzyl 
halogen-substituted analogues of trimetoquinol were pro- 
vided by Dr Duane D. Miller (Department of Pharmaceuti- 
cal Sciences, University of Tennessee, Memphis, TN, 
USA). Drugs were dissolved at their highest concentration 
(1-10 mM) in double distilled water or Tris-EDTA buffer 
solution. All other chemicals used were of reagent grade. 

Chinese hamster ovary (CHO) cells transfected with 
and expressing a homogeneous population of rat /33-adren- 
oceptors were a gift from Dr. Claire Fraser (Institute of 
Genomic Research, Gaithersburg, MD, USA). Cells were 
grown in sterile culture flasks containing Ham's F-12 
culture medium supplemented with 10% fetal bovine 
serum, 2 mM L-glutamine, 50 p.g/ml Geneticin and 50 
/.Lg/ml penicillin-streptomycin in a humidified atmosphere 
of 5% CO2-balance air at 37°C. 

3. Results 

3.1. Pharmacological studies in isolated tissues and rat 
brown adipocytes 

3.1.1. Functional activities of trimetoquinol isomers on rat 
/3-adrenoceptor subtypes 

The isomers of trimetoquinol elicited functional re- 
sponses in rat tissues containing predominantly/31 (atria)-, 
132 (trachea)- and atypical /3//33 (distal colon, brown 
adipocytes)-adrenoceptors in a stereoselective manner (Ta- 
ble 1). The (-)- isomer was 112-, 275-, 372- and 513-fold 
more potent than the (+)-isomer and (-)-trimetoquinol 
possessed agonist potencies (pECs0 values) of 7.53, 8.44, 
8.42 and 8.08 in trachea, atria, distal colon and brown 
adipose tissue, respectively (Table 1). 

On rat atria and trachea, the non-selective antagonist 
pindolol (at 10-8 M and 10-7 M) produced 
concentration-dependent parallel rightward shifts of the 
response curves to (-)-trimetoquinol without change in 
the maximal response (data not shown). Experimentally 
determined pK B values for 10 - 7  M pindolol on rat atria 
and trachea were 8.83 and 8.6, respectively (Table 2). 
However, pindolol at 10 - 6  M ,  exhibited a low antagonist 
potency to drug-induced responses in rat distal colon and 
brown adipose tissue. Experimentally derived pK B values 
for 10 - 6  M pindolol on distal colon and brown adipocytes 
were 6.16 and 6.37, respectively (Table 2). 

3.1.2. Functional activities of trimetoquinol analogues on 
rat /3-adrenoceptor subtypes 

Responses to (_+)-trimetoquinol, l-benzyl halogen-sub- 
stituted analogues, and the standard agonist (-)-isopren- 
aline in rat tissues are illustrated in Fig. 2. (-)-lsopren- 
aline and (_+)-trimetoquinol were potent agonists of /3- 
adrenoceptor subtypes present in atria, trachea, distal colon 
and brown adipocytes. Corresponding pECs0 + S.E.M. 
values of ( - )-isoprenaline and ( _+ )-trimetoquinol on these 
tissues were 8.20 _+ 0.03 and 8.17 +_ 0.11; 7.75 _+ 0.11 and 
7.89 _+ 0.09; 7.89 _+ 0.09 and 8.18 _+ 0.03; 7.99 +_ 0.12 and 

Table 1 
Agonist activities of the isomers of trimetoquinol on /3-adrenoceptor 
subtypes in rat tissues 

Receptor subtype pECs0 ~ __ S.E.M. Isomeric 

(tissue) ( - )-Isomer ( + )-Isomer activity ratio b 

/31 (right atria) 8.44_+0.10 6.00_+0.13 c 2.44_+0.13 
/32 (trachea) 7.53_+0.12 5.48_+0.16 c 2.05_+0.16 
/33 (distal colon) 8.42_+0.13 5.85_+0.11 c 2.57_+0.11 
/33 (brown adipose) 8.08 _+0.19 5.47_+0.17 c 2.61 _+0.17 

a pEC5 ° = _ l o g  EC5o; ECso = concentration required to produce a re- 
sponse equal to 50% of the maximal response elicited by the drug. Data 
are expressed as the mean + S.E.M. of  n = 4 - 7  experiments, h Isomeric 
activity ratio = antilog [(pECso ( - ) - i s o m e r -  pECso (+)- isomer)]  + 
S.E.M. c Significant difference ( P  < 0.05) from the mean value of the 
corresponding ( - )-isomer. 
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Parameter Atria Trachea Distal colon Brown adipose 

pEC5 ° a _}_ S.E.M. 8.42 ± 0.08 7.31 ± 0.01 8.29 ± 0.19 8.08 + 0.19 
I.A. b + S.E.M. 0.94 ± 0.04 0.92 + 0.03 1.00 _+ 0.00 1.21 ± 0.08 

pECs0 " + S.E.M. 6.62 + 0.15 e 5.70 _+ 0.20 ~ 7.88 _+ 0.20 ~ 7.53 ± 0.11 ~ 
I.A. + S.E.M. 1.00 + 0.02 0.98 ___ 0.01 1.00 _+ 0.00 1.03 + 0.04 

pK  B d + S.E.M. 8.83 _+ 0.13 8.60 + 0.18 6.16 + 0.16 6.37 + 0.21 

pECso = - l o g  ECso; ECso =concentration required to produce a response equal to 50% of the maximal response elicited by the drug. Data are 
expressed as the mean + S.E.M. of n = 4 -5  experiments. Experiments were performed in the absence of pindolol, b I.A. = intrinsic activity: maximal 
drug-induced response relative to the response to 10 -5 M(-)-isoprenaline.  c pEC5 ° = _ log ECso; data are expressed as the means + S.E.M. of n = 4 -5  
experiments. Experiments were performed in the presence of 10 - 7  M (rat atria and trachea) o r  10 - 6  M (rat distal colon and brown adipose tissue) 
pindolol. J pK B = - l o g  [ A ] / ( C R -  1); where [A] = molar concentration of antagonist and CR = concentration ratio = ECho (plus antagonist)/ECst ~ 
(control). e Significant difference (P  < 0.05) from mean value in the absence of pindolol. 

7 . 9 6  _+ 0.1 1, r e s p e c t i v e l y .  M o n o -  a n d  d i - i o d i n a t e d  a n a -  

l o g u e s  o f  t r i m e t o q u i n o l  e x h i b i t e d  d i f f e r e n t i a l  e f f e c t s  in  

t h e s e  t i s s u e  s y s t e m s .  3 ' - I o d o t r i m e t o q u i n o l  w a s  a p o t e n t  

a g o n i s t  in  ra t  a t r ia ,  t r a c h e a ,  d i s t a l  c o l o n  a n d  b r o w n  a d i p o s e  

X Increase in atrial rate 

t i s s u e ,  p o s s e s s i n g  p o t e n c i e s  ( p E C s 0  _+ S . E . M . )  o f  8 . 2 6  _+ 

0 .06 ,  7 . 67  _+0 .16 ,  8 .21  _ + 0 . 3 7  a n d  8 .05  _+0 .14 ,  r e s p e c -  

t i ve ly .  O n  t h e  o t h e r  h a n d ,  3 ' , 5 ' - d i i o d o t r i m e t o q u i n o l  w a s  a 

m o r e  p o t e n t  a g o n i s t  in  t i s s u e s  c o n t a i n i n g  a t y p i c a l  /3 / /33-  

X Attenuation of distal 

colon contractility 

Tracheal relaxation 

I00 A 

50 

1~-1o 10-9 10-a 10-7 10-s 10-5 
[Drug] (M) 

100 B 

5C 

I~-I0 10-9 lO-a 10-7 10-6 10-5 
[Drug] (M) 

X Maximal glycerol 

release 

D i00 

50 

100 

50 

! . . . . .  

A.A. Konkar et al. / European Journal of Pharmacology 305 (1996) 63- 71 

Table 2 
Effect of pindolol on concentration-response curves to ( - )-trimetoquinol in rat tissues 

FI r~ 
. . . . . . . .  , . . . . . . . .  i . . . . . . . .  ° . . . . . . . .  , 

i~-I0' i0-9 10-s 10-7 I0-6 10-s iVo-aO "" 10-9 iO-S 10-7 i0-6 10-5 
[Drug] (M) [Drug] (M) 

Fig. 2. Concentration-response curves of (_+)-trimetoquinol (open circles); 3'-iodotrimetoquinol (open squares); 3',5'-diiodotrimetoquinol (closed squares); 
and (-)- isoprenaline (closed circles) in spontaneously beating right atria (panel A), tracheal strips (panel B), distal colon (panel C) and brown adipose 
tissue (panel D). Responses are expressed relative to the maximal response produced by l0 5 M (-)-isoprenaline,  and data represent the mean percentage 
response _+ S.E.M. of n = 3 -9  experiments. 
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adrenoceptor sites. In spontaneously beating right atria and 
precontracted tracheal strips, 3',5'-diiodotrimetoquinol was 
observed to be a partial agonist as compared to (_)- tr i-  
metoquinol and 3'-iodotrimetoquinol. Moreover, the poten- 
cies for increasing atrial chronotropy and relaxation of 
trachea (pEC50 _ S.E.M.: 7.08 _ 0.31 and 6.98 ___ 0.19, re- 
spectively) were about 10-fold lower than its functional 
activities in distal colon and brown adipocytes (pECs0 + 
S.E.M.: 7.92 + 0.21 and 8.00 _ 0.11, respectively), tissues 
that contain primarily atypical /3//33-adrenoceptors (Fig. 
2). 

3.2. Studies in Chinese hamster ouary (CHO) cells trans- 
fected with rat/33-adrenoceptors 

3.2.1. Radioligand binding experiments 
Trimetoquinol and its analogues exhibited high affini- 

ties for the rat /33-adrenoceptors (Fig. 3A). Rank order for 
the displacement of [125I]iodocyanopindolol from rat /33- 
adrenoceptors by the compounds was 3'-iodotrimetoquinol 
= 3',5'-diiodotrimetoquinol > ICI D7114 > (_)-trimeto- 
quinol > (-)-isoprenaline and the affinity constants (pK i 
values) for displacement of the radioligand were 6.21, 
6.17, 5.90, 5.11 and 4.29, respectively (Table 3). In this 
cell system, slope values for the concentration inhibition 
displacement curves of each compound were less than 
unity and varied between 0.72-0.81. 

Table 3 
/33-Adrenoceptor binding affinities (pK i values) and potencies for stimu- 
lation of cAMP accumulation of ( - )-isoprenaline, ( ± )-tfimetoquinol and 
1-benzyl halogen-substituted analogues of trimetoquinol on rat /33-adre- 
noceptors expressed in Chinese hamster ovary (CHO) cells 

Compound pK i value a Hill slope b pKac t value ~ 

( - )-Isoprenaline 4.29+0.11 0.81 +0.04 8.27+0.13 
( + )-Trimetoquinol 5.11 +0.12 0.80+0.08 8.69+0.14 
3'-lodotrimetoquinol 6.21 + 0.05 0.79 + 0.05 8.72 + 0.09 
3',5'-Diiodotrimetoquinol 6.17 + 0.08 0.72 + 0.06 9.40 + 0.08 
ICI D7114 5.90+0.19 0.79+0.06 7.28+0.23 

a pK i = - l o g  Ki; K i values were calculated using the LIGAND com- 
puter program. Data are expressed as the means+S.E.M, of n = 3-10  
experiments, b Hill slope = slope of a graphically determined Hill plot for 
agonist-induced displacement of [12sI]iodocyanopindolol from rat /33- 
adrenoceptors expressed in CHO cells, calculated assuming binding to 
one receptor site. c pgac t = - l o g  gact; gac t values were calculated as 
the molar concentration needed to produce a half maximal stimulation of 
cAMP accumulation by each compound. Data represent the means+ 
S.E.M. of n = 5-11 experiments. 

exhibited the highest potency for cAMP accumulation. 
Rank order of potencies for the compounds tested was 
3',5'-diiodotrimetoquinol > 3'-iodotrimetoquinol = (___)- 
trimetoquinol > (-)-isoprenaline > ICI D7114 and the po- 
tencies (pKac t values) for/33-adrenoceptor activation were 
9.40, 8.72, 8.69, 8.27 and 7.28, respectively (see Table 3). 

3.2.2. cAMP accumulation studies 
The effect of trimetoquinol and its analogues on cAMP 

accumulation in CHO cells expressing rat /33-adrenoce p- 
tors is shown in Fig. 3B. (+)-Trimetoquinol and the 
halogenated analogues of trimetoquinol were potent activa- 
tors of cAMP accumulation in these cells. Similar to its 
high potency in functional assays, 3',5'-diiodotrimetoquinol 

4. Discussion 

Trimetoquinol, a prototypical tetrahydroisoquinoline 
derivative, has been actively studied for its /3-adrenoceptor 
agonist properties. Earlier studies with guinea pig tissues 
focused on elucidating functional activities of trimeto- 

~, Specific bound ~ Adenylate cyclase 

125ICYP activity 
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100 

5O 
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Fig. 3. Pharmacological activities of ( + )-trimetoquinol (open circles), 3'-iodotrimetoquinol (open squares), 3',5'-diiodotrimetoquinol (closed squares) and 
(-)- isoprenaline (closed circles) on rat fl3-adrenoceptors. Concentration-dependent inhibition of specific [1251]iodocyanopindolol binding to rat 
/33-adrenoceptors (panel A) and agonist-stimulated increases in cAMP accumulation (panel B) in Chinese hamster ovary cells expressing rat 
/33-adrenoceptors. Data are expressed as the means + S.E.M. of n = 5-10  experiments (panel A) and mean percentage + S.E.M. of the maximal response 
induced by (-)- isoprenal ine of n = 5-11 experiments (panel B). 
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quinol and its analogues at [31- and /32-adrenoceptor sub- 
types to determine their selectivity for /32-adrenoceptors 
(Shams et al., 1990). However, until recently, no attempt 
was made to define the interaction of trimetoquinol with 
atypical /3//33-adrenoceptors (Fraundorfer et al., 1994). In 
this study, we have investigated the atypical /3//33-adre- 
noceptor agonist activities of trimetoquinol and related 
analogues in rat tissues. The /31- and /32-adrenoceptor 
agonist activities of these analogues were also examined in 
rat tissues to avoid variability in response due to species 
differences. 

Our results demonstrate that trimetoquinol is a potent 
agonist of all /3-adrenoceptor subtypes in rat tissues. Acti- 
vation of /3-adrenoceptor subtypes by trimetoquinol in 
these tissues was highly stereoselective and (-)-trimeto- 
quinol was the more potent isomer. Stereoselectivity ratios 
of chiral compounds have been proposed to be useful 
indicators for distinguishing receptor subtypes (Patil, 1969). 
It has been reported that stereoisomers of /3-adrenoceptor 
ligands typically exhibit low stereoselectivity indices at 
atypical /3/fl3-adrenoceptors as opposed to their activities 
at /37- and /32-adrenoceptor subtypes (Patil et al., 1971; 
Shonk et al., 1971; Harms et al., 1977). In contrast, our 
data from functional studies show that isomeric activity 
ratios of trimetoquinol at atypical fl//33-adrenoceptors are 
higher than at ill- and /32-adrenoceptor subtypes. High 
isomeric activity ratios for trimetoquinol isomers were also 
obtained in biochemical studies on Chinese hamster ovary 
(CHO) cells expressing a homogeneous population of rat 
/33-adrenoceptors. Similar results have been demonstrated 
in rat oesopbageal smooth muscle, a tissue that predomi- 
nantly contains atypical /3/fl3-adrenoceptor sites (Fraun- 
dorfer et al., 1994). These results suggest that trimeto- 
quinol, as opposed to other catecholamines, interacts with 
fl-adrenoceptor subtypes in a unique manner. A three point 
interaction between catecholamine substituents and /3- 
adrenoceptor structural domains has been hypothesised to 
be critical for functional activity of catecholamines (Eas- 
son and Stedman. 1933). Trimetoquinol lacks the corre- 
sponding fl-hydroxy group implicated in the three point 
interaction and has the amino nitrogen constrained within 
the semirigid tetrahydroisoquinoline ring. In addition, it 
has a rather large 3',4',5'-trimethoxybenzyl substituent at 
the 1-carbon of the tetrahydroisoquinoline ring that ap- 
pears to compensate for the absence of the /3-hydroxy 
group and is essential for functional activity (Feller et al., 
1978). While allowing the (-)- isomer to interact with the 
atypical /3/fl3-adrenoceptor, these structural features of 
trimetoquinol might obstruct interaction of the ( + )-isomer 
with this receptor subtype. The large 3',4',5'-trimethoxy- 
benzyl ring as well as the relatively inflexible amino group 
may not allow (+)-trimetoquinol to adopt a suitable con- 
formation within the binding pocket necessary for func- 
tional activity. 

Trimetoquinol-induced responses in atrial and tracheal 
tissues that predominantly contain /37- and fl2-adrenocep- 

tor subtypes, respectively, were sensitive to blockade by 
pindolol. In contrast, pindolol (10 -6 M) exhibited a low 
potency for antagonism of drug-induced responses in rat 
distal colon and brown adipose tissues. These tissues are 
postulated to contain atypical f l / f l3-adrenoceptors that 
mediate drug-induced responses and yield low antagonist 
potency values for blockade by typical /3-adrenoceptor 
antagonists (McLaughlin and MacDonald, 1990; Arch, 
1989). Studies have also reported the presence of mRNA 
for the rat /33-adrenoceptor in the brown adipose tissue as 
well as distal colon and the rat fl3-adrenoceptor has been 
isolated and cloned from both these tissues (Granneman et 
al., 1991; Muzzin et al., 1991; Bensaid et al., 1993). 
Trimetoquinol-induced relaxation of colon segments and 
glycerol release from brown adipocytes is therefore medi- 
ated by the activation of these atypical sites. Further 
corroboration was provided by our studies on CHO cells 
expressing a homogeneous population of rat /33-adrenoce p- 
tors in which trimetoquinol increased intracellular cAMP 
concentrations in a concentration-dependent manner and 
competitively inhibited binding of the radiolabelled /3- 
adrenoceptor ligand [725 I]iodocyanopindolol. The Hill slope 
value was less than unity as has been previously observed 
for potent /3-adrenoceptor agonists (Harden et al., 1982) 
and may indicate the existence of a high and low affinity 
state of the /33-adrenoceptor. 

We further attempted to characterise the activities of 
trimetoquinol analogues on /3-adrenoceptor subtypes to 
determine their fl-adrenoceptor activation profile. Earlier 
pharmacological investigations of trimetoquinol analogues 
in guinea pig tissues revealed that substitution of a single 
or two methoxy groups on the 3',4',5'-trimethoxybenzyl 
ring with the iodo group gave compounds which exhibited 
partial /37- and /32-adrenoceptor agonist activity (Shams et 
al., 1990). Recent investigations have shown that com- 
pounds with large substituents on the amino nitrogen 
exhibit antagonist activity or partial agonist activity at /3~- 
and /32-adrenoceptors and are potent agonists at atypical 
/3//33-adrenoceptors (Sugasawa et al., 1992; Blin et al., 
1993; Mohell and Dicker, 1989). Thus, the halogenated 
derivatives of trimetoquinol were tested for their fl-adre- 
noceptor agonist activities on various subtypes. Like the 
parent compound, 3'-iodotrimetoquinol activated /3-adre- 
noceptor subtypes in all tissues in a non-selective manner. 
3',5'-Diiodotrimetoquinol exhibited differential activities at 
fl-adrenoceptor subtypes. Similar to its pharmacological 
profile in guinea pig atria and trachea, 3',5'-diiodotrimeto- 
quinol was a partial agonist in the corresponding rat tissues 
with lower potencies than trimetoquinol. In contrast, the 
compound was a full and potent agonist in atypical /3//33- 
adrenoceptor-containing tissues. We further defined the 
atypical activity of this analogue and other compounds in 
CHO cells expressing rat /33-adrenoceptors. 3',5'-Di- 
iodotrimetoquinol was the most potent compound tested in 
cAMP accumulation assays and also exhibited a high 
affinity for the rat /33-adrenoceptor. In both biochemical 
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and binding assays, the activities of 3',5'-diiodotrimeto- 
quinol closely paralleled those reported earlier for the 
reference fl3-adrenoceptor-selective agonist, BRL 37344 
(Muzzin et al., 1991). These functional and biochemical 
studies indicate that 3',5'-diiodotrimetoquinol exhibits high 
affinity and selectivity for the atypical fl//33-adrenoce p- 
tors. 

Our studies demonstrate that trimetoquinol induces po- 
tent functional responses at all fl-adrenoceptor subtypes in 
rat tissues and the interaction is highly stereoselective. The 
3',5'-diiodotrimetoquinol analogue exhibited moderate se- 
lectivity for the atypical fl/fl3-adrenoceptor in rat tissues, 
and a high binding affinity and potency for the cloned rat 
fl3-adrenoceptors. Stereoselective synthesis and chemical 
modifications of this diiodo analogue of trimetoquinol may 
lead to development of compounds with greater fl3-adre- 
noceptor selectivity. 

Acknowledgements 

The authors wish to thank the National Institutes of 
Health (USPHS NHLBI Grant No. HL-22533) for their 
support of this work. 

References 

Arch, J.R.S., 1989, The brown adipocyte /3-adrenoceptor, Proc. Nutr. 
Soc. 48, 215. 

Arch, J.R.S., A.T. Ainsworth, M.A. Cawthorne, V. Piercy, M.V. Sennitt, 
V.E. Thody, C. Wilson and S. Wilson, 1984, Atypical fl-adrenoceptor 
on brown adipocytes as target for antiobesity drugs, Nature 309, 163. 

Bensaid, M., M. Kaghad, M. Rodriguez, G. Le Fur and D. Caput, 1993, 
The rat /33-adrenergic receptor gene contains an intron, FEBS Lett. 
318, 223. 

Blin, N., L. Camoin, B. Maigret and A.D. Strosberg, 1993, Structural and 
conformational features determining selective signal transduction in 
the /33-adrenergic receptor, Mol. Pharmacol. 44, 1094. 

Brooker, G., J.F. Harper, W.L. Terasaki and R.D. Moylan, 1979, Ra- 
dioimmunoassay of cyclic AMP and GMP, in: Advances in Cyclic 
Nucleotide Research, eds. Brooker, G., P. Greengard and A. Robinson 
(Raven Press, New York) p. 1. 

Buckner, C.K. and R.C. Christopherson, 1974, Adrenergic receptors of 
rat esophageal smooth muscle, J. PharmacoL Exp. Ther. 189, 467. 

Bukowiecki, L., N. Follea, A. Paradis and A. Collet, 1981, Stereospecific 
stimulation of brown adipocyte respiration by catecholamines via 
/3~-adrenoceptors, Am. J. Physiol. 238, 552. 

Challiss, R.A.J., B. Leighton, S. Wilson, P.L. Thurlby and J.R.S. Arch, 
1988, An investigation of the /3-adrenoceptor that mediate metabolic 
responses to the novel agonist BRL 28410 in rat soleus muscle, 
Biochem. Pharmacol. 37, 947. 

Easson, L.H. and E. Stedman, 1933, CLXX.: Hormone action at the 
membrane level IlL Epinephrine and physiological action. V. Molecu- 
lar dissymmetry and physiological activity, Biochem. J. 27, 1257. 

Emorine, L.J., S. Marullo, M.M. Briend-Sutren, G. Patey, K. Tate, C. 
Delavier-Klutchko and A.D. Strosberg, 1989, Molecular characteriza- 
tion of the human fl3-adrenergic receptor, Science 245, 1118. 

Fassina, G., 1967, Effects of two beta-adrenergic blocking agents, propra- 
nolol and INPEA, on lipid metabolism, Arch. Int. Pharmacodyn. 166, 
281. 

Feller, D.R., M.T. Piascik and D.D. Miller, 1978, Activation of adreno- 
ceptors and adenylate cyclase in adipocytes by catecholamines and 
tetrahydroisoquinolines, in: Recent Advances in the Pharmacology of 
Adrenoceptors, eds. E. Szabadi, C.M. Bradshaw and P. Bevan (Else- 
vier, New York) p. 111. 

Fraundorfer, P.F., E.J. Lezama, M.M. Salazar-Bookaman, R.H. Fertel, 
D.D. Miller and D.R. Feller, 1994, Isomeric-activity ratios of trimeto- 
quinol enantiomers on /3-adrenergic receptor subtypes: functional and 
biochemical studies, Chirality 6, 76. 

Granneman, J.G., K.N. Lahners and A. Chaudhry, 1991, Molecular 
cloning and expression of the rat fl3-adrenergic receptor, Mol. Phar- 
macol. 40, 895. 

Growcott, J.W., B. Holloway, M. Green and C. Wilson, 1993, Zeneca 
ZD7114 acts as an antagonist at fl3-adrenoceptors in rat isolated 
ileum, Br. J. Pharmacol. 110, 1375. 

Harden, T.K., A.G. Scheer and M.M. Smith, 1982, Differential modifica- 
tion of the interaction of cardiac muscarinic cholinergic and beta- 
adrenergic receptors with a guanine nucleotide binding component(s), 
Mol. Pharmacol. 21,570. 

Harms, H.H, J. Zaagsma and J. De Vente, 1977, Differentiation of 
/3-adrenoceptors in right atrium, diaphragm and adipose tissue of the 
rat, using stereoisomers of propranolol, alprenolol, nifenalol and 
practolol, Life Sci. 21, 123. 

Holloway, B.R., R. Howe, B.S. Rao, D. Stribling, R.M. Mayers, M.G. 
Briscoe and J.M. Jackson, 1991, 1CI D7114 a novel selective /3- 
adrenoceptor agonist selectively stimulates brown fat and increases 
whole-body oxygen consumption, Br. J. Pharmacol. 104, 97. 

Howe, R., 1993, /33-Adrenergic agonists, Drugs Fut. 18, 529. 
Iversen, L.L., 1967, Some aspects of the pharmacology of drugs which 

interfere with noradrenaline uptake and storage, in: The Uptake and 
Storage of Noradrenaline in Sympathetic Nerves (Cambridge Univer- 
sity Press, United Kingdom) p. 147. 

Iwasawa, Y. and A. Kiyomoto, 1967, Studies on tetrahydroisoquinolines 
(THI) (I). Bronchodilator activity and structure-activity relationship, 
Jpn. J. Pharmacol. 17, 143. 

Lands, A.M., A. Arnold, J.P. McAuliff, F.P. Luduena and T.G. Brown, 
1967, Differentiation of receptor systems activated by sympath- 
omimetic amines, Nature 214, 1967. 

Lowry, O.H, N.J. Rosebrough, A.L. Farr and R.J. Randall, 1951, Protein 
measurement with Folin phenol reagent, J. Biol. Chem. 193, 265. 

McLaughlin, D.P. and A. MacDonald, 1990, Evidence for the existence 
of 'atypical' /3-adrenoceptors (/33-adrenoceptors) mediating relax- 
ation in the rat distal colon in vitro, Br. J. Pharmacol. 101,569. 

McPherson, G., 1985, Kinetic, EBDA, Ligand, Lowry. A collection of 
Radioligand Binding Analysis Programs, a Manual (Elsevier-BIO- 
SOFT, Cambridge, UK) p. 14. 

Mohell, N. and A. Dicker, 1989, The fl-adrenergic radioligand [3H]CGP- 
12177, generally classified as an antagonist, is a thermogenic agonist 
in brown adipose tissue, Biochem. J. 261,401. 

Muzzin, P., J.P. Revelli, F. Kuhne, LD. Gocayne, W.R. McCombie, J.C. 
Venter, J.P. Giacobine and C.M. Fraser, 1991, An adipose tissue- 
specific fl-adrenergic receptor, J. Biol. Chem. 266, 24053. 

Nash, T., 1953, The colorimetric estimation of formaldehyde by means of 
the Hantzsch reaction, Biochem. J. 260,53. 

Patil, P.N., 1969, Use of the isomeric ratio as a criterion to differentiate 
adrenergic receptors, J. Pharm. Pharmacol. 21,628. 

Patil, P.N., D.G. Patel and R.D. Krell, 1971, Steric aspects of adrenergic 
drugs. XV. Use of isomeric ratio as a criterion to differentiate 
adrenergic receptors, J. Pharmacol. Exp. Ther. 176, 622. 

Piascik, M.T., P. Osei-Gyimah, D.D. Miller and D.R. Feller, 1978, 
Stereoselective interaction of tetrahydroisoquinolines in /3-adrenocep- 
tor systems, Eur. J. Pharmacol. 48, 393. 

Rodbell, M., 1964, Metabolism of isolated fat cell. I. Effects of hormones 
on glucose metabolism and lipolysis, J. Biol. Chem. 239, 375. 

Shams, G., K.J. Romstedt, M.A. Gerhardt, M.W. Harrold, D.D. Miller 
and D.R. Feller, 1990, Pharmacological evaluation of the /3-adreno- 



A.A. Konkar et al. / European Journal of Pharmacology 305 (1996) 63-71 71 

ceptor agonist and thromboxane receptor blocking properties of 1- 
benzyl substituted trimetoquinol analogues, Eur. J. Pharmacol. 184, 
21. 

Shin, Y., K.J. Romstedt, D.D. Miller and D.R. Feller, 1993, Interactions 
of nonprostanoid trimetoquinol analogs with thromboxane 
A2/prostaglandin H 2 receptors in human platelets, rat vascular 
endothelial cells and rat vascular smooth muscle cells, J. Pharmacol. 
Exp. Ther. 267, 1017. 

Shonk, R.F., D.D. Miller and D.R. Feller, 1971, Influence of substituted 
tetrahydroisoquinolines and catecholamines on lipolysis in vitro-II, 
Biochem. Pharmacol. 20, 3403. 

Smith, S.A., A.L. Levy, M.V. Sennitt, D. Simson and M,A. Cawthorne, 
1985, Effects of BRL 26830, a novel beta-adrenoceptor agonist, on 
glucose tolerance, insulin sensitivity and glucose turnover in Zucker 
(fa/ /h)  rats, Biochem. Pharmacol. 34, 2425. 

Staff of the Department of Pharmacology, 1968, University of Edinburgh, 
in: Pharmacological Experiments on Isolated Preparations (Living- 
stone, London) p. 104. 

Stanton, H.C., 1972, Selective metabolic and cardiovascular beta receptor 
antagonism in the rat, Arch. Int. Pharmacodyn. 196, 246. 

Sugasawa, T., M. Matsuzaki, S. Morooka, N. Foignant, N. Blin and A.D. 
Strosberg, 1992, In vitro study of a novel atypical /3-adrenoceptor 
agonist, SM-11044, Eur. J. Pharmacol. 216, 207. 

Trendelenburg, U., 1980, A kinetic analysis of extraneuronal uptake and 
metabolism of catecholamines, Rev. Physiol. Biochem. Pharmacol. 
87, 33. 

Wilson, C., S. Wilson, V. Piercy, M.V. Sennitt and J.R.S. Arch, 1984, 
The rat lipolytic fl-adrenoceptor: studies using novel fl-adrenoceptor 
agonists, Eur. J. Pharmacol. 100, 309. 

Yoshida, T., N. Sakane, Y. Wakabayashi, T. Umekawa and M. Kondo, 
1994, Anti-obesity and anti-diabetic effects of CL 316,243, a highly 
specific fl3-adrenoceptor agonist, in yellow KK mice, Life Sci. 54, 
491. 


