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Abstract

h3-Adrenoceptor agonists are very effective thermogenic anti-obesity and insulin-sensitising agents in rodents. Their main sites of action

are white and brown adipose tissue, and muscle. h3-Adrenoceptor mRNA levels are lower in human than in rodent adipose tissue, and adult

humans have little brown adipose tissue. Nevertheless, h3-adrenoceptors are expressed in human white as well as brown adipose tissue and in

skeletal muscle, and they play a role in the regulation of energy balance and glucose homeostasis. It is difficult to identify h3-adrenoceptor

agonist drugs because the pharmacology of both h3- and h1-adrenoceptors can vary; near absolute selectivity is needed to avoid h1/2-

adrenoceptor-mediated side effects and selective agonists tend to have poor oral bioavailability. All weight loss is lipid and lean may actually

increase, so reducing weight loss relative to energy loss. h3-adrenoceptor agonists have a more rapid insulin-sensitising than anti-obesity

effect, possibly because stimulation of lipid oxidation rapidly lowers intracellular long-chain fatty acyl CoA and diacylglycerol levels. This

may deactivate those protein kinase C isoenzymes that inhibit insulin signalling. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although the h3-adrenoceptor was not cloned until 1989

(Emorine et al., 1989), it had already been apparent for 5 or

6 years that agonists of this receptor might have potential in

the treatment of obesity and Type 2 diabetes (Arch and

Ainsworth, 1983; Arch et al., 1984a). Early evidence for the

h3-adrenoceptor stemmed from the discovery that h1- and

h2-adrenoceptor antagonists lacked potency in various gut

preparations and as antagonists of h-adrenoceptor agonist-
driven lipolysis. Then in the early 1980s, novel h-adreno-
ceptor agonists were discovered to be more potent as

stimulants of rat white or brown adipocyte lipolysis than

as stimulants of atrial contraction, or tracheal or uterine

relaxation (Arch et al., 1984a). These compounds were

found to stimulate metabolic rate and to have anti-obesity

and anti-diabetic (insulin-sensitising) activity in rats and

mice (Arch et al., 1984b; Meier et al., 1984; Yen et al.,

1984; Cawthorne et al., 1984).

Since that time, numerous studies have produced similar

results in rodents for other h3-adrenoceptor agonists (e.g.

Umekawa et al., 1997; Kiso et al., 1999); the h3-adreno-

ceptor and h3-adrenoceptor agonists have been reviewed

regularly (Arch and Kaumann, 1993; Arch, 2001; Dow,

1997; Weyer and de Souza, 2000), and there have been two

books on the subject (Goldberg and Frishman, 1995; Stros-

berg, 2000). No h3-adrenoceptor agonist has, however,

advanced beyond Phase II clinical studies. In this brief

review, I shall describe the status and discuss the potential

of h3-adrenoceptor agonists for the treatment of obesity,

touching also upon Type 2 diabetes. First though, I shall

describe some of the problems of identifying h3-adrenocep-

tor agonists suitable for development as drugs.

2. Identification of B3-adrenoceptor agonists for

development

2.1. Rodent vs. human receptors

The first generation h3-adrenoceptor agonists were iden-

tified largely from studies in vivo in rats and mice. These

compounds were therefore optimised for selectivity at the

rodent h3-adrenoceptor. When the human h3-adrenoceptor

was cloned and expressed by Strosberg et al. (Emorine et al.,

1989), one of the first generation compounds [(RR + SS)-

(F )-4-[2-(2-(3-chlorophenyl)-2-hydroxyethyl)amino)pro-
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pyl]phenoxyacetate (BRL-37344)] was shown to be a potent

stimulant of cyclic AMP synthesis. It was subsequently

realised, however, that the first generation agonists have

poor efficacy at the human h3-adrenoceptor (Wilson et al.,

1996; comment in introduction of Fisher et al., 1998): their

efficacy may be sufficient to stimulate adenylyl cyclase in

cells transfected with high numbers of the h3-adrenoceptor,

but in human white adipocytes, they elicit either little or no

response, or a response mediated via the h1- or h2-adreno-

ceptor (Hoffstedt et al., 1996).

To resolve this problem, a number of pharmaceutical

companies have used human cloned h-adrenoceptors to

identify agonists with increased efficacy and potency at the

h3-adrenoceptor, and reduced efficacy and potency at the h1-

and h2-adrenoceptors. Our own experience suggests that any

efficacy at h1- or h2-adrenoceptors is a liability. For example,

the h3-adrenoceptor agonist (RR)-5-{2-[2-(3,4-dihydroxy-

phenyl)-2-hydroxyethylamino]propyl}-1,3-benzodioxole-

2,2-dicarboxylate (SB-220646) had little or no agonist ac-

tivity at cloned h1- and h2-adrenoceptors, and yet, its

stimulation of human white adipocyte lipolysis was antagon-

ised by nadolol at a concentration that blocks h1- and h2-, but

not h3-adrenoceptors. Moreover, SB-220646 was a full

agonist of the force of contraction of human right atrial ap-

pendage, and studies with selective antagonists showed that

both the h1- and h2-adrenoceptors were involved (Sennitt et

al., 1998). The explanation for such findings is presumably

that human tissues possess many h1- or h2-adrenoceptors and

very few h3-adrenoceptors (Strosberg and Gerhardt, 2000;

Chamberlain et al., 1999). It is, nevertheless, possible to

stimulate lipolysis exclusively via the h3-adrenoceptor in

human white adipocytes using a suitably selective agonist,

such as (S)-4-{2-[2-hydroxy-3-(4-hydroxyphenoxy)propy-

lamino]ethyl}phenoxymethylcyclohexylphosphinic acid

lithium salt (SB-226552) (Sennitt et al., 1998) or 4-{1-[2-

(S )-hydroxy-3-(4-hydroxyphenoxy)-propylamino]cyclopen-

tylmethyl}phenoxymethyl)phenyl-phosphonic acid lithium

salt (SB-251023) (Arch et al., 1999).

Thus, the challenge of identifying highly selective and

effective h3-adrenoceptor agonists to selectively stimulate

the low numbers of h3-adrenoceptors in human tissues is

compounded by differences in pharmacology between the

rodent and human h3-adrenoceptors, making in vivo studies

in rodents potentially misleading. Not only do agonists

display significant differences in efficacy and potency

between rodent and human h3-adrenoceptors, but antagonist

potencies may also vary. The h3-adrenoceptor is often

described as being blocked by the selective h3-adrenoceptor

antagonist (3-(2-ethyl-phenoxy)-1-[(1S)-1,2,3,4-tetrahydro-

naphth-1-ylamino]-(2S)-2-propanol oxalate (SR-59230A).

However, while this compound may be a selective antagonist

of the rodent h3-adrenoceptor (Manara et al., 1996; Kubo et

al., 1997 but see Kaumann and Molenaar, 1996), its utility as

a selective antagonist of the human h3-adrenoceptor is less

certain (Arch, 2000). Recently, two selective antagonists of

the human cloned h3-adrenoceptor, (S)-N-[4-[2-[[3-[3-(ami-

nosulphonyl)phenoxy]-2-hydroxypropyl]-amino]ethyl]phe-

nyl]benzenesulfonamide (L-748328) and (S)-N-[4-[2-[[3-[3-

(acetamidomethyl)phenoxyl]-2-hydroxypropyl]amino]-

ethyl]phenyl]benzenesulfonamide (L-748337), have been

described, but these compounds do not bind to the rodent

h3-adrenoceptor (Candelore et al., 1999).

2.2. The ‘‘b4’’-adrenoceptor

h3-Adrenoceptor agonists fall into two main chemical

classes: arylethanolamines and aryloxypropanolamines (a

third class is the trimetoquinols). The aryloxypropanolamine

structure is typical of h-adrenoceptor antagonists, and some

h3-adrenoceptor agonists [e.g. (S)-6-(4-(2-((3-(9H-carbazol-

4-yloxy)-2-hydroxypropyl) amino)-2-methylpropyl)phe-

noxy)-3-pyridinecarboxamide monohydrochloride (LY-

377604)], but not others (e.g. SB-226552; SB-251023),

retain significant h1/2-adrenoceptor antagonist potency

(Miller et al., 1999; Sennitt et al., 1998). There are other,

highly potent h1/2-adrenoceptor antagonists [e.g. cyanopin-

dolol; (F )-4-(3-t-butylamino-2-hydroxypropoxy)benzimi-

dazol-2-one (CGP-12177)] which are h3-adrenoceptor

agonists at higher concentrations than those which block

the h1- or h2-adrenoceptor. The problem with these latter

compounds, notably CGP-12177, is that in tissue studies,

they also display a pharmacology that has been ascribed to a

‘‘h4’’-adrenoceptor. This pharmacology (Table 1) has been

elucidated mainly by Kaumann, Molenaar and colleagues

(Kaumann, 1997) using animal and human cardiac tissue,

but a similar pharmacology has been reported for CGP-

12177 in human white adipocytes (Galitzky et al., 1997).

Like h3-adrenoceptors, ‘‘h4’’-adrenoceptors are insensitive

to standard h1/2-adrenoceptor antagonists.

The ‘‘h4’’-adrenoceptor has never been cloned despite

serious attempts to do so (Strosberg and Arch, 2000), and

now that the full human genome is known, it is clear that it

is not a distinct molecular entity, but rather a form of the h1-

Table 1

Comparison of h1-, h3-and h4-adrenoceptor pharmacology in tissues and

human cloned h-adrenoceptors

Tissues Cloned receptors

h3 h4 h3 h4 h1

Agonist pEC50

CGP-12177 5.2a; 6–8 7–7.5 7.1 7.9 antag

Antagonist pKB

(� )-Propranolol 6–7 < 5.7 7.0 7.1 8.0

CGP-20712A 4.8–5.6 6.3–6.4 4.8 7.4 8.4

Antagonists pKB values were obtained using CGP-12177 as the agonist for

h4-adrenoceptor pharmacology, and isoprenaline or h3-adrenoceptor

agonists for h1- and h3-adrenoceptor pharmacology. Sources are Konkar

et al. (2000b) for cloned h1- and ‘‘h4’’-adrenoceptor, Kaumann (1997) and

Arch and Kaumann (1993) for tissues and Arch (2000) for the cloned h3-

adrenoceptor.
a Human ventricle.
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adrenoceptor. Konkar et al. have shown that the human

cloned h1-adrenoceptor is activated by CGP-12177 and this

activation is less sensitive than is activation by isoprenaline

to blockade by selective and nonselective h1/2-adrenoceptor

antagonists (Table 1). This evidence is not conclusive

because pKB values for cloned h1-adrenoceptors showing

‘‘h4’’-adrenoceptor pharmacology are higher than those for

tissue ‘‘h4’’-adrenoceptor pharmacology. Studies using tis-

sues from knockout mice are compelling, however. CGP-

12177 stimulated adenylyl cyclase in brown adipose tissue

membranes from wild-type mice via high and low affinity

sites. The low affinity site was absent in mice lacking the

h3-adrenoceptor, whereas the high affinity site was absent

in mice lacking the h1-adrenoceptor. Although it was

clearly a h1-adrenoceptor, the high affinity site displayed

resistance to propranolol and greater sensitivity than the

h3-adrenoceptor to the h1-adrenoceptor antagonist (F )-[2-

(3-aminocarbamoyl-4-hydroxyphenoxy)ethylamino]-3-[4-

(1-methyl-4-trifluoromethyl-2-imidazolyl)phenoxy]-2-prop-

anol hydrochloride (CGP-20712A) (Konkar et al., 2000a),

which is typical of ‘‘h4’’-adrenoceptor pharmacology (Table

1). Subsequent work showed that another aryloxypropanol-

amine, 6-(4-{2-[(S)-2-hydroxy-3-(2-oxo-2,3-dihdro-1H-

benzoimidazol-4-yloxy)-propylamino]-2-methyl-propyl}-

phenoxy)-nicotinamide (LY-362884), displayed similar

properties to CGP-12177 in human and rat cloned h1-

adrenoceptors. By contrast, SB-251023 does not appear to

activate the ‘‘h4’’-adrenoceptor conformation of the h1-

adrenoceptor (Konkar et al., 2000b), consistent with it

failing to stimulate human right atrial appendage contrac-

tility via the ‘‘h4’’-adrenoceptor (Sennitt et al., 1998). SB-

251023 is also an aryloxypropanolamine, so this structural

type is not necessarily associated with ‘‘h4’’-adrenoceptor

agonism. Recently, Kaumann et al. (2001) have also con-

cluded that the ‘‘h4’’-adrenoceptor is an atypical state of the

h1-adrenoceptor. They found that (� )-CGP-12177 was a

cardiac stimulant in atria from h2-adrenoceptor knockout

but not h1/2-adrenoceptor double knockout mice (Kaumann

et al., 2001).

Kompa and Summers (1999) had predicted that the h4-

adrenoceptor was a form of the h1-adrenoceptor because

responses displaying the two pharmacologies desensitised

and resensitised in parallel in a rat model of cardiac failure

(Kompa and Summers, 1999). There is a recent report,

however, that h1- but not h4-adrenoceptor-mediated res-

ponses desensitise in response to foot shock stress (Santos

and Spadari-Bratfisch, 2001). It therefore appears that these

two pharmacological manifestations of the same molecular

entity can be differentially regulated.

Since most of the evidence for functional h3-adrenocep-

tors in human tissues is derived from studies using CGP-

12177, these findings raise the question of whether there

really are functional h3-adrenoceptors in man. But while

studies using CGP-12177 must be interpreted with caution,

there is other evidence that the h3-adrenoceptor mediates

lipolysis in human white adipocytes. Disodium (RR)-5-[2-

[[2-(3-chlorophenyl)-2-hydroxyethyl]-amino]propyl]-1,3-

benzodioxazole-2,2-dicarboxylate (CL-316243), SB-

262552 and SB-251023, which have no h1-adrenoceptor

agonist activity and, in contrast to ‘‘h4’’-adrenoceptor ago-

nists, do not stimulate atrial tissue, each stimulate human

white adipocyte lipolysis via non-h1/2-adrenoceptors (Hoff-

stedt et al., 1996; Sennitt et al., 1998; Arch et al., 1999).

Non-‘‘h4’’-adrenoceptor agonists have also been used to

demonstrate the presence of functional h3-adrenoceptors in

other human tissues (Igawa et al., 1999; Gauthier et al.,

2000).

2.3. Whole cell, membrane and binding assays

Most pharmaceutical companies have evaluated their h3-

adrenoceptor agonists by measuring cyclic AMP accumu-

lation in whole cells transfected with the human h3-adreno-

ceptor. Workers at SmithKline Beecham, by contrast, used

membranes isolated from such cells to measure cyclic AMP

production by adenylyl cyclase (Sennitt et al., 1998). Not

only are the agonists usually more potent in the whole cell

assay, but relative potencies differ between the two assays,

the arylethanolamine being more potent relative to the

aryloxypropanolamine in the whole cells compared to the

membrane assay. Moreover, in binding assays employing

[125I]-iodocyanopindolol as the labelled ligand, the relative

potencies of a series of agonists were almost the complete

opposite of their relative potencies as stimulants of cyclic

AMP accumulation (Table 2).

Kenakin (1997) has highlighted a problem in comparing

functional and binding affinities. This is that the labelled

antagonist binds to the receptor whatever G protein the

receptor is linked to; consequently, binding reflects the

interaction of the unlabelled agonist with all the states of

the receptor. Functional studies, on the other hand, may

reflect the interaction of the agonist with the receptor when

it is bound to only one G protein—in the present case, that

which links it to adenylyl cyclase. This cannot explain the

different results in the two functional assays (whole cell

cyclic AMP accumulation and membrane adenylyl cyclase),

Table 2

Relative affinities of agonists at human cloned h3-adrenoceptors vary with

assay

Function: Ka Binding: Ki

cAMP

cells

Cyclase

membranes

vs. [125I]ICYP

membranes

(� )-Isoprenaline (AM) 0.014 3.9 30

Relative Ka/i values

(� )-Isoprenaline (1) (1) (1)

(� )-Noradrenaline 7.9 2.4 5.0

BRL-37344 14 0.43 0.22

CGP-12177 101 1.2 0.017

Cyanopindolol 229 1.5 0.0027

Data are taken from Wilson et al. (1996).
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however. To attempt to explain the latter finding, one might

argue that relative potencies of agonists can vary between

functional assays if the agonists vary in efficacy: high

affinity/low efficacy compounds (e.g. BRL-37344?) rank

better in assays where receptor number or coupling is high

(whole cells?), whereas high efficacy/low affinity com-

pounds (e.g. cyanopindolol: CGP-12177) rank better in

assays where receptor number or coupling is low (mem-

branes) (Kenakin, 1984). This does not appear to explain the

data shown in Table 2, however, since although BRL-37344

had a lower intrinsic activity (and presumably lower effi-

cacy) than cyanopindolol or CGP-12177 in the membrane

assay, this was not so in the whole cell assay (Wilson et al.,

1996).

An alternative explanation for these findings is that h3-

adrenoceptor agonists can bind to the h3-adrenoceptor in (at

least) two ways. One conformation is favoured by the

arylethanolamines and predominates in whole cells; the

other conformation, favoured by aryloxypropanolamines,

is more common in membranes. In the membrane binding

assay, the labelled aryloxypropanolamine iodocyanopindo-

lol will bind almost exclusively to the conformation of the

h3-adrenoceptor that is more common in membranes and

preferred by aryloxypropanolamines. The ability of an

unlabelled ligand to displace the labelled iodocyanopindolol

will then depend only on its affinity for this one form of the

receptor, though it might have a very different affinity for

the other form. The ‘‘h4’’-adrenoceptor story may have a

similar explanation: h-adrenoceptor ligands may bind to the

h1-adrenoceptor in two ways, the site with lower affinity for

aryloxypropanolamines such as CGP-12177 producing a

cellular signal (Fig. 1).

Although in this explanation, I have used the concept of

binding affinity as though it is distinct from efficacy, it is

important to recognise that binding depends not only on the

affinity of the initial binding step, but also on the extent to

which the conformation of the receptor changes once the

ligand becomes bound (Colquhoun, 2001). Therefore, the

argument could be rephrased in terms of compounds having

differing efficacies for the two forms of each receptor. As

discussed above, it does appear that BRL-37344 has a lower

efficacy than CGP-12177 in the membrane but not the

whole cell assay.

These findings raise the question of which assay is most

predictive of h3-adrenoceptor agonist activity in human

tissues. One might expect that a whole cell assay would

be more predictive than a membrane assay, but potencies in

the membrane assay are in general the more predictive of

potencies in human white adipocyte lipolysis experiments

(Sennitt, unpublished). Moreover, the blood levels and

doses of h3-adrenoceptor agonists reported to stimulate

metabolic rate in man seem high in relation to the EC50

values for the same compounds in whole cell assays (Arch,

2000; Miller et al., 1999; Van Baak et al., 2000; Mathvink et

al., 2000). While it may seem from the discussion above that

the nature of the assay is only an issue when comparing

arylethanolamines and aryloxypropanolamines, our recent

experience is that the relative potencies of even a group of

structurally similar compounds can vary markedly accord-

ing to the assay used (Miller and Chambers, unpublished).

2.4. Oral bioavailability

The identification of a selective agonist or antagonist of a

receptor is a long way from the synthesis of a compound

that might become a drug. Issues of metabolism, clearance,

drug interactions and toxicity have to be addressed. In the

case of h3-adrenoceptor agonists—at least those designed

for the human receptor—oral bioavailability has proved to

be a particular problem. Workers from Pfizer and Bristol

Myers Squibb have reported on the poor oral bioavailability

of their compounds (see Arch, 2000) and Merck produced a

number of papers describing compounds with poor oral

bioavailability before identifying a selective h3-adrenocep-

tor agonist suitable for oral administration to man (Mathvink

et al., 2000). LY-377604 from Eli Lilly, which has been

administered to man (Miller et al., 1999), has been described

as having 20% oral bioavailability in preclinical studies

(Shuker et al., 1999).

Fig. 1. h3- and h1-adrenoceptors display at least two pharmacologies: a

speculative explanation. Two extreme conformations of the h3-adrenocep-

tor and the h1-adrenoceptor are illustrated, together with the relative

affinities (dashed lines indicate lower affinity) of ligands for these con-

formations as agonists (+) or antagonists (� ). BRL-37344 is an example of

an arylethanolamine agonist, and CGP-12177 is shown as an example of an

aryloxypropanolamine agonist of the h3- and ‘‘h4’’-adrenoceptors. Pro-

pranolol and iodocyanopindolol are aryloxypropanolamines that are usually

viewed as antagonists, but propranolol at least has some agonist activity at

the h3-adrenoceptor expressed in intact cells (see Arch, 2000). Since the h1-

and h3-adrenoceptors have different primary structures, the balance of the

two conformations differs between them. The difference in primary struc-

tures also results in BRL-37344 having little affinity for either form of the

h1-adrenoceptor. This hypothesis builds on ideas in the discussion of

Konkar et al. (2000b). h3- and h1-adrenoceptors display at least two

pharmacologies: a speculative explanation.
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3. Expectations of a B3-adrenoceptor agonist

3.1. Role of the b3-adrenoceptor in man

The key sites of action for h3-adrenoceptor agonists

appear to be skeletal muscle (Astrup et al., 1985), brown

adipose tissue (Foster and Frydman, 1978) and (not as a site

of thermogenesis but as a source of fuel) white adipose

tissue (Schiffelers et al., 1998; Havel et al., 1964). For a

fuller discussion, see Arch (2001). h3-adrenoceptor mRNA

is expressed in lower amounts in human than in rodent

adipose tissue and the promoter for the human h3-adreno-

ceptor appears to drive expression of the mRNA predom-

inantly in brown adipose tissue (Ito et al., 1998). Since there

is relatively little brown adipose tissue in adult humans, one

would not expect as marked effects of h3-adrenoceptor

agonists in humans as in rodents. There are, nevertheless,

a number of arguments that suggest that h3-adrenoceptor

agonists might be of value in the treatment of human obesity

and Type 2 diabetes.

Firstly, much of the thermogenic response to h3-adreno-

ceptor agonists does not take place in brown adipose tissue,

even in rodents. The thermogenic effect of the h3-adreno-

ceptor agonist CL-316243 in mice that lacked brown

adipose tissue was still 50% of that in wild-type mice

(Lowell et al., 1993), and in warm-acclimated rats, most

of the thermogenic response to (RR + SS)-(F )-4-[2-(2-

hydroxy-2-phenyl-ethylamino)-propyl]-benzoic acid (BRL-

28410) seemed to occur in skeletal muscle rather than

brown adipose tissue (Thurlby and Ellis, 1986). Secondly,

although h3-adrenoceptor mRNA is detected primarily in

adipose tissue, immunohistochemical studies have demon-

strated the presence of h3-adrenoceptor protein in a number

of other human tissues, including skeletal muscle (Cham-

berlain et al., 1999).

Thirdly, the Trp64Arg polymorphism of the h3-adreno-

ceptor gene has been linked with a predisposition to obesity

and diabetes in a number of studies. The link is subtle and a

similar number of studies have failed to detect any link

(Allison et al., 1998; Fujisawa et al., 1998), but given that

the polymorphism has only a small effect on function

(Umekawa et al., 1999; Hoffstedt et al., 1999; Pietri-Rouxel

and Strosberg, 1995) and that there are probably a number

of genes that contribute to the genetic component of obesity,

it is remarkable that any link has been detected.

Fourthly, there is some evidence that the thermogenic

effects in humans of non-h3-adrenoceptor-selective sympa-

thomimetic agents (isoprenaline and ephedrine) is partially

(40%) insensitive to a dose of nadolol that blocks h1- and

h2-adrenoceptors (Wheeldon et al., 1993; Liu et al., 1995),

though conflicting evidence has also been described (Schiff-

elers et al., 2000).

For further evidence of the potential of h3-adrenoceptor

agonists in humans, one must turn to the effects that these

compounds have actually elicited in humans and other

primates.

3.2. Effects of b3-adrenoceptor agonists in humans and

monkeys

Some of the first generation h3-adrenoceptor agonists

stimulated metabolic rate in humans, but they also had h1-

or h2-adrenoceptor-mediated side effects, raising the possi-

bility that their thermogenic activity was mediated via these

receptors (see Clapham et al., 2001). More recently, LY-

377604 (120 mg), which is a h1- and h2-adrenoceptor

antagonist, was reported to stimulate oxygen consumption

by 17.5% in normal weight to moderately obese men (Miller

et al., 1999). N-{4-[2-((R)-2-hydroxy-2-pyridin-3-yl-ethyl-

amino)-ethyl]-phenyl}-4-[4-(4-trifluoromethyl-phenyl)-thia-

zol-2-yl]-benzenesulfonamide (L-796568) (1000 mg) from

Merck had a much smaller effect in obese men (no more

than 5%) and at a lower dose (250 mg), it was ineffective

(Van Baak et al., 2000). Another Merck compound, 4-(3-

hexyl-ureido)-N-(4-{2-[(S )-2-hydroxy-3-(4-hydroxy-phe-

noxy)-propylamino]-ethyl}-phenyl)-benzenesulfonamide

(L-755507), has been demonstrated to raise metabolic rate

and serum glycerol levels when infused i.v. in rhesus

monkeys at lower dose levels than those which raise heart

rate. Isoprenaline, by contrast, was more potent as a stimu-

lant of heart rate than of lipolysis (Fisher et al., 1998). These

results clearly indicate the presence of functional h3-adre-

noceptors in this species.

Only the first generation compound (RR + SS)-(F )-

methyl 4-[2-[(2-hydroxy-2-phenylethyl)amino]propyl]-ben-

zoate, (E)-2-butenedioate (2:1) salt (BRL-26830A) has been

reported to enhance weight loss in man (Zed et al., 1985;

Connacher et al., 1988). Not all anti-obesity studies on this

compound showed weight loss (Chapman et al., 1987),

however, and since BRL-26830A also elicited the h2-adre-

noceptor-mediated side effect of tremor, one cannot be

certain that weight loss, when it occurred, was due to h3-

adrenoceptor stimulation. In rodents, all the weight loss

elicited by h3-adrenoceptor agonists is fat and when the

Fig. 2. BRL-26830 restricts protein loss in obese men. Subjects were strictly

observed in a hospital ward and fed on a liquid diet that gave 8375 kJ less

than required for weight maintenance with a 42% decrease in protein intake

during weight maintenance. The dose of BRL-26830A was 100 mg qds

(Abraham et al., 1987). BRL-26830 restricted protein loss in obese men.

J.R.S. Arch / European Journal of Pharmacology 440 (2002) 99–107 103



compound is given with food, there may actually be an

increase in lean tissue (Arch et al., 1989). In man, BRL-

26830A similarly reduced the loss of nitrogen in obese

subjects on a liquid, low calorie diet (Abraham et al., 1987)

(Fig. 2). Again, this might be a h2-adrenoceptor-mediated

effect.

This selective action on lipid has implications for the rate

of weight loss that one might expect to achieve with a h3-

adrenoceptor agonist. Restriction of energy intake results in

weight loss that is about 15% lean tissue (Durrant et al.,

1980), and lean tissue (being 75% water) has an energy

content of only about 1 kcal/g, whereas adipose tissue, with

its low water content, contains 7 kcal/g. Therefore, for the

same effect on energy balance, a drug that selectively

stimulates lipid oxidation will have only 87% of the effect

on body weight as one that solely reduces food intake.

Moreover, if protein is retained to the extent found in the

study on BRL-26830 (Fig. 2), this percentage falls to 27%

(Table 3). Presumably, protein retention cannot continue

indefinitely and the benefit of h3-adrenoceptor agonists may

be seen in the longer term.

A number of groups have reported that h3-adrenoceptor

agonists improve insulin sensitivity in rodents at dose levels

or over time periods that do not affect body weight (Caw-

thorne et al., 1992; Bryson et al., 1999; Largis et al., 1994;

Kiso et al., 1999; Williams et al., 1999). In rhesus monkeys,

(4-{(R)-2-(3-chloro-phenyl)-2-hydroxy-ethylamino]-propy-

lamino}-2,3-difluoro-phenyl)-acetic acid (GR-265261-X)

reduced insulin (and triglyceride) levels without affecting

body weight (Hansen, 2000). Similarly in humans, 10-day

treatment with RR + SS-(F )-methyl-4-[2-[2-hydroxy-2-(3-

chlorophenyl)ethylamino]-propyl]-phenoxyacetate hydro-

bromide (BRL-35135) improved insulin sensitivity in obese

diabetic subjects without affecting body weight (Smith et

al., 1990). BRL-35135 causes tremor, so its effect may have

been mediated by the h2-adrenoceptor. Studies on CL-

316243 are easier to interpret since it has no h1- or h2-

adrenoceptor-mediated side effects in man. CL-316243

enhanced insulin action (at 4 weeks) and reduced respiratory

quotient (at 8 weeks) in healthy lean men without affecting

body weight (Weyer et al., 1998). L-796568 given for 28

days reduced plasma triglycerides in man without affecting

body weight or eliciting h1- or h2-adrenoceptor-mediated

side effects, but changes in insulin and glucose were not

reported (Larsen et al., 2000).

It is not surprising that an insulin-sensitising effect is

more easily detectable than an anti-obesity effect. Stimula-

tion of fat oxidation may rapidly lower the intracellular

concentration of metabolites, such as fatty acyl CoA and

diacylglycerol that modulate insulin signalling (Laybutt et

al., 1999; Idris et al., 2001). The anti-obesity effect, by

contrast, must develop gradually as large stores of fat are

oxidized (Fig. 3).

4. Status report

The attraction of h3-adrenoceptor agonists as potential

drugs for the treatment of obesity and Type 2 diabetes is plain

to see. The difficulties of producing a compound with good

efficacy, selectivity and pharmacokinetic properties suitable

for stimulation of the small numbers of h3-adrenoceptor

present in man have, however, defeated a number of phar-

maceutical companies. Recent interest has been evident from

Merck, from where there have been a number of publica-

tions, but an abstract describing the failure of L-796568 to

stimulate metabolic rate after 28 days dosing suggests that

this compound has been abandoned (Larsen et al., 2000).

Table 3

Drugs that produce the same energy loss may have very different effects on body weight

‘‘Pure’’ anorectic agent

(15% lean tissue)

Lipid loss

only

Protein

preservationa

Lean tissue (1 kcal/g) g/week � 37 0 + 175

kcal/week � 37 0 + 175

Adiposeb (7 kcal/g) g/week � 212 � 217 � 242

kcal/week � 1484 � 1521 � 1696

Body weight g/week � 250c � 217 � 67

kcal/week � 1521 � 1521 � 1521

a Preservation of protein from Abraham et al. (1987).
b Since weight loss is exclusively lipid and not even the non-lipid component of adipose tissue appears to be lost, it may be more appropriate to replace

adipose (7 kcal/g) by lipid (9 kcal/g), which would produce even greater differences in weight loss for the three columns.
c Average weekly weight loss due to anorectic drugs (Kolanowski, 1999).

Fig. 3. Why does the insulin-sensitising effect of a h3-adrenoceptor agonist

appear before the anti-obesity effect?
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Meanwhile, Eli Lilly has presented encouraging Phase 1 data

on LY-377604 (Miller et al., 1999) and are believed to be

active with this or another compound. Other companies

known to have compounds in the clinic are Takeda with

the Dianippon compound 2-(3-(7-carboxymethoxyindol-3-

yl)-(2R)-2-propylamino)-(1R)-1-(3-chloro-phenyl)ethanol

(AD-9677) (Kato et al., 1998) and GlaxoSmithKline. We

must hope that one of these compounds fulfills the promise

shown by h3-adrenoceptor agonists in rodents.

Acknowledgements

I am grateful to Elliot Danforth Jr. and Terry Kenakin for

the suggestions that have improved this manuscript, and to

David G. Smith for the chemical advice. I would also like to

thank Rosemary Wallis for the many manuscripts that she

has prepared for me on h3-adrenoceptors and other topics

during my time at SmithKline Beecham and GlaxoSmithK-

line.

References

Abraham, R., Zed, C., Mitchell, T., Parr, J., Wynn, V., 1987. The effect of a

novel h-agonist BRL 26830A on weight and protein loss in obese

patients. Int. J. Obes. 11, 306A.

Allison, D.B., Heo, M., Faith, M.S., Pietrobelli, A., 1998. Meta-analysis of

the association of the Trp64Arg polymorphism in the h3-adrenergic

receptor with body mass index. Int. J. Obes. 22, 559–566.

Arch, J.R.S., 2000. h3-Adrenoceptor ligands and pharmacology of the h3-

adrenceptor. In: Strosberg, A.D. (Ed.), The h3-Adrenoceptor. Taylor &

Francis, London, pp. 48–76.

Arch, J.R.S., 2001. The h3-adrenergic system and h3-adrenergic agonists.

Rev. Endocr. Metab. Dis. 2, 385–393.

Arch, J.R.S., Ainsworth, A.T., 1983. Reduction of obesity in mice with a

novel type of thermogenic h-adrenergic agonist. Int. J. Obes. 7, 85–86.
Arch, J.R.S., Kaumann, A.J., 1993. h3 and atypical h-adrenoceptors. Med.

Res. Rev. 13, 663–729.

Arch, J.R.S., Ainsworth, A.T., Cawthorne, M.A., Piercy, V., Sennitt, M.V.,

Thody, V.E., Wilson, C., Wilson, S., 1984a. Atypical h-adrenoceptor on
brown adipocytes as target for anti-obesity drugs. Nature 309, 163–

165.

Arch, J.R.S., Ainsworth, A.T., Ellis, R.D.M., Piercy, V., Thody, V.E., Thurl-

by, P.L., Wilson, C., Wilson, S., Young, P., 1984b. Treatment of obesity

with thermogenic h-adrenoceptor agonists: studies on BRL 26830A in

rodents. Int. J. Obes. 8, 1–11 suppl.

Arch, J.R.S., Bywater, R.J., Coney, K.A., Ellis, R.D.M., Thurlby, P.L.,

Smith, S.A., Zed, C., 1989. Influences on body composition and mecha-

nism of action of the h-adrenoceptor agonist BRL 26830A. In: Lardy,

H.A., Stratman, F. (Eds.), Proceedings of the Eighteenth Steenbeck

Symposium, ‘‘Hormones, Thermogenesis and Obesity’’. Elsevier, New

York, pp. 465–476.

Arch, J.R.S., Kaumann, A.J., Molenaar, P., Sennitt, M.V., Berge, J.M.,

Chapman, H., Kelly, J., 1999. Studies on a novel selective h3-adreno-

ceptor agonist in human right atrial appendage and human white adi-

pocytes. Br. J. Pharmacol. 126, 100P.

Astrup, A., Bulow, J., Madsen, J., Christensen, N.J., 1985. Contribution of

BAT and skeletal muscle to thermogenesis induced by ephedrine in

man. Am. J. Physiol. 248, E507–E515.

Bryson, J.M., Wensley, V.R., Phuyal, J.L., Caterson, I.D., Cooney, G.J.,

1999. Chronic administration of BRL 26830A for 9 weeks improves

insulin sensitivity but does not prevent weight gain in gold-thioglucose

obese mice. Horm. Metab. Res. 31, 317–322.

Candelore, M.R., Deng, L.P., Tota, L., Guan, X.M., Amend, A., Liu, Y.,

Newbold, R., Cascieri, M.A., Weber, A.E., 1999. Potent and selective

human h3-adrenergic receptor antagonists. J. Pharmacol. Exp. Ther.

290, 649–655.

Cawthorne, M.A., Carroll, M.J., Levy, A.L., Lister, C.L., Sennitt, M.V.,

Smith, S.A., Young, P., 1984. Effects of novel h-adrenoceptor agonists
on carbohydrate metabolism: relevance for the treatment of non-insulin

dependent diabetes. Int. J. Obes. 8 (Suppl. 1), 93–102.

Cawthorne, M.A., Sennitt, M.V., Arch, J.R.S., Smith, S.A., 1992. BRL

35135, a potent and selective atypical h-adrenoceptor agonist. Am. J.

Clin. Nutr. 55, S252–S257.

Chamberlain, P.D., Jennings, K.H., Paul, F., Cordell, J., Berry, A., Holmes,

S.D., Park, J., Sennitt, M.V., Stock, M.J., Cawthorne, M.A., Young,

P.W., Murphy, G.J., 1999. The tissue distribution of the human h3-

adrenoceptor studies using a monoclonal antibody. Int. J. Obes. 23,

1057–1065.

Chapman, B.J., Farquahar, D.L., Galloway, S.M., Simpson, G.K., Munro,

J.F., 1987. The effects of a new h-adrenoceptor agonist BRL 26830A in

refractory obesity. Int. J. Obes. 12, 119–123.

Clapham, J.C., Arch, J.R.S., Tadayyon, M., 2001. Anti-obesity drugs: a

critical review of current therapies and future opportunities. Pharmacol.

Ther. 89, 81–121.

Colquhoun, D., 2001. Binding, gating and efficacy. Br. J. Pharmacol. 125,

923–947.

Connacher, A.A., Jung, R.T., Mitchell, P.E.G., 1988. Weight loss in obese

subjects on a restricted diet given BRL 26830A, a new atypical h adre-

noceptor agonist. Br. Med. J. 296, 1217–1220.

Dow, R.L., 1997. h3-Adrenergic agonists: potential therapeutics for obesity.

Expert Opin. Invest. Drugs 6, 1811–1825.

Durrant, M.L., Garrow, J.S., Royston, P., Stalley, S.F., Sunkin, S., Warwick,

P.M., 1980. Factors influencing the composition of the weight lost by

obese patients on a reducing diet. Br. J. Nutr. 44, 275–285.

Emorine, L.J., Marullo, S., Briend-Sutren, M.-M., Patey, G., Tate, T., De-

lavier-Klutchko, C., Strosberg, A.D., 1989. Molecular characterisation

of the human h3-adrenergic receptor. Science 245, 1118–1121.

Fisher, M.H., Amend, A.M., Bach, T.J., Barker, J.M., Brady, E.J., Cande-

lore, M.R., Carroll, D., Cascieri, M.A., Chiu, S.-H.L., Deng, L., Forrest,

M.J., Hegarty-Friscino, B., Guan, X.-M., Hom, G.J., Hutchins, J.E.,

Kelly, L.J., Mathvink, R.J., Metzger, J.M., Miller, R.R., Ok, H.O.,

Parmee, E.R., Saperstein, R., Strader, C.D., Stearns, R.A., Thompson,

G.M., Tota, L., Vicario, P.P., Weber, A.E., Woods, J.W., Wyvratt, M.J.,

Zafian, P.T., MacIntyre, D.E., 1998. A selective human h3 adrenergic

receptor agonist increases metabolic rate in Rhesus monkeys. J. Clin.

Invest. 101, 2387–2393.

Foster, D.C., Frydman, M.L., 1978. Nonshivering thermogenesis in the rat:

II. Measurements of blood flow with microspheres point to brown

adipose tissue as the dominant site of the calorigenesis induced by

noradrenaline. Can. J. Physiol. Pharmacol. 56, 110–122.

Fujisawa, T., Ikegami, H., Kawaguchi, Y., Ogihara, T., 1998. Meta-analysis

of the association of Trp(64)Arg polymorphism of h3-adrenergic recep-

tor gene with body mass index. J. Clin. Endocrinol. Metab. 83, 2441–

2444.

Galitzky, J., Langin, D., Verwaerde, P., Montastruc, J.L., Lafontan, M.,

Berlan, M., 1997. Lipolytic effects of conventional h3-adrenoceptor

agonists and of CGP 12,177 in rat and human fat cells : preliminary

pharmacological evidence for a putative h4-adrenoceptor. Br. J. Phar-

macol. 122, 1244–1250.

Gauthier, C., Leblais, V., Moniotte, S., Langin, D., Balligand, J.-L., 2000.

The negative inotropic action of catecholamines: role of h3-adrenocep-

tors. Can. J. Physiol. Pharmacol. 78, 681–690.

Goldberg, D.E., Frishman, W.H., 1995. h3-Adrenergic Agonism. Futura

Publishing Company, New York.

Hansen, B.C., 2000. Primates in the experimental pharmacology of obesity.

In: Lockwood, D., Heffner, T.G. (Eds.), Handbook of Experimental

Pharmacology. Springer-Verlag, Heidelberg, pp. 461–489.

J.R.S. Arch / European Journal of Pharmacology 440 (2002) 99–107 105



Havel, R.J., Carlson, L.A., Ekelund, L.-G., Holmgren, A., 1964. Studies on

the relation between mobilization of free fatty acids and energy metab-

olism in man: effects of norepinephrine and nicotinic acid. Metabolism

13, 1402–1411.

Hoffstedt, J., Lonnqvist, F., Shimizu, M., Black, E., Arner, P., 1996. Effects

of several putative h3-adrenoceptor agonists on lipolysis in human

omental adipocytes. Int. J. Obes. 20, 428–434.

Hoffstedt, J., Poirier, O., Thorne, A., Lonnqvist, F., Herrmann, S.M., Cam-

bien, F., Arner, P., 1999. Polymorphism of the human h3-adrenoceptor

gene forms a well-conserved haplotype that is associated with moderate

obesity and altered receptor function. Diabetes 48, 203–205.

Idris, I., Gray, S., Donnelly, R., 2001. Protein kinase C activation: isozyme-

specific effects on metabolism and cardiovascular complications in dia-

betes. Diabetologia 44, 659–673.

Igawa, Y., Yamazaki, Z., Takeda, H., Hayakawa, K., Akahane, M., Ajisawa,

Y., Yoneyama, T., Nishizawa, O., Andersson, K.E., 1999. Functional

and molecular biological evidence for a possible beta3-adrenoceptor in

the human detrusor muscle. Br. J. Pharmacol. 126, 819–825.

Ito, M., Grujic, D., Abel, E.D., Vidalpuig, A., Susulic, V.S., Lawitts, J.,

Harper, M.E., Himmshagen, J., Strosberg, A.D., Lowell, B.B., 1998.

Mice expressing human but not murine h-adrenergic receptors under

the control of human gene regulatory elements. Diabetes 47, 1464–

1471.

Kato, S., Kiyoshi, A., Fujitani, B., Furutani, Y., Hosoki, K., Karasawa, T.,

1998. Anti-diabetic and anti-obesity effects of AJ-9677, a novel human

h3-adrenoceptor agonist, in genetically obese diabetic mice. Jpn. J.

Pharmacol. 76 (Suppl. 1), 264.

Kaumann, A.J., 1997. Four h-adrenoceptor subtypes in the mammalian

heart. Trends Pharmacol. Sci. 18, 70–76.

Kaumann, A.J., Molenaar, P., 1996. Differences between the third cardiac

h-adrenoceptor and the colonic h3-adrenoceptor in the rat. Br. J. Phar-

macol. 118, 2085–2098.

Kaumann, A.J., Engelhardt, S., Hein, L., Molenaar, P., Lohse, M., 2001.

Abolition of (� )-CGP 12177-evoked cardiostimulation in double h1/

h2-adrenoceptor knockout mice. Obligatory role of h1-adrenoceptors

for putative h4-adrenoceptor pharmacology. Naunyn-Schmiedeberg’s

Arch. Pharmacol. 363, 87–93.

Kenakin, T., 1984. The relative contribution of affinity and efficacy to

agonist activity: organ selectivity of noradrenaline and oxymetazoline

with reference to the classification of drug receptor. Br. J. Pharmacol.

81, 131–141.

Kenakin, T., 1997. Pharmacologic Analysis of Drug–Receptor Interaction,

3rd edn. Lippincott-Raven, Philadelphia.

Kiso, T., Namikawa, T., Tokunaga, T., Sawada, K., Kakita, T., Shagaki, T.,

Ohtsubo, Y., 1999. Anti-obesity and anti-diabetic activity of a new h3

adrenergic receptor agonist, (S)-(Z)-[4-[[1-[2-[(Hydroxy-3-phenoxypro-

pyl)]amino]ethyl]1-propenyl]phenoxy] acetic acid ethanedioic acid

(SWR-0342SA), in KK-Ay. Biol. Pharm. Bull. 22, 1073–1078.

Kolanowski, J., 1999. A risk-benefit assessment of anti-obesity drugs. Drug

Saf. 20, 119–131.

Kompa, A.R., Summers, R.J., 1999. Desensitization and resensitization of

h1- and putative h4-adrenoceptor mediated responses occur in parallel

in a rat model of cardiac failure. Br. J. Pharmacol. 128, 1399–1406.

Konkar, A.A., Zhai, Y., Granneman, J.G., 2000a. h1-Adrenergic receptors

mediate h3-adrenergic-independent effects of CGP 12177 in brown

adipose tissue. Mol. Pharmacol. 57, 252–258.

Konkar, A.A., Zhu, Z., Granneman, J.G., 2000b. Aryloxypropanolamine

and catecholamine ligand interactions with the h1-adrenergic receptor:

evidence for interaction with distinct conformations of h1-adrenergic

receptors. J. Pharmacol. Exp. Ther. 294, 923–932.

Kubo, S., Matsuda, A., Ohnuki, T., Hattori, K., Suzuki, J., Nagamoto, T.,

1997. Assessment of h2- and h3-adrenoceptors in rat white adipose

tissues by radioligand binding assay. Biol. Pharm. Bull. 20, 142–148.

Largis, E.E., Burns, M.G., Muenkel, H.A., Dolan, J.A., Claus, T.H., 1994.

Antidiabetic and antiobesity effects of a highly selective h3-adrenocep-

tor agonist (CL 316,243). Drug Dev. Res. 32, 69–76.

Larsen, T.M., Toubro, S., van Baak, M.A., Gottesdiener, K.M., Larson, P.,

Saris, W.H.M., Astrup, A., 2000. No thermogenic effect after 28 days

treatment with L-796,568 a novel h3-adrenoceptor agonist, in obese

men. Obes. Res. 8 (Suppl. 1), 44S.

Laybutt, D.R., Schmitz-peiffer, C., Saha, A.K., Ruderman, N.B., Biden,

T.J., Kraegen, E.W., 1999. Muscle lipid accumulation and protein

kinase C activation in the insulin-resistant chronically glucose-infused

rat. Am. J. Physiol. 277, E1070–E1076.

Liu, Y.-L., Toubro, S., Astrup, A., Stock, M.J., 1995. Contribution of h3-

adrenoceptor activation to ephedrine-induced thermogenesis in humans.

Int. J. Obes. 19, 678–685.

Lowell, B.B., Susulic, V.S., Hamann, A., Lawitts, J.A., Himms-Hagen, J.,

Boyer, B.B., Kozak, L.P., Flier, J.S., 1993. Development of obesity in

transgenic mice after genetic ablation of brown adipose tissue. Nature

366, 740–742.

Manara, L., Badone, D., Baroni, M., Boccardi, G., Cecchi, R., Croci, T.,

Giudice, A., Guzzi, U., Landi, M., Le Fur, G., 1996. Functional iden-

tification of rat atypical h-adrenoceptors by the first h3-selective antag-

onists, aryloxypropanolaminotetralins. Br. J. Pharmacol. 117, 435–442.

Mathvink, R.J., Tolman, J.S., Chitty, D., Candelore, M.R., Cascieri, M.A.,

Colwell, L.F., Deng, L., Feeney, W.P., Forrest, M.J., Hom, G.J., Mac-

Intyre, D.E., Miller, R.R., Stearns, R.A., Tota, L., Wyvratt, M.J., Fisher,

M.H., Weber, A.E., 2000. Discovery of a potent, orally bioavailable h3

adrenergic receptor agonist, (R)-N-[4-[2-[[2-hydroxy-2-(3-pyridinyl))-

ethyl]amino]phenyl]-4-[4-[4-(trifluoromethyl)phenyl]thiazol-2-yl]ben-

zenesulfonamide. J. Med. Chem. 43, 3832–3836.

Meier, M.K., Alig, L., Burgi-Saville, M.E., Muller, M., 1984. Phenethanol-

amine derivatives with calorigenic and antidiabetic qualities. Int. J.

Obes. 8 (Suppl. 1), 215–225.

Miller, J.W., Farid, N.A., Johnson, R.D., Smith, B.P., Dananberg, J., 1999.

Stimulation of energy expenditure by LY377604, a h3-adrenergic re-

ceptor agonist with h1/2-antagonist properties, in healthy male subjects.

Obes. Res. 7 (Suppl. 1), 121S.

Pietri-Rouxel, F., Strosberg, A.D., 1995. Pharmacological characteristics

and species-related variations of (h3-adrenergic receptors. Fundam. Clin.

Pharmacol. 9, 211–218.

Santos, I.N., Spadari-Bratfisch, R.C., 2001. Chronotropic response to (F )-

CGP12177 in right atria of stressed rats. Can. J. Physiol. Pharmacol. 79,

393–399.

Schiffelers, S.L.H., Brouwer, E.M.C., Saris, W.H.M., van Baak, M.A.,

1998. Inhibition of lipolysis reduces h1 adrenoceptor-mediated thermo-

genesis in man. Metabolism 47, 1462–1467.

Schiffelers, S.L.H., Blaak, E.E., Saris, W.H.M., van Baak, M.A., 2000. In

vivo h3-adrenergic stimulation of human thermogenesis and lipid use.

Clin. Pharm. Ther. 67, 558–566.

Sennitt, M.V., Kaumann, A.J., Molenaar, P., Beeley, L.J., Young, P.W.,

Kelly, J., Chapman, H., Henson, S.M., Berge, J.M., Dean, D.K., Kote-

cha, N.R., Morgan, H.K.A., Rami, H.K., Ward, R.W., Thompson, M.,

Wilson, S., Smith, S.A., Cawthorne, M.A., Stock, M.J., Arch, J.R.S.,

1998. The contribution of classical (h1/2-) and atypical adrenoceptors to

the stimulation of human white adipocyte lipolysis and right atrial

appendage contraction by novel h3-adrenoceptor agonists of differing

selectivities. J. Pharmacol. Exp. Ther. 285, 1084–1095.

Shuker, A.J., Bell, M.G., Bloomquist, W., Calligaro, D.O., Cohen, M.L.,

Crowell, T.A., Cusick, T.S., Droste, C.A., Evrard, D.A., Hahn, P.J.,

Heiman, M., Jesudason, C.D., Jones, C.D., Kim, G., Kriauciunas,

A.V., Matthews, D.P., McDonald, J.H., Neel, D.A., Palkowitz, A.D.,

Peters, M.K., Rito, C.J., Siegel, M.G., Stephens, T.W., Winter, M.A.,

Danaberg, J., 1999. h3 Receptor agonists for the treatment of obesity.

217th ACS Natl. Meet. MEDI 159.

Smith, S.A., Sennitt, M.V., Cawthorne, M.A., 1990. BRL 35135: an orally

active antihyperglycaemic agent with weight reducing effects. In: Bai-

ley, C.J., Flatt, P.R. (Eds.), New Antidiabetic Drugs. Smith-Gordon,

London, pp. 177–189.

Strosberg, A.D., 2000. The h3-Adrenoreceptor Taylor & Francis, London.

Strosberg, A.D., Arch, J.R.S., 2000. The putative ‘h4’-adrenoreceptor and

other atypical h-adrenoreceptors. In: Strosberg, A.D. (Ed.), The h3-

Adrenoreceptor. Taylor & Francis, London, pp. 120–124.

J.R.S. Arch / European Journal of Pharmacology 440 (2002) 99–107106



Strosberg, A.D., Gerhardt, C.C., 2000. Structure and function of the h3-

adrenoceptor. In: Strosberg, A.D. (Ed.), The h3-Adrenoceptor. Taylor &

Francis, London, pp. 1–19.

Thurlby, P.L., Ellis, R.D.M., 1986. Differences between the effects of nor-

adrenaline and the h-adrenoceptor agonist BRL 28410 in brown adi-

pose tissue and hind limb of the anaesthetized rat. Can. J. Physiol.

Pharmacol. 64, 1111–1114.

Umekawa, T., Yoshida, T., Sakane, N., Saito, M., Kumamoto, K., 1997.

Anti-obesity and anti-diabetic effects of CL316,243, a highly specific

h3-adrenoceptor agonist, in Otsuka Long-Evans Tokushima fatty rats—

induction of uncoupling protein and activation of glucose transporter 4

in white fat. Eur. J. Endocrinol. 136, 429–437.

Umekawa, T., Yoshida, T., Sakane, N., Kogure, A., Kondo, M., Honjyo, H.,

1999. Trp64Arg mutation of h3-adrenoceptor gene deteriorates lipolysis

induced by h3-adrenoceptor agonist in human omental adipocytes. Dia-

betes 48, 117–120.

Van Baak, M.A., Hul, G., Toubro, S., Astrup, A., 2000. Acute thermogenic

effect of L-796568, a novel h3-adrenoceptor agonist, in obese men.

Obes. Res. 8 (Suppl. 1), 91S.

Weyer, C., de Souza, C.J., 2000. Development of h3-adrenoceptor agonists

as antiobesity and antidiabetes drugs in humans: current status and

future prospects. Drug Dev. Res. 51, 80–93.

Weyer, C., Tataranni, A., Snitker, S., Danforth, E.J., Ravussin, E., 1998.

Increase in insulin action and fat oxidation after treatment with CL

316,243, a highly selective h3-adrenoceptor agonist in humans. Diabe-

tes 47, 1555–1561.

Wheeldon, N.M., McDevitt, D.G., Lipworth, B.J., 1993. Do h3-adrenocep-

tors mediate metabolic responses to isoprenaline. Q. J. Med. 86, 595–

600.

Williams, C.A., Shih, M.-F., Taberner, P.V., 1999. Sustained improvement

in glucose homeostasis in lean and obese mice following chronic ad-

ministration of the h3 agonist SR58611A. Br. J. Pharmacol. 128, 1586–

1592.

Wilson, S., Chambers, J.K., Park, J.E., Ladurner, A., Cronk, D.W., Chap-

man, C.G., Kallender, H., Browne, M.J., Murphy, G.J., Young, P.W.,

1996. Agonist potency at the cloned human h3-adrenoceptor depends

on receptor expression level and nature of the assay. J. Pharmacol. Exp.

Ther. 279, 214–221.

Yen, T.T., McKee, M.M., Stamm, N.B., 1984. Thermogenesis and weight

control. Int. J. Obes. 8 (Suppl. 1), 65–78.

Zed, C.A., Harris, G.S., Harrison, P.J., Robb, G.H., 1985. Anti-obesity

activity of a novel h-adrenoceptor agonist (BRL 26830A) in diet-re-

stricted obese subjects. Int. J. Obes. 9, 231.

J.R.S. Arch / European Journal of Pharmacology 440 (2002) 99–107 107


	beta3-Adrenoceptor agonists: potential, pitfalls and progress
	Introduction
	Identification of beta3-adrenoceptor agonists for development
	Rodent vs. human receptors
	The beta4-adrenoceptor
	Whole cell, membrane and binding assays
	Oral bioavailability

	Expectations of a beta3-adrenoceptor agonist
	Role of the beta3-adrenoceptor in man
	Effects of beta3-adrenoceptor agonists in humans and monkeys

	Status report
	Acknowledgements
	References


