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health- and performance-related benefits of exercise, performance optimization strategies and ergogenic
substances. An extensive amount of his research has been devoted to beta,-agonist pharmacology with
an emphasis on their effects in human skeletal muscle. Johan Onslev is a medical doctor at NEXS whose
research interests include metabolism and endocrinology. He has published several papers on the effect of
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Abstract Treatment of obesity with repurposed or novel drugs is an expanding research field.
One approach is to target beta,-adrenergic receptors because they regulate the metabolism and
phenotype of adipose and skeletal muscle tissue. Several observations support a role for the
beta,-adrenergic receptor in obesity. Specific human beta,-adrenergic receptor polymorphisms
are associated with body composition and obesity, for which the GIn27Glu polymorphism is
associated with obesity, while the Argl6Gly polymorphism is associated with lean mass in men
and the development of obesity in specific populations. Individuals with obesity also have lower
abundance of beta,-adrenergic receptors in adipose tissue and are less sensitive to catecholamines.
In addition, studies in livestock and rodents demonstrate that selective beta,-agonists induce a
so-called ‘repartitioning effect’ characterized by muscle accretion and reduced fat deposition.
In humans, beta,-agonists dose-dependently increase resting metabolic rate by 10-50%. And
like that observed in other mammals, only a few weeks of treatment with beta,-agonists
increases muscle mass and reduces fat mass in young healthy individuals. Beta,-agonists also
exert beneficial effects on body composition when used concomitantly with training and act
additively to increase muscle strength and mass during periods with resistance training. Thus,
the beta,-adrenergic receptor seems like an attractive target in the development of anti-obesity
drugs. However, future studies need to verify the long-term efficacy and safety of beta,-agonists
in individuals with obesity, particularly in those with comorbidities.
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Abstract figure legend The beta, -adrenergic receptor is a potential target to combat obesity because it regulates thermo-
genesis and the phenotype of highly metabolic tissues, such as skeletal muscle, white adipose tissue (WAT), and brown
adipose tissue (BAT). Animal models underpin the beta, -adrenergic receptor as integral in regulating body composition.
Thus, beta,-agonist-fed animals lose fat and gain muscle mass, and mice lacking the beta,-adrenergic receptor have
greater fat percentage than wild-type. Clinical trials also show that beta,-agonists increase metabolic rate and promote
leanness in humans. For these reasons, future studies should elucidate whether such effects can be harnessed in persons
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with obesity and comorbidities.

Introduction

With the increasing prevalence of obesity and its
associated health consequences as well as the societal
impact, strategies for its prevention and treatment are
warranted (Bluher, 2019). Although it is well-established
that a lifestyle consisting of regular exercise and a
healthy diet counters the development of obesity, life-
style interventions often fail to provide long-term changes
in individuals with obesity (Bray & Wadden, 2015).
Hence, treatment of obesity through pharmacological
formulations targeting obesolytic pathways with both
repurposed, older drugs, and novel experimental
medications are expanding fields of research (Lund
& Gillum, 2016; Bessesen & Van Gaal, 2018). Many
drugs aim to increase thermogenesis or reduce energy
intake, but the long-term weight loss achieved can
be limited by counterregulatory mechanisms aiming
to re-establish prior weight (Polidori et al. 2016;
Schwartz et al. 2017; Bluher, 2019). Such limitations
could be avoided if a drug not only induces a trans-

ient physiological response but also induces persisting
adaptations.

One potential approach is to target beta-adrenergic
receptors as they, for one, are involved in the regulation
of metabolic rate and substrate utilization, and secondly,
contribute to the regulation of the phenotype of adipose
and skeletal muscle tissue (Astrup, 1995; Collins &
Surwit, 2001; Hostrup et al. 2020). Beta-adrenergic
receptors have had a historic appeal in drug development
with applicability for obesity (Astrup, 1995; Collins
& Surwit, 2001). This arose from the discovery that
beta-adrenergic compounds increased metabolic rate
and caused selective loss of white adipose stores in
obese mice (Arch et al. 1984; Nagase et al. 1996). This is
particularly true for the betas-adrenergic receptor sub-
type for which rodent studies highlight its applicability
as a pharmacological target to induce weight loss via
its role in regulating thermogenesis of brown adipose
tissue (Danforth & Himms-Hagen, 1997; Cannon &
Nedergaard, 2004). Compelling as this may seem,
the implication for humans is limited by the fact that
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brown adipose tissue is far less abundant in human
adults than in rodents (Arch, 2011) and humans have
a lower expression of betaj-adrenergic receptors than
rodents (Deng et al. 1996; Arch, 2011; Blondin et al.
2020). Indeed, studies administering betas-agonists to
humans seldom demonstrate relevant clinical effects
(Larsen et al. 2002; Redman et al. 2007; Arch, 2011).
While a few studies show that the non-selective
betas-agonist, mirabegron, induces thermogenesis in
humans (Cypess et al. 2015; Blondin et al. 2020), a recent
study indicated that this effect was mediated by off-target
stimulation of beta,-adrenergic receptors (Blondin et al.
2020).

Beta,-adrenergic receptors are possibly a more
applicable target to counter obesity than the beta;-subtype
because of their wider expression in the adipose and
skeletal muscle tissue of humans (Elfellah et al. 1989;
Deng et al. 1996; Blondin et al. 2020). This is supported
by the elevated metabolic rate and muscle hypertrophic
effects of beta,-adrenergic stimulation (Hostrup et al.
2020) - effects that over time reduce fat mass and increase
skeletal muscle mass (Acheson et al. 1988; Hostrup et al.
2015; Jessen et al. 2018). Compelling data from human
genotyping also reveal specific beta,-adrenergic receptor
polymorphisms as determinants of body composition
and obesity (Large et al. 1997; Ishiyama-Shigemoto et al.
1999; Mori et al. 1999; Jenkins et al. 2018). Thus, the
beta,-adrenergic receptor has become a re-emerging
pharmaceutical target for leanness (Lee et al. 2013;
Koziczak-Holbro et al. 2019; Blondin et al. 2020; Hostrup
et al. 2020).

Herein, we discuss how beta,-adrenergic receptors
are involved in the aetiology of obesity and highlight
the potential applicability, and pitfalls, of targeting
beta,-adrenergic receptors with selective agonists to
induce leanness in humans.

The beta,-adrenergic receptor as a target
to induce leanness

Beta,-adrenergic receptors are members of the
G-protein-coupled superfamily and are widely distributed
throughout the body (Bristow et al. 1982; Williams et al.
1984; Deng et al. 1996; Rasmussen et al. 2007; Ryall et al.
2010). While the cAMP-PKA-dependent pathway was
for many years considered the main signalling pathway
associated with the beta,-adrenergic receptor, we now
recognize that binding of an agonist to its receptor
complex causes conformational heterogeneity, not only
inducing cAMP-PKA-dependent signalling, but also
activates G-protein-independent pathways (Shenoy et al.
2006; Sun et al. 2007). This allows the receptor to activate
alternative signalling pathways, such as G, G;, kinases
and arrestins.

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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What makes the beta,-adrenergic receptor an attractive
target in obesity is its involvement in the regulation of
metabolic rate, substrate utilization, and muscle hyper-
trophy (Koziczak-Holbro et al. 2019; Hostrup et al. 2020;
Jessen et al. 2020). Targeting the receptor with selective
beta,-agonists dose-dependently increases metabolic rate
by 10-50% and accentuates fat oxidation in humans at rest
(Amoroso et al. 1993; Wilson et al. 1993; Beloka et al. 2011;
Lee et al. 2013; Onslev et al. 2017; Jessen et al. 2020). With
respect to its thermogenic actions, we consider skeletal
muscle, brown adipose tissue and white adipose tissue to
be of particular interest.

Beta,-adrenergic stimulation of skeletal muscle

Being the most abundant adrenergic receptor in human
skeletal muscle (Elfellah et al. 1989), and accounting
for approximately 90% of the beta-adrenergic receptor
isoforms in rodent skeletal muscle (Williams et al.
1984; Jensen et al. 2002), the beta,-subtype presents
a particularly interesting target as skeletal muscle
contributes to around 20% of basal metabolic rate
(Stainsby & Lambert, 1979; Zurlo et al. 1990) and
modest increases in skeletal muscle metabolism produce
only a few adverse effects, equivalent to mild exercise.
Stimulation of skeletal muscle beta,-adrenergic receptors
augments muscle metabolic rate by around 20-80%
in humans (Simonsen et al. 1992; Onslev et al. 2019;
2021). This possibly involves multiple myocellular
processes, including futile cycling and induction of
various ATP-dependent processes (Wijers et al. 2009;
Onslev et al. 2019; Hostrup et al. 2020). Beta,-adrenergic
stimulation induces repetitive leak and re-sequestering
of Ca’" from and into the sarcoplasmic reticulum -
a process that is ATP-dependent via SERCA (Bakker
et al. 1998; Andersson et al. 2012; Aschar-Sobbi et al.
2012; Akin et al. 2013; Hostrup et al. 2014b). The myo-
plasmic Ca?* oscillations also cause repetitive contraction
and relaxation of the myofibrils, which explains the
tremors commonly associated with administration of
beta,-agonist. Other mechanisms augmenting muscle
metabolic rate in response to beta,-adrenergic stimulation
include increased Na®/K'-ATPase activity (Whyte
et al. 1987; Clausen & Nielsen, 2007) and induction of
growth-promoting processes (Hostrup et al. 2020). The
latter is particularly relevant because skeletal muscle mass
is a determinant of basal metabolic rate (Zurlo et al.
1990). Beta,-adrenergic stimulation also engages several
metabolic pathways in human skeletal muscle, leading to
an increase in glucose uptake and utilization (Onslev et al.
2019; 2021), lactate™ formation (Kalsen et al. 2014; 2016a;
2016b; Onslev et al. 2021), protein turnover (Lee et al.
2015; Hostrup et al. 2018), and fatty acid release (Onslev
et al. 2019). Hence, targeting beta,-adrenergic receptors
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of skeletal muscle could induce both acute and long-term
effects of relevance to counter obesity.

Beta,-adrenergic stimulation of brown adipocytes

Beta-adrenergic receptors of brown adipose tissue, the
betas-subtype in particular, have for decades been an
area of pharmaceutical drug development with application
for obesity due to the finding that beta;-agonists induce
thermogenesis and weight loss in rodents (Weyer et al.
1999; Collins & Surwit, 2001). But while the betas-subtype
is the dominant beta-adrenergic receptor in brown
adipocytes of rodents, studies in humans indicate that
the beta,-subtype is not only predominant (accounting
for around two-thirds of transcripted beta-adrenergic
receptor isoforms) (Deng et al. 1996; Blondin et al. 2020)
but is also involved in the energy-dissipating properties
of brown adipocytes (Blondin et al. 2020). What is
noteworthy in this regard is that the beta,-adrenergic
receptor is co-expressed with uncoupling protein 1
(UCP1), which possibly allows the receptor to readily
convey an increase in mitochondrial leak respiration
upon stimulation. Indeed, Blondin et al. observed that
stimulation with the selective beta,-agonist formoterol
increased leak respiration of human brown adipocytes
in vitro, which was negated by beta,-blocker or siRNA
knockdown of the receptor (Blondin et al. 2020).
Whether beta,-adrenergic receptors in brown
adipocytes contribute to the thermogenic actions of
beta,-agonists in humans remains to be explored
in vivo but some findings do suggest a role. In the
aforementioned study by Blondin et al. (2020), the
non-selective betas-agonist mirabegron augmented
resting energy expenditure in healthy lean young men by
12% and 17% at oral doses of 50 and 200 mg, respectively,
but only the 200 mg dose caused an increase in glucose
uptake and oxidative metabolism of supraclavicular
brown adipose tissue (around a twofold increase) as
assessed using tracers and positron emission tomography
(Blondin et al. 2020). Given that only the 200 mg dose
also induced systemic side effects normally associated
with beta,-adrenergic stimulation, including an increase
of heart rate and lipolysis, along with the observation that
brown adipose tissue specimens obtained from the deep
neck region demonstrated an overwhelming expression
of beta,-adrenergic receptor mRNA and close to no
expression of the beta;-subtype, the authors attributed
the thermogenic actions of mirabegron in brown adipose
tissue to off-target stimulation of beta,-adrenergic
receptors as also confirmed in their human brown
adipocyte in vitro model with formoterol (Blondin et al.
2020). On the other hand, the non-selective beta-agonist
isoproterenol (24 ng x kg fat-free mass™' x min™!),
which has affinity for both beta;- and beta,-adrenergic
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receptors, did not affect glucose uptake in brown
adipose tissue of young healthy men despite elevating
resting energy expenditure by 20% (Vosselman et al.
2012) - neither when administered alone nor when
co-administered with acipimox, which is a potent
inhibitor of lipolysis. However, when isoproterenol
was co-administered with acipimox, resting energy
expenditure only increased by 13%. This indicates that
the lipolytic action of isoproterenol is important for its
thermogenic effect — possibly via triglyceride-fatty acid
cycling, in which the released fatty acids are re-esterified
through energy-requiring processes rather than oxidized
(Wolfe et al. 1987; 1990; Wijers et al. 2009). But whether
this involves brown adipose tissue only or also skeletal
muscle and white adipose tissue remains to be assessed in
future studies using selective beta,-agonists.

Beta,-adrenergic stimulation of white adipocytes

Beta,-adrenergic receptors are widely expressed in human
white adipose tissue, accounting for 40-90% of the
transcripted beta-isoforms (Lafontan & Berlan, 1993;
Reynisdottir et al. 1994; Deng et al. 1996; Blondin
et al. 2020) with a relative cell membrane concentration
of 60-70% for the beta,-subtype vs. 30-40% for the
beta;-subtype (Mauriege et al. 1988; Lonngqvist et al.
1992; Reynisdottir et al. 1994). These values differ
considerably between individuals and body regions
(Arner et al. 1990), and individuals with obesity, in
particular, have a low abundance of the beta,-subtype and
are less catecholamine sensitive (Lonngqvist et al. 1992;
Reynisdottir et al. 1994).

A key role of beta,-adrenergic receptors in white
adipocytes is to regulate the breakdown and release of
fatty acids to the bloodstream (Holm, 2003; Fortier et al.
2004; Watt et al. 2006). What’s more interesting, however,
is the involvement of the beta,-adrenergic receptor in
inducing phenotypic changes of white adipocytes to pre-
sent brown-like characteristics under periods of chronic
stimulation of the receptor — a so-called ‘browning’ or
‘beiging’ (Ohyama et al. 2016). Rodents exposed to cold
exhibit beiging of white adipose tissue, underpinned by
upregulation of PR domain containing 16 (PRDM16),
which is a central transcriptional regulator of brown
and beige adipocyte development (Seale et al. 2008;
Cohen et al. 2014), alongside an upregulation of UCP1
and mitochondrial oxidative proteins (Ohyama et al.
2016). Given that these adaptations can be abolished
by co-treatment of beta,-blocker or beta,-adrenergic
receptor knock-out indicates that beta,-adrenergic
signalling is key in promoting the phenotypic changes.
Consistent with this, animal studies demonstrate
that chronic beta-adrenergic stimulation mediates
beiging of white adipose tissue (Cousin et al. 1992;

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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Miller et al. 2015). In addition to this effect, chronic
treatment with beta,-agonist induces global trans-
criptional changes of genes involved in lipid metabolism
of white adipose tissue in pigs, including an upregulation
of apolipoproteins (Zhang et al. 2007). Collectively, this
suggests that white adipocytes change their metabolic
phenotype and expression of apolipoproteins, and may
also adopt brown-like characteristics during prolonged
beta,-adrenergic stimulation.

The effect of prolonged beta,-adrenergic stimulation in
the white adipose tissue of humans, however, is still not
entirely clear due to the lack of clinical trials with selective
beta,-agonists. That said, some findings indicate that
the beta-adrenergic receptors are involved in regulating
the phenotype of white adipose tissue in humans.
Patients with burn trauma and pheochromocytoma
(adrenal gland tumour) secrete excessive amounts of
catecholamines that activate beta-adrenergic receptors
(Jeschke et al. 2008; Frontini et al. 2013; Sidossis
et al. 2015) and markedly accentuate metabolic rate
(McCullagh & Engel, 1942; Giantin et al. 1995), due at
least in part to augmented triglyceride—fatty acid cycling
(Wolfe et al. 1987). Because of the excessive thermo-
genesis and hence highly negative energy balance, these
conditions lead to significant loss of both fat (Petrak
et al. 2013; Porter et al. 2016b) and lean mass (Lee
et al. 2019). What’s notable is that these conditions
have also been linked with trans-differentiation of white
adipocytes to resemble ‘brown-like’ characteristics. In
burn trauma patients, subcutaneous fat biopsy specimens
show a higher abundance of UCP1, PRDMI16 and
mitochondrial oxidative proteins than the norm, as
well as visible morphological re-arrangement (Frontini
et al. 2013; Sidossis et al. 2015). In patients with
pheochromocytoma, UCP1 rarely has measurable levels
in subcutaneous white adipose tissue (Vergnes et al. 2016)
but is markedly elevated in periadrenal and omental fat
depots (Frontini et al. 2013). This likely relates to the
higher concentrations of catecholamines that periadrenal
and omental fat depots are exposed to than subcutaneous
depots.

Although the above mechanisms may involve all
beta-adrenergic receptor subtypes, the findings indicate
that prolonged beta-adrenergic stimulation may induce
phenotypic changes of white adipocytes in humans. The
functional implication of such changes for the thermo-
genic capacity of white adipose tissue in vivo, however,
is not completely clear (Porter, 2021) as the protein
abundance levels outlined of, for example, UCP1 still
only represent a fraction of those observed in brown
adipocytes (Porter et al. 2016a; 2017). Nevertheless, white
adipose tissue constitutes a significant proportion of body
mass, which is why only minor changes in its thermo-
genic capacity induced by prolonged beta-adrenergic
stimulation may be significant.

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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Skeletal muscle accounts for the bulk of the
thermogenic response to beta,-agonists

A considerable proportion of the thermogenic response
to betay-agonists in humans appears to originate from
skeletal muscle. Thus, the estimated increase of oxygen
consumption (V'O,) in tissues mainly consisting of
muscle is around 0.5-1.2 ml x min~! x kg lean mass™'
in humans administered selective beta,-agonists (Onslev
et al. 2019; 2021). This corresponds to an augmented
skeletal muscle energy dissipation of around 20-80%
when accounting for concomitant shifts in skeletal
muscle substrate oxidation as assessed using the leg
arteriovenous balance technique with respiratory quotient
measurements (Onslev et al. 2019; 2021). Investigations
with adrenaline yield similar results (Simonsen et al.
1992). Assuming a total muscle mass of 30 kg, Simonsen
et al. (1992) estimated skeletal muscle to account for 40%
or more of the thermogenic response to adrenaline in
six females and one male subject at doses that increased
metabolic rate by 18% and 25% (intravenous infusion of
0.2 and 0.4 nmol x kg~' x min~!). Estimates from our
laboratory correspond with this, indicating that skeletal
muscle accounts for 50% or more of the increase in
whole-body energy expenditure in response to selective
beta,-agonists terbutaline and salbutamol (Onslev et al.
2019;2021). For example, oral doses of salbutamol (24 mg)
augmented leg V'O, by around 1.2 ml x min~! x kg lean
mass~! in trained lean young men (Onslev et al. 2021).
Considering the trained nature of these subjects, having
a negligible amount of leg adipose tissue, and assuming
a total muscle mass of 40 kg, which is a conservative
estimate given their lean body mass of 61 kg, skeletal
muscle constituted an increase in whole-body V'O, of
approximately 50 ml x min~! in response to salbutamol
(Onslev et al. 2021) at a systemic salbutamol concentration
estimated to increase resting whole-body V'O, by around
100 ml x min~' and metabolic rate by around 25%
when accounting for shifts in substrate oxidation. Hence,
skeletal muscle likely accounts for the bulk of the thermo-
genic response to beta,-adrenergic stimulation in humans.
To what extent white and brown adipose tissue contributes
to the beta, -adrenergic-induced increase of metabolic rate
remains elusive but is likely to contribute to some extent
(Simonsen et al. 1992; 1993; Vosselman et al. 2012; Cypess
et al. 2015; Blondin et al. 2020).

As for a potential contribution from cardiac muscle,
the non-selective beta-agonist isoproterenol, which also
stimulates cardiac beta;-adrenergic receptors to induce
inotropy, has been shown to augment resting myocardial
V'O, by around 10 ml x min~! at a dose that increased
heart rate from 55 to 107 bpm (Simonsen & Kjekshus,
1978). Considering the increase of 35-130 ml x min~!
in resting whole-body V'O, in humans administered
selective beta,-agonists at doses only increasing heart
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rate by 10-25 bpm and with no significant changes in
blood pressure (Amoroso et al. 1993; Wilson et al. 1993;
Beloka ef al. 2011; Lee et al. 2013; Hostrup et al. 2014a;
Onslev et al. 2017), we consider the heart to constitute
a minor fraction (<10%) of the thermogenic actions of
beta,-agonists in humans. This concurs with estimates by
Lee et al. (2013) of the myocardium to account for only
2-5% of the increase in resting metabolic rate induced by
formoterol at oral doses of 80-320 ug. Along these lines,
Simonsen et al. (1992) estimated the heart to account for
around 15% of the augmented metabolic rate in response
to adrenaline, being a substance with greater effects on
heart rate and systolic blood pressure (Stratton et al. 1985)
than selective beta,-agonists.

Accordingly, stimulation of beta,-adrenergic receptors
causes a profound thermogenic response, which is pre-
dominantly mediated by actions in skeletal muscle and
secondarily in other tissues, including white and brown
adipose tissue, as well as cardiac muscle (Fig. 1). Studies
in subjects with markedly elevated catecholamines (e.g.
patients with pheochromocytoma and burn victims)
suggest that beta,-adrenergic receptors also contribute

J Physiol 600.5

to the regulation of the phenotype of human white
adipocytes by promoting brown-like characteristics upon
chronic stimulation. Thus there is a physiological rationale
in targeting the beta,-adrenergic receptor for the purpose
of inducing leanness.

Beta,-adrenergic receptor polymorphisms
impact body composition

If the beta,-adrenergic receptor is a relevant target in drug
development with application for obesity, one expects
genetic variability in the beta,-adrenergic receptor to
contribute to the aetiology of obesity. In the human
beta,-adrenergic receptor coding region, several single
base substitutions have been identified (Takenaka et al.
2012) of which two polymorphisms are associated with
body composition (Large et al. 1997; Jenkins et al. 2018)
and obesity (Ishiyama-Shigemoto et al. 1999; Mori et al.
1999; Zhang et al. 2014) - one for which glycine substitutes
arginine at amino acid 16 (Argl6Gly) and another for
which glutamine substitutes glutamic acid at amino acid
27 (GIn27Glu).

Effect of beta,-agonists in target tissues

Brown adipose tissue
PPAR expression 4 (==}
UCP1 expression 4+ 4\
Heat dissipation 4 >
Heart muscle o
Chronotropy . =
Inotropy

White adipose tissue

Lipolysis i
Lipogenetic capacity *
Lipid storage *
Beiging/browning 4

Skeletal muscle

Carbohydrate and lipid oxidation 4
Fatty acids release 4
Lactate production

Protein turnover
Hypertrophy

B Skeletal muscle

Relative organ-specific contribution to
beta,-agonist-induced thermogenesis

=3 Cardiac muscle
(10%)

Other tissues, including
brown and white adipose tissue
0,
(60%) (30%)

The Journal of

Physiology

Figure 1. Effect of selective beta,-agonists in relevant target tissues of relevance for its thermogenic

actions

The donut chart shows the estimated organ-specific relative contribution to the thermogenic effect of

beta,-agonist in humans.
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Well-trained healthy male carriers of the Argl6Gly
polymorphism have around 12% higher lean mass index
(i.e. lean mass relative to height) and 30% greater iso-
metric muscle strength of the quadriceps if being homo-
zygous for glycine (GlyGly) than being homozygous for
arginine (ArgArg) (Jenkins et al. 2018), which suggest that
the Argl6Gly polymorphism influences muscle mass. For
fat mass, on the other hand, results are conflicting, as
Japanese and Taiwanese female carriers of the Argl6Gly
polymorphism being homozygous for ArgArg are more
prone to become obese (Ishiyama-Shigemoto et al. 1999;
Chou et al. 2012), whereas no such association has
been observed in European females (Large et al. 1997;
Oberkofler et al. 2000) or Japanese males (Hayakawa et al.
2000) nor in the aforementioned study in trained healthy
males (Jenkins et al. 2018).

Individuals carrying the GIn27Glu polymorphism are
more prone to develop overweight and obesity-related
traits, such as insulin resistance, hypertension and hyper-
triglyceridaemia (Large et al. 1997; Ishiyama-Shigemoto
et al. 1999; Mori et al. 1999; Lange et al. 2005; Hsiao & Lin,
2014; Leite et al. 2015). For example, Caucasian females
homozygous for GIn27Glu had 20 kg greater fat mass
and 50% larger adipocytes than females homozygous for
GInGln (Large et al. 1997). The GIn27Glu polymorphism
has also been associated with obesity in Japanese males
and females (Ishiyama-Shigemoto et al. 1999; Mori et al.
1999) but tends to be negatively associated with obesity in
Swedish males (Hellstrom et al. 1999).

Although the exact reasons underlying the association
between the Argl6Gly and GIn27Glu polymorphisms and
body composition remain elusive, it is clear that both
polymorphisms cause receptor variations that influence its
function (Takenaka et al. 2012; Zhang et al. 2014). Thus,
infusion of beta,-agonist salbutamol increased resting
energy expenditure by only ~ 5% in male ArgArg carriers
vs. an increase of ~ 8% in GlyGly and &~ 11% in GlyArg
carriers (Oomen et al. 2005). Perhaps more notable
was the finding of a fivefold greater receptor affinity
for terbutaline in adipocytes isolated from subcutaneous
abdominal fat biopsies in carriers of GlyGly than those
carrying ArgGly and ArgArg, which indicates a greater
sensitivity to beta,-agonists in adipocytes with respect
to their lipolytic action (Large et al. 1997). In addition,
studies in adipose tissue cell lines show that haplotypes
of the beta,-adrenergic receptor gene predict sensitivity
to terbutaline-induced lipolysis (Eriksson et al. 2004).
Hence, it seems that variants in the beta,-adrenergic
receptor gene alter the functionality and sensitivity of
the beta,-adrenergic receptor, which may explain its
association with body composition.

Collectively, these findings suggest that variability in the
human beta,-adrenergic receptor gene contributes to the
regulation of body composition and aetiology of obesity,
for which the GIn27Glu polymorphism is associated

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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with obesity, whereas the Argl6Gly polymorphism
impacts lean mass in men and the development of obesity
in specific populations. This is further supported by
beta,-adrenergic receptor expression models for which
receptor knock-out reduces the muscle mass of mice
(Hinkle et al. 2002) while receptor-overexpression,
incurred from adeno-associated virus-transfection,
increases muscle mass (Hagg et al. 2016).

A period of treatment with beta,-agonists
induces leanness

Synthetically derived beta,-agonists have been available
for human use since the late 1960s when salbutamol
(albuterol, US) was first marketed. Beta,-agonists are
characterized as either short- or long-acting, based
on their duration of action, and as full or partial
agonists based on whether they maximally activate the
beta,-adrenergic receptor or only produce submaximal
activity even at saturating concentrations (Meltzer &
Kemp, 1991; Rosenbaum et al. 2009; Baker, 2010; Jacobson
et al. 2018; Hostrup et al. 2020). The molecular structure
of beta,-agonists is comparable to adrenaline but with
some differences. Unlike adrenaline, beta,-agonists are
non-catechol compounds, meaning they are not substrates
for catechol-O-methyltransferases, hence giving them a
considerably longer elimination half-life and duration
of action. Newer-generation beta,-agonists have greater
complexity and are more selective and effective due to
distinct receptor-ligand interactions as illustrated for
formoterol and vilanterol (Slack et al. 2013; Cameron
et al. 2017). Characteristics of commonly prescribed
beta,-agonists are shown in Table 1.

While mainly developed to treat bronchoconstriction
associated with asthma and other respiratory diseases,
studies in the 1980s demonstrated that beta,-agonists
effectively reduced fat deposition and increased muscle
mass of livestock - a so-called ‘repartitioning effect’
(Baker et al. 1984; Ricks et al. 1984). For example, lambs
fed with clenbuterol 40 days before slaughter, exhibited a
48% increase of longissimus muscle cross-sectional area
vs. only a 12% increase for controls, while subcutaneous
fat thickness increased 88% in controls but remained
unchanged in the clenbuterol-fed sheep (Hamby et al.
1986). These effects are dose-dependent and specific
for the beta,-adrenergic receptor, as co-administration
of beta,-blocker or receptor knock-out blunts the effect
(Choo et al. 1992; Hinkle et al. 2002). Studies also revealed
that beta,-agonist-treated animals consumed less food
during the first days of treatment, causing an anorectic
effect (Bendotti et al. 1983; Benson et al. 1991). For
instance, rats injected with salbutamol (10 mg x kg, ')
consumed half as much as saline-treated rats during
the first day of treatment but progressively returned
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Table 1. Synthetically derived selective beta,-agonists marketed for human use

Duration of Plasma elimination
Name Type Potency Selectivity action half-life Generation
Arformoterol Long-acting Full High >12h 26 h 3rd
Bambuterol Long-acting Partial Moderate 24 h 2.5h st
Clenbuterol Long-acting Full Moderate 12 h 25-48 h 1st
Fenoterol Short-acting Full Moderate 4-6 h 6-7 h 1st
Formoterol Long-acting Full High 12 h 10 h 2nd
Indacaterol Long-acting Full High 24 h 34-56 h 3rd
Levalbuterol Short-acting Partial Moderate 5-6 h 3-4h 1st
Olodaterol Long-acting Full High 24 h 7-45 h 3rd
Procaterol Short-acting Partial Moderate 4-8h 4h 2nd
Salbutamol Short-acting Partial Moderate 4-6h 5-6 h 1st
Salmeterol Long-acting Full High >12h 11h 2nd
Terbutaline Short-acting Partial Moderate 4-6 h 3-4h 1st
Vilanterol Long-acting Full High 24 h 25h 3rd

to an intake similar to controls after 4 days (Bendotti
et al. 1983); an effect also observed in sheep and calves
(Brockway et al. 1987). This likely involves activation of
beta,-adrenergic receptors in the central nervous system,
as intracerebroventricular injection of beta-blocker
propranolol reversed the effect of beta,-agonist on
food intake (Borsini et al. 1982). The anorectic effect
and thermogenic action of beta,-agonists (Brockway
et al. 1987) therefore appear to explain the bulk of the
considerable fat loss seen during the initial phase of
treatment in animals (Shaw, 1993). Furthermore, in
subcutaneous adipose tissue of clenbuterol-fed heifers,
adipocytes were smaller and had decreased lipogenic
activity (Miller et al. 1988), which suggests that depression
of lipogenesis is a factor underlying the reduced fat
deposition in beta,-agonist-fed livestock. Given these
findings, it is not surprising that beta,-agonists have
been used as feed additives to improve meat production
efficiency for decades, predominantly in cattle, pigs
and poultry - albeit being illegal nowadays in most
modernized societies, including the European Union and
North America (Centner et al. 2014).

In spite of the above findings and the repertoire of
beta,-agonists marketed, their application for weight loss
has not been pursued in clinical trials to any substantial
degree. In fact, only a few studies have investigated
the effect of beta,-agonists on body composition
(Hostrup et al. 2020), but none had fat percentage or
fat mass as the primary outcome nor did they enrol
individuals with obesity (Table 2). One reason relates
to the dosing regimens used in rodents and livestock
that vastly exceed those considered safe for humans.
Although beta,-agonists clenbuterol and salbutamol are
commonplace in the body-building milieu by individuals
seeking leanness (Milano et al. 2018; Ip et al. 2019),

not even doping fora recommend the clenbuterol
and salbutamol doses used in animals (Hostrup et al.
2020) and several pitfalls need to be considered before
prescribing individuals with chronic beta,-agonist
treatment, as discussed in later sections. Nevertheless,
some promising human data are available that highlight
the potential of beta,-agonists at therapeutically safe
doses to induce leanness.

Even at clinically relevant inhaled doses, such as those
administered for asthma, beta,-agonists increase resting
metabolic rate by 10-15% (Amoroso et al. 1993; Wilson
et al. 1993; Onslev et al. 2017), which is likely under-
estimated given the fact that beta,-agonists also raise
systemic lactate™ levels, being indicative of anaerobic
energy production in skeletal muscle (Kalsen et al
2014; 2016a; 2016b; Onslev et al. 2019; 2021). While
most metabolic studies with beta,-agonists have been
performed with non-obese individuals, a handful of
studies indicate that their effects are lower in individuals
with obesity. Thus, infusion of incremental salbutamol
doses relative to fat-free mass induced a lower increase of
resting energy expenditure adjusted for fat-free mass in
individuals with obesity than lean individuals (Schiffelers
et al. 2001). In females with obesity, interstitial glycerol
concentrations were significantly lower during local
subcutaneous adipose tissue interstitial administration
of terbutaline than in lean females (Enoksson et al.
2000). Factors underlying the reduced metabolic
impact of beta,-agonists in obesity may include lower
beta,-adrenergic sensitivity, a lower density of surface
beta,-adrenoceptors, and receptor polymorphisms as
already highlighted.

Despite the lower response to beta,-agonists reported
in individuals with obesity, the newer-generation
beta,-agonist, formoterol, was shown to augment energy

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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expenditure by 12% at a relatively modest inhaled dose
of 27 ug in overweight individuals (Onslev et al. 2017),
which is remarkably similar to the increase of 13-17%
observed in healthy non-obese individuals ingesting
80-160 pg orally (Lee et al. 2013). Bearing in mind
the markedly higher systemic bioavailability of the
inhaled route than oral (around 2-5 times higher) (Ward
et al. 2000; Elers et al. 2012; Dyreborg et al. 2016), the
systemic exposure to formoterol in these two studies
seems fairly equivalent. In both studies, the greater
energy expenditure was associated with a comparable
accentuation of fat oxidation by around 30% (Lee et al.
2013; Onslev et al. 2017). Assuming a duration of action
of 8 h with augmented fat oxidation of 16 mg x min~',
Lee et al. speculated that formoterol could induce a
2.8 kg reduction in fat mass over 1 year at an oral dose of
160 pg/day. This, however, necessitates that the greater
daily energy expenditure is not compensated for by a
larger caloric intake. But while clinical trials on the effect
of beta-agonists on satiety are scant, aforementioned
studies in animals treated with beta,-agonist reported
a decreased food intake — albeit short-lived (Bendotti
et al. 1983; Shaw, 1993). Suggestive of no significant
compensation in food intake to the greater energy
expenditure induced by beta,-agonist in humans, daily
treatment with high oral doses of terbutaline (5 mg x
30 kgpy, ! twice daily) for 4 weeks caused a 1.4 kg
reduction of fat mass concomitant with a noticeable 1.7 kg
gain of lean mass in healthy young lean men (Hostrup
et al. 2015). Considering common caloric conversion
estimates, this indicates that the subjects treated with
terbutaline had a net negative energy balance of around
200 kcal/day during the intervention. In accordance, using
respiratory chambers, Acheson et al. (1988) estimated a
net negative fat balance of 115 kcal/day and a concomitant
positive protein balance of 59 kcal/day during the last 2
days of a 2-week period with oral treatment of terbutaline
at a slightly lower daily dose (7.5 mg twice daily) in lean
young men. In that study, the 2-week treatment with
terbutaline was associated with a 1.4 kg reduction of fat
mass and a 1.4 kg increase of lean mass as determined by
the double-labelled water (D,0) technique (Acheson et al.
1988). Thus, during a relatively short period, terbutaline
induces repartitioning in healthy non-obese individuals.
Even at close-to-therapeutic inhaled doses of 4 mg/day
for 4 weeks, terbutaline has been shown to increase lean
mass by 1 kg though with only a small non-significant
reduction of fat mass in lean young men (Jessen et al.
2018).

Studies with other beta,-agonists are scarce — albeit
a few studies with salbutamol have reported divergent
results with respect to its effect on body composition
(Table 2). Whether repartitioning effects are as evident in
individuals with obesity remains to be assessed. Indeed,
the attenuated metabolic response to beta,-agonists in

J Physiol 600.5

individuals with obesity, the insufficient knowledge of
long-term compensatory mechanisms in caloric intake,
and the potential progression of beta,-adrenergic receptor
down-regulation and desensitization with continued
treatment make extrapolation from the short-term
application of beta-agonists in lean individuals
challenging.

Interaction between exercise and
beta,-agonists

Given that exercise is recommended in obesity, a
key question is whether additive weight loss can be
achieved with concomitant beta,-agonist treatment
when performing exercise. It is clear that the thermo-
genic effect of beta,-agonists seen at rest declines with
increasing exercise intensities (Beloka et al. 2011; Kalsen
et al. 2014; Hostrup et al. 2014a; Onslev et al. 2017;
2019). For example, formoterol increased metabolic
rate by 12% at rest but not during submaximal exercise
(Onslev et al. 2017) with similar findings evident for
terbutaline and salbutamol (Arlettaz et al. 2009; Beloka
et al. 2011; Hostrup et al. 2014a). It should, however,
be reiterated that the effect of beta,-agonists on energy
expenditure at rest and more so during exercise is likely
underestimated by the lack of consideration of the
contribution from anaerobic processes. Indeed, Kalsen
et al. (2016a) reported an 11% greater anaerobic energy
utilization with formoterol than placebo during maximal
exercise. This is predominantly explained by a higher
lactate™ production in the contracting skeletal muscle,
being reflected by 20-50% greater myocellular lactate
concentrations during cycling at intensities below and
above V' Oypax with prior beta,-agonist intake (Kalsen
et al. 2014; Hostrup et al. 2014b; Kalsen et al. 2016a).
The greater muscle lactate™ production likely explains the
1-4 mM higher systemic lactate™ levels observed at rest,
and up to 7 mM higher levels during exercise, commonly
seen upon administration of beta,-agonist (Kalsen et al.
2014; Hostrup et al. 2014b). Hence, estimates on the
thermogenic actions of beta,-agonists should include the
contribution from anaerobic processes.

Another noticeable phenomenon is that the stimulation
of fat oxidation with beta,-agonist observed at rest shifts
towards greater utilization of carbohydrates during
exercise. Thus, formoterol induced a 38% greater
fat oxidation than placebo at rest but a 15% higher
carbohydrate oxidation than placebo during subsequent
low-to-moderate intensity cycling (30-50% V'’ Ojmax)
(Onslev et al. 2017). Such a shift is likely attributed to
a greater utilization of muscle glycogen stores when
exercising with a prior intake of beta,-agonist (Kalsen
et al. 2014; Hostrup et al. 2014b; Onslev et al. 2021). For
example, glycogen breakdown during short intense
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exercise of around 2 min was almost 40% higher
with terbutaline than placebo in highly trained men
(Hostrup et al. 2014b). When exercise progresses for a
longer duration, however, the effect of beta,-agonist on
carbohydrate oxidation appears to gradually diminish
while the contribution from fat oxidation increases
(Arlettaz et al. 2009; Kalsen et al. 2014); a phenomenon
that may be due to the accentuated glycogenolysis
with beta,-agonist during the initial phase of exercise
to expedite depletion of endogenous glycogen stores
during later stages (Kalsen et al. 2014). Considering
these observations, one could imagine a scenario where
beta,-agonists predominantly stimulate fat utilization
at rest, shifting towards carbohydrate utilization in the
initial phase of exercise, but as the exercise progresses and
glycogen depletion ensues, this reverses towards greater
fat utilization again (Fig. 2).

Long-term studies on the potential interaction between
exercise training and beta,-agonists with respect to
body composition are limited and only one study has
to our knowledge investigated the effect of combined
beta,-agonist treatment and exercise training on fat
and lean mass in humans. Jessen et al. (2018) subjected
active healthy non-obese men to 4 weeks of endurance
or resistance training (three times per week) with and
without daily treatment with terbutaline (4 mg/day).
The endurance-training group receiving terbutaline
experienced a weight loss of 1.9 kg compared with
placebo, whereas the resistance-training group receiving
terbutaline had a 1 kg greater gain of muscle mass
than placebo but not a greater reduction of fat mass
(Jessen et al. 2018). The latter observation corresponds
with studies showing an additive effect of salbutamol
on muscle power and hypertrophy in young men sub-
jected to a period of resistance training (Caruso et al.
2005; Jessen et al. 2021). Hence, beta,-agonists may
exert some beneficial effects on body composition when
taken concomitantly with training as demonstrated for
terbutaline (Fig. 3). It is worth noting that the study by
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Jessen et al. (2018) did not manage dietary intake and was
performed with lean young men. Therefore, the effect
of training and concomitant beta,-agonist treatment on
body composition may be larger if under simultaneous
hypocaloric diet management with sufficient protein.
Additionally, it cannot be excluded that a larger intake
of protein in the exercised group in Jessen et al. (2018)
contributed to the skeletal muscle hypertrophy observed
in the resistance-trained group compared with the
endurance-trained group.

Pitfalls of beta,-agonists as weight-loss
treatment

Given their apparent repartitioning effects, one might
be tempted to ask why beta,-agonists are currently not
marketed for weight loss? However, high standards of
efficacy and safety are a prerequisite for substances
to be used by otherwise healthy individuals and even
more so by individuals with comorbidities. Beta,-agonists
have numerous side effects, including dizziness, tremor,
headache, hypokalaemia, nausea, tachycardia, cardiac
QT interval changes and nervousness (Phillips et al.
1980; Hochhaus & Mollmann, 1992; Johnson, 1995;
Jacobson et al. 2018). Serious adverse effects, such as
cardiac arrest and rhabdomyolysis, have been reported
at very high doses (Spiller et al. 2013; Grimmer et al.
2016). Furthermore, beta,-agonists are contraindicated in
certain conditions.

A substantial proportion of individuals with obesity
have or will develop type 2 diabetes mellitus. The
application of beta,-agonists for such individuals
is complicated by their hyperinsulinaemic, hyper-
glycaemic and lipolytic actions that could interfere
with regular diabetic treatment. And while data show
that beta,-agonists acutely augment glucose disposal
in the skeletal muscle of humans (Onslev et al. 2019;
2021), this is not sufficient to counter the simultaneous

Beta,-agonist  Control

— 4 FOX

beta,-agonist in humans

Adapted from Arlettaz et al. (2009), Kalsen
et al. (2014), Hostrup et al. (2014a) and
Onslev et al. (2017).
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hepatic glucose release that typically raises systemic
blood glucose concentrations by 0.5-1.5 mM. The
long-term effect of daily beta,-agonist treatment on
glycated haemoglobin (HbA1c) has not been thoroughly
investigated in diabetics but repeated spikes in blood
glucose incurred from daily beta,-agonist treatment may
be a concern. Treatment of type 2 diabetes mellitus also
aims at delaying end-stage complications by managing
cardiovascular risk factors (Davies et al. 2018). In this
respect, the hyperlipidaemic actions of beta,-agonists
may be undesired. Notwithstanding, studies in rodent
models of obesity and insulin resistance show that glucose
tolerance can be improved by a period of treatment with
beta,-agonist (Pan et al. 2001; Kalinovich et al. 2020),
highlighting an area to be pursued in future clinical
trials.

Another concern relates to potential adverse cardiac
effects, as daily treatment with beta,-agonists at high
doses induces cardiomyocyte hypertrophy, cardiac fibrosis
and cardiomyocyte necrosis in rodents (Reeds et al.
1988; Gregorevic et al. 2005; Burniston et al. 2006). It
should, however, be noted that these observations were
reported with clenbuterol and fenoterol, which aside
from the beta,-adrenergic receptor also have significant
affinity for the beta;-subtype (Baker, 2010), and were
administered at doses yielding a systemic exposure vastly
exceeding that considered safe in humans (by at least
30 times and sometimes >1000 times). Nevertheless,
epidemiological studies indicate that individuals on daily
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Figure 3. Change in body composition induced by a few
weeks of daily treatment with the selective beta;-agonist
terbutaline with and without concomitant endurance- or
resistance-based training three times weekly in healthy young
men

Adapted from Acheson et al. (1988), Hostrup et al. (2015) and
Jessen et al. (2018).
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treatment with beta,-agonists at high doses, such as in
moderate-to-severe COPD, are at a higher risk of cardio-
vascular events (Au ef al. 2003; Salpeter et al. 2004;
Choudhary & Robinson, 2009). Hence, it seems apparent
that high daily doses of currently marketed beta,-agonists
should be avoided in any potential treatment of obesity.

Aside from these pitfalls, the application of
beta,-agonists to weight loss is limited in a few other
populations. Individuals with asthma rely on inhaled
beta,-agonists as rescue medication because of their
bronchodilatory effects. Overreliance on beta,-agonists
in asthma is ill-advised due to the risk of tolerance
development (tachyphylaxis) and hence loss of the
bronchodilator effect (Haney & Hancox, 2005; Jacobson
et al. 2018). For example, the bronchodilator response
to inhaled salbutamol, after exposure to a methacholine
challenge (to induce bronchoconstriction), was already
lowered by 28% 24 h after a single administration of
formoterol and by 58% after 1-2 weeks’ treatment with
formoterol (Haney & Hancox, 2005). The tachyphylaxis
incurred from chronic treatment is the reason why
beta,-agonists are usually prescribed along with an
inhaled glucocorticoid, which counters desensitization
of beta,-adrenergic receptors and lessens the reliance
on inhaled beta,-agonist due to its anti-inflammatory
actions in the airways (Jacobson et al. 2018). But even
though glucocorticoids attenuate development of tachy-
phylaxis, daily treatment with beta,-agonist at high
doses likely increases the risk of asthma exacerbations
due to tolerance. Lastly, in individuals with cardio-
vascular complications, beta,-agonists can interact with
common treatment regimes, including, but not limited to,
beta-blockers.

Accordingly, several considerations should be made
before initiating chronic treatment with beta,-agonists,
and safety studies are needed in relevant populations.

Conclusion and perspectives

Given the thermogenic actions and long-term changes
in body composition associated with beta,-adrenergic
stimulation of skeletal muscle and white and brown
adipose tissue, the beta,-adrenergic receptor seems like
an attractive target in the development of anti-obesity
drugs. This is underpinned by the influence of specific
receptor polymorphisms on body composition and
by the apparent ability of selective beta,-agonists to
induce leanness in humans. Furthermore, prolonged
activation of beta,-adrenergic receptors may promote
phenotypic changes of white adipocytes to potentially
acquire a greater thermogenic capacity. Combined with
the accretion of skeletal muscle mass, this could prove
valuable in the long-term management of weight loss
through persistent accentuation of metabolic rate.

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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An outstanding issue, however, is the fact that currently
marketed beta,-agonists can induce a number of side
effects and may also interfere with common treatment
regimens of classic comorbidities to obesity, such as
type 2 diabetes and hyperlipidaemia, hence limiting
their applicability for long-term treatment. And while
the benefits of a persistent reduction of fat mass with
a concomitant increase of muscle mass may outweigh
the potential adverse effects, clinical trials are needed to
assess the long-term safety and effect of beta,-agonists on
body composition and other clinically relevant markers
in individuals with obesity, including glucose tolerance,
blood lipid profile and blood pressure. Some promising
studies in rodent models of obesity and diabetes do indeed
highlight the potential of beta,-agonists in reducing fat
mass and improving glucose homeostasis and insulin
sensitivity (Pan et al. 2001; Kalinovich et al. 2020),
but these studies used older-generation beta,-agonists,
such as clenbuterol, at non-clinically applicable doses.
For example, a recent study in mice hailed the efficacy
of prolonged treatment with clenbuterol on glucose
tolerance at what was claimed to be ‘very low doses’
and ‘with therapeutic applicability. This despite the
fact that the intraperitoneally injected clenbuterol
dose used of 25 ug x kgy,, ! x day ! (Kalinovich
et al. 2020) would yield a systemic exposure 80 times
exceeding that recommended for humans (Maltin et al.
1993; Kamalakkannan et al. 2008; Koeberl et al. 2018).
Therefore, we encourage research to be conducted with
newer-generation and enantioselective beta,-agonists
because of their greater selectivity for the beta,-adrenergic
receptor and fewer cardiac side effects (Jacobson et al.
2018; Hostrup et al. 2019), and in doses more closely
resembling those clinically relevant. Pharmaceutical
development of novel beta, -agonists that are more specific
to skeletal muscle tissue is ongoing (Koziczak-Holbro et al.
2019) and could, in combination with exercise, diet or
other treatment regimens, prove useful in weight-loss
management.
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