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General introduction
With over 650 million adults being classified as obese according to the World Health 

Organisation in 2016, it is eminently clear that the prevalence of obesity has reached 

epidemic proportions (1). This poses a major threat to global public health, as obesity 

is highly associated with the development of various chronic metabolic diseases (2-

4), including type 2 diabetes mellitus (T2DM) (5). It is therefore not surprising that the 

prevalence of T2DM has also increased at an alarming rate, with over 437 million people 

suffering from the disease in 2019 (6). In fact, T2DM was the ninth leading cause of death 

worldwide in 2019, with an estimated 1.5 million people succumbing to direct causes of 

the disease (7). 

T2DM is a metabolic disease defined by major perturbations in the glucose homeostasis. 

These disturbances are the combined result of an impaired secretion of insulin by 

pancreatic β-cells and a blunted responsiveness of peripheral tissues to insulin, a 

phenomenon better known as insulin resistance (8). In a healthy condition, insulin is 

secreted during periods of hyperglycaemia to promote glucose uptake into peripheral 

tissues (i.e. skeletal muscle and adipose tissue) and inhibit glucose output by the liver, 

thereby lowering plasma glucose concentrations (9). As such, insulin resistance poses 

a major risk for the development of chronic hyperglycaemia in the body. To ensure 

that plasma glucose concentrations are maintained within homeostatic boundaries, 

the insulin resistance is initially compensated for by an enhanced insulin secretion by 

pancreatic β-cells. With time, this excessive insulin production causes the pancreatic 

β-cells to become dysfunctional, thereby reducing their ability for insulin secretion (8). 

This declining ability for insulin secretion, combined with a continuously exacerbating 

insulin resistance in peripheral tissues, results in a progressive rise in plasma glucose 

concentrations due to an unrestrained hepatic glucose production and a blunted glucose 

uptake into peripheral tissues, ultimately leading to the development of full-blown T2DM. 

Although T2DM is a complex, heterogenous disease encompassing various metabolic 

organs, a central role for the skeletal muscle has long been recognized as it accounts 

for ~80% of insulin-stimulated glucose disposal (10, 11). Given this remarkable capacity 

for glucose disposal, a blunted skeletal muscle glucose uptake in response to insulin 

stimulation (i.e. skeletal muscle insulin resistance) significantly contributes to chronic 

hyperglycaemia seen in T2DM (10). Hence, stimulation of skeletal muscle glucose uptake 

could markedly improve whole-body glucose homeostasis in T2DM patients. 
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1Cold-induced improvements in skeletal muscle 
glucose uptake 
Despite the fact that highly effective treatment strategies for T2DM (i.e. dietary- and 

physical exercise regimes) are readily available, these therapies have proven difficult 

to sustain in a population that is mostly obese (12, 13). Within this frame of reference, 

scientists have recently focussed on exposure to low ambient temperatures as a potential 

novel therapeutic approach to improve glucose homeostasis. Thus, cold exposure has 

been well-established to significantly improve both skeletal muscle glucose uptake and 

whole-body glucose homeostasis in various rodent models of diabetes mellitus (14-16). 

Within our own research group we could show the human relevance of these preclinical 

findings and demonstrated that prolonged, intermittent, mild cold exposure (14-15 ˚C, 

2-6h/day for 10 consecutive days) robustly improved glucose homeostasis of T2DM 

patients by ~40% (17). These marked effects were primarily attributed to an increased 

skeletal muscle glucose uptake, albeit that the exact underlying mechanisms remained 

unknown. 

In this thesis, two putative physiological mechanisms were explored potentially underlying 

the previously observed cold-induced improvements in skeletal muscle glucose uptake 

and whole-body glucose homeostasis (Figure 1). Firstly, upon acute cold exposure, the 

human body initially defends its core temperature by increasing its energy expenditure via 

non-shivering thermogenesis. The latter is mediated via the activation of the sympathetic 

nervous system and the concurrent release of norepinephrine onto various tissues, 

including skeletal muscle and brown adipose tissue (BAT) (18, 19). Norepinephrine is an 

agonist of β-adrenergic receptors (β-ARs) and previous in vitro studies have demonstrated 

that activation of skeletal muscle β2-AR – the most prevalent β-AR in myocytes (20) – 

enhances glucose uptake (21-25). As such, activation of β2-ARs during cold exposure 

could potentially contribute to the improvements in skeletal muscle (and BAT) glucose 

uptake and whole-body glucose homeostasis. Secondly, if the energy generated via non-

shivering thermogenesis is insufficient to maintain a stable core temperature, the body 

induces involuntary muscle contractions for additional heat production, a process better 

known as shivering thermogenesis (26). These muscle contractions have previously 

been shown to positively correlate with glucose uptake, meaning that a higher shivering 

intensity is associated with a higher glucose uptake (27). Furthermore, the prevention 

of overt shivering during mild cold acclimation (16-17˚C, 2-6h/day, 10 consecutive days) 

completely abolished the previously reported beneficial effects on glucose homeostasis 

in T2DM patients (28). These studies combined suggest that cold-induced improvements 
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in skeletal muscle glucose uptake and whole-body glucose homeostasis could potentially 

be related to shivering thermogenesis. 

Figure 1. Schematic overview of the potential underlying mechanisms of cold-induced improvements 
in skeletal muscle glucose uptake and whole-body glucose homeostasis. SNS = sympathetic nervous 
system. 

Thesis outline 
This thesis aims to further investigate the effects of (1) direct stimulation of the β2-AR, 

and (2) repeated exposure to cold-induced shivering thermogenesis, on skeletal muscle 

glucose uptake and whole-body glucose homeostasis. 

In Chapter 2, the current body of evidence on the potential tissues implicated 

in mediating cold-induced improvements in glucose homeostasis was reviewed. 

Although previous studies have primarily focussed on BAT in mediating cold-induced 

improvements in glucose homeostasis, its role in (especially obese) humans appears 
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1rather limited (17). As such, the potential contribution of the primary organs involved in 

glucose metabolism (including the pancreas, liver, adipose tissue, and skeletal muscle) 

to the previously observed improvements in glucose homeostasis were evaluated. In 

Chapter 3, the effects of prolonged stimulation of β2-ARs, via treatment with the selective 

β2-agonist clenbuterol, on skeletal muscle glucose uptake and glucose homeostasis were 

investigated in insulin resistant, diet-induced obese mice. However, it is important to 

note that clenbuterol also binds and activates β1- and β3-ARs, albeit to a lesser extent 

than β2-ARs. Therefore, it cannot be excluded that other tissues are also involved in 

clenbuterol-mediated improvements in glucose homeostasis. This especially holds 

true for BAT, which is primarily activated via β1- and β3-ARs. In Chapter 4, the effects 

of clenbuterol treatment were therefore investigated in uncoupling protein 1 deficient, 

diet-induced obese mice, who lack thermogenic BAT. To establish the clinical relevance of 

these preclinical studies, a randomized, placebo-controlled, double-blinded, cross-over 

study was performed during which healthy, young, male subjects received a two-week 

treatment with either the selective β2-agonist clenbuterol or a placebo, after which the 

effects on insulin-stimulated skeletal muscle glucose uptake were investigated with the 

golden standard two-step hyperinsulinemic-euglycemic clamp technique (Chapter 5). To 

address the second aim of this thesis, the effects of repeated cold-induced shivering 

thermogenesis on whole-body glucose homeostasis were investigated in overweight/

obese men and (postmenopausal) women (Chapter 6). In this chapter, participants 

were exposed to shivering (at least 1h/day) for 10 consecutive days. Before and after the 

intervention, effects on whole-body glucose homeostasis were investigated by means of 

oral glucose tolerance tests. Finally, in Chapter 7, the main results and conclusions of the 

studies described in this thesis have been highlighted, and their relevance is discussed in 

a broader perspective. 
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Abstract 
Exposure to low ambient temperatures has previously been demonstrated to markedly 

improve glucose homeostasis in both rodents and humans. Although the brown adipose 

tissue is key in mediating these beneficial effects in rodents, its contribution appears limited 

in humans. Thus, the exact tissues and underlying mechanisms that do underlie cold-induced 

improvements in glucose homeostasis in humans remain to be fully established. In this 

review, we evaluated the response of the main organs involved in glucose metabolism (i.e. 

pancreas, liver, (white) adipose tissue, and skeletal muscle) to cold exposure and discuss their 

potential contribution to cold-induced improvements in glucose homeostasis in humans. 

We here show that cold exposure has widespread effects on metabolic organs involved in 

glucose regulation. Nevertheless, cold-induced improvements in glucose homeostasis appear 

primarily mediated via adaptations within skeletal muscle and (presumably) white adipose 

tissue. Since the underlying mechanisms remain elusive, future studies should be aimed at 

pinpointing the exact physiological and molecular mechanisms involved. Nonetheless, cold 

exposure holds great promise as a novel, additive lifestyle approach to improve glucose 

homeostasis in insulin resistant individuals. 

Key words: cold exposure, glucose homeostasis, pancreas, liver, adipose tissue, skeletal muscle.  

Graphical abstract

Parts of this graphical abstract were created using (modified) images from Servier Medical Art, 
licensed under the Creative Commons Attribution 3.0 Unported License.  
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Abbreviations
AMPK		  5’adenosine monophosphate-activated protein kinase 

AR		  Adrenergic receptor

ATP		  Adenosine triphosphate

BAT		  Brown adipose tissue

FFA		  Free fatty acid 

GLUT4		  Glucose transporter 4

IVGTT		  Intravenous glucose tolerance test

mTOR		  Mammalian target of rapamycin

mTORC2	 Mammalian target of rapamycin complex 2

OGTT		  Oral glucose tolerance test

PET-CT		  Positron emission tomography and computed tomography

SERCA		  Sarco/endoplasmic reticulum Ca2+-ATPase

SLN		  Sarcolipin

SNS		  Sympathetic nervous system

T2DM		  Type 2 diabetes mellitus

TAG		  Triacylglycerol 

UCP1		  Uncoupling protein 1

UCP3		  Uncoupling protein 3

VMH		  Ventromedial hypothalamus

WAT		  White adipose tissue 
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1. Introduction
Human physiology dictates that core body temperature is maintained and hypothermia 

is prevented through peripheral vasoconstriction and the increase in endogenous 

heat production when exposed to low(er) ambient temperatures. The enhanced heat 

production can be attributed to the activation of both non-shivering and shivering 

thermogenic mechanisms, two processes well-known to drastically affect energy 

expenditure and substrate metabolism (1, 2). Hence, it is not surprising that cold 

exposure represents a potential novel treatment strategy for obesity-related metabolic 

perturbations, including insulin resistance and type 2 diabetes mellitus (T2DM). Previous 

preclinical studies have demonstrated that during cold exposure plasma glucose and 

insulin concentrations are reduced (3-5), the clearance of plasma glucose is significantly 

increased (3, 6-9), insulin sensitivity is improved (6, 8), and detrimental metabolic effects 

of high-fat feeding are reversed (8). Also in (healthy) humans, acute cold exposure (10 

˚C for 3h) significantly increased the clearance of labelled glucose (10) and markedly 

improved glucose clearance of an intravenous glucose bolus (11). Since continuous 

exposure of T2DM patients to low ambient temperatures is simply unfeasible, these 

cold-induced metabolic adaptations should persist upon returning to thermoneutrality 

in order for cold exposure to be considered as a viable therapy. In this context, a 

study by Iwen et al. (12) demonstrated that insulin sensitivity was improved by ~20% 

in healthy young males measured after acute cold exposure (~18 ˚C for 100 minutes). 

Prolonged, intermittent mild cold exposure (14-15 ˚C, 2-6h/day for 10 consecutive days) 

also drastically increased insulin sensitivity by ~40% in T2DM patients, assessed ~16h 

following the last cold exposure (13). A clear understanding of the tissues and underlying 

mechanisms implicated in mediating these beneficial effects, however, remain elusive 

to date. Here, we aim to review the current body of literature on the potential tissues 

involved in mediating cold-induced improvements in glucose homeostasis in humans 

and set the stage for future research in this field. 

2. Beyond brown adipose tissue 
When it comes to cold exposure, research has primarily focussed on brown adipose 

tissue (BAT) as a pivotal organ in mediating cold-induced improvements in glucose 

homeostasis. BAT is an important organ in the maintenance of body temperature 

during cold exposure, as it dissipates large amounts of heat via uncoupling protein 1 

(UCP1)-mediated uncoupling of mitochondrial oxidative respiration, as expertly reviewed 

elsewhere (14). This uncoupled mitochondrial respiration is paralleled by a substantial 
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increase in glucose uptake from the circulation (15, 16), which fostered the believe that 

BAT could potentially be exploited as a ‘metabolic sink’ for glucose to improve glucose 

homeostasis. In line with this hypothesis, stimulation of BAT activity via cold exposure 

or selective β3-adrenergic receptor treatment has been associated with significant 

improvements in glucose homeostasis in rodents (8, 17-19). However, the role of BAT in 

– especially obese – humans appears rather limited. BAT mass and activity are negatively 

correlated with body mass index and percentage body fat, meaning that overweight/

obese individuals have little to no BAT (20, 21). Furthermore, prolonged, intermittent cold 

exposure (14-15 ˚C, 2-6h/day for 10 consecutive days) only marginally increased BAT 

mass and activity in T2DM patients, despite a robust improvement in insulin sensitivity 

of ~40% (13). Although a large body of evidence thus suggest a substantial role of BAT in 

cold-induced improvements in glucose homeostasis in rodents, other tissues are likely 

involved in mediating the beneficial effects in humans. 

3. Cold-induced adaptations in pancreatic insulin 
release
The pancreas is an important regulator of glucose homeostasis due to its ability to tightly 

control plasma glucose concentrations through secretion of the glucose regulating 

hormones insulin and glucagon (22). Stressors that drastically influence plasma glucose 

concentrations, such as a cold stimulus, also markedly affect pancreatic hormone release. 

Although it is important to note that plasma glucagon concentrations are increased upon 

cold exposure (23-27), we here primarily focussed on the effects on pancreatic insulin 

release due to its relevance in the pathophysiology of T2DM. Thus, several preclinical 

studies have demonstrated a significant reduction in plasma insulin concentrations at 

baseline and following a glucose bolus during exposure to low ambient temperatures 

(2-5 ˚C) (3, 5, 27-31). The reduction in basal plasma insulin concentrations during cold 

exposure has also been reported in humans in some (32, 33), but not all studies (23, 34, 

35). Additionally, a reduced insulin concentration following an intravenous glucose bolus 

was measured in healthy males during acute cold exposure (10 ̊ C for 3h) (11). These (pre)

clinical findings combined hint towards a reduced responsiveness of pancreatic β-cells 

to glucose upon cold exposure, an effect likely mediated via an enhanced sympathetic 

activity (36, 37).

The effects of cold exposure on pancreatic insulin release do not appear to be long-

lasting once the cold stimulus ceases. Thus, in rats, the effects of cold exposure (5 ˚C 

for 28 or 48 hours) on plasma insulin concentrations following a glucose bolus were 
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completely abolished if rats were re-acclimatized to thermoneutrality for 4 (28) or 15-18 
hours (3) prior to the experiments. Also in humans, acute cold exposure (10˚C for 1 hour 
or 18˚C for 100 minutes, respectively) (12, 35) or cold acclimation (14-17 ˚C, 2-6h/day 
for 10 consecutive days) (13, 33, 38, 39) did not significantly affect fasting plasma insulin 
concentrations measured at thermoneutrality after cold exposure. Moreover, plasma 
insulin concentrations were either not affected (12) or even significantly increased (35) 
during an IVGTT or OGTT performed at thermoneutrality directly after cold exposure, 
respectively. These results suggest that the cold-induced effects on pancreatic insulin 
secretion are part of a highly integrated system of metabolic adaptations to endure cold 
exposure, which rapidly normalizes upon returning to thermoneutrality. 

4. The effect of cold exposure on hepatic insulin 
sensitivity
Following exposure to a cold stimulus, the liver initiates an array of adaptations to aid 
in maintaining core body temperature as well as euglycaemia, including increasing 
endogenous heat production and glucose release, respectively. For the purpose of this 
review, we will focus on the effects of the cold stimulus on glucose handling and insulin 
sensitivity. To prevent the development of hypoglycaemia during cold exposure, the 
liver undergoes major metabolic adaptations to ensure a constant release of glucose 
into the circulation. Thus, several preclinical studies have reported a significant reduction 
in hepatic glycogen content (26, 40-42), as well as an increased expression and activity 
of gluconeogenic enzymes (26, 43, 44) upon cold exposure in rats, thereby supporting 
an increased hepatic glucose production during cold exposure. Also the liver’s ability to 
respond to an insulin stimulus seems to be greatly affected during cold exposure. Thus, 
hepatic insulin sensitivity was markedly improved in male Sprague-Dawley rats on the 
fifth day of cold exposure (4 ˚C), as indicated by a significantly reduced hepatic glucose 
production during a continuous low-dose insulin infusion (0.6 kg/mg/min) (9). To our 
knowledge, it remains to be established whether acute cold exposure affects the liver 
in a similar way in humans. In addition, whether the observed improvements in hepatic 
insulin sensitivity are conserved upon returning to thermoneutrality is not entirely known 
and studies about this topic are scarce. Improvements in hepatic insulin sensitivity 
have been observed in Sprague-Dawley rats following cold exposure (4 ˚C for 3 weeks), 
even when rats were reacclimatized to ambient room temperature for 30 minutes (45). 
Prolonged, intermittent mild cold exposure (14-15 ˚C for 10 consecutive days, 2-6h/
day) in T2DM patients tended to improve hepatic insulin sensitivity ~16h following the 
last cold exposure (13), whereas a follow-up study performed at slightly higher ambient 
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temperatures (16-17 ˚C for 10 consecutive days, 2-6h/day) did not affect hepatic insulin 
sensitivity (39). 

5. Cold exposure and white adipose tissue glucose 
uptake 
Upon exposure to low ambient temperatures, the white adipose tissue (WAT) not only 

plays an important role in the mobilisation of free fatty acids (FFAs) to heat producing 

organs, but also contributes to thermogenesis itself. Despite the fact that WAT is often 

neglected as an energy consuming tissue, it still accounts for ~6% of the variation in 

human basal metabolic rate (46) and its energy expenditure can be drastically increased 

upon cold exposure or β3-agonist treatment (47, 48). In line with these findings, prolonged 

cold exposure (4-10 ˚C for 48 hours – 3 weeks) or norepinephrine infusion (4 days) is 

associated with an increased glucose uptake into WAT of rodents in both the basal- and 

insulin-stimulated state (6, 7, 29, 49, 50) and these effects persisted upon returning to 

thermoneutrality (7, 51). Although it can be speculated that the increased glucose uptake 

is used as fuel for the increased energy demand for lipolysis during cold exposure or 

restoration of the triacylglyceride (TAG) lipid pool following cold exposure, previous 

studies have also identified several futile thermogenic cycles occurring in WAT upon 

exposure to low ambient temperatures. Hence, activation of these futile cycles could 

potentially be related to improvements in whole-body glucose homeostasis. 

5.1 White adipose tissue browning and glucose uptake 
At thermoneutrality (30˚C), rodent WAT contains relatively large lipid droplets, few 

mitochondria and is (almost completely) deprived of UCP1 expression (50, 52-54). 

However, upon cold acclimation (50, 55-58) or prolonged β3-adrenergic stimulation (55), 

rodent WAT develops a BAT-like phenotype in a process called WAT browning. More 

specifically, these brite (brown-in-white) or beige adipocytes develop multilocular lipid 

droplets, have an increased mitochondrial density, and express UCP1 (52, 55, 58, 59), 

which is thermogenically functional (56, 57, 60). Given these BAT-like characteristics, beige 

adipose tissue has been suggested to function as a ‘metabolic sink’ for glucose, thereby 

potentially improving whole-body glucose homeostasis. Indeed, beiging of rodent WAT 

through cold exposure or β3-adrenergic stimulation is associated with an enhanced WAT 

glucose uptake (50, 61) and improvements in whole-body glucose homeostasis (62). 

Despite these promising results in rodents, evidence for WAT beiging and its putative 

ability to improve glucose homeostasis in humans is scarce and not unequivocal. Thus, 
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prolonged exposure to mild cold in humans did neither induce WAT beiging markers in 

subcutaneous WAT biopsies (38) nor improve subcutaneous WAT glucose uptake using 

PET-CT (13, 33). On the other hand, exposure of the upper thigh region to cold using an 

ice-pack for 30 minutes/day for 10 consecutive days significantly increased subcutaneous 

UCP1 expression in both lean and – albeit to a lesser extent – obese individuals (63). In 

addition, subcutaneous WAT biopsies taken from burn victims – who are characterised 

by markedly elevated concentrations of circulating norepinephrine – showed markers 

of WAT browning, including an elevated UCP1 expression, citrate synthase activity 

and mitochondrial respiration (64). Prolonged treatment (50 mg/day for 12 weeks) of 

overweight/obese subjects with the selective β3-adrenergic agonist mirabegron also 

induced markers of WAT browning and improved insulin sensitivity as assessed by 

means of an euglycemic clamp (65). The change in WAT UCP1 expression, however, did 

not correlate with the improvements in glucose infusion rate (65). Taken together, the 

evidence for functional WAT browning in humans is virtually absent and further studies 

are required to determine its relevance for humans with respect to whole-body glucose 

homeostasis. 

5.2 Futile TAG/FFA cycling in white adipose tissue 
In addition to UCP1-dependent thermogenesis, WAT has also been reported to enhance 

its energy expenditure through UCP1-independent mechanisms (48, 66, 67), such as the 

futile creatine and TAG/FFA cycle. Similar to UCP1-dependent thermogenesis, activation 

of these futile cycles enhances energy expenditure and thereby could potentially affect 

glucose uptake and homeostasis. The futile creatine cycle takes place within mitochondria 

and involves the conversion of creatine into phosphocreatine – and vice versa – to induce 

an enhanced ATP turnover which is accompanied by the dissipation of heat, as reviewed 

elsewhere (68, 69). In line with this, beige adipose tissue of cold exposed mice (1 week 

at 4 ˚C) demonstrated an enhanced activity of mitochondrial creatine kinase activity, as 

well as an increased expression of genes involved in creatine metabolism, suggesting an 

increased reliance on this futile cycle for thermogenesis during cold exposure (70). This 

futile cycle also appears to have marked effects on glucose homeostasis, as adipocyte-

specific ablation of key proteins involved in this cycle (such as glycine amidinotransferase 

or creatine kinase B) is associated with an elevated fasting glucose and a reduced glucose 

tolerance in rodents (71, 72). To our knowledge, however, whether this futile cycle is 

activated in human WAT upon cold exposure, as well as its putative role in the regulation 

of whole-body glucose homeostasis, remains to be established. 
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Next to the futile creatine cycle, adipose tissue can also induce the futile TAG/FFA cycle 

to generate heat independent of UCP1. In short, WAT lipolysis of TAGs can induce a 

futile energy consuming cycle via two pathways: (1) FFAs derived from TAG lipolysis are 

immediately re-esterified in situ into new TAGs (intracellular cycling) or (2) FFAs derived from 

TAG lipolysis enter the bloodstream and are either stored in hepatocytes or converted into 

very-low density lipoproteins by the liver, whereafter they are transported back to the WAT 

(extracellular cycling), as reviewed in more detail elsewhere (68, 73, 74). Isolated adipocytes 

from subcutaneous WAT biopsies demonstrated a ~40% re-esterification of FFAs, although 

a large variation between individuals existed (75). Furthermore, it was established in white 

adipocytes isolated from healthy lean and obese donors that the futile TAG/FFA cycle 

accounted for ~12% of WAT total energy expenditure and that FFA re-esterification upon 

isoprenaline stimulation showed a negative correlation with BMI (76). In vivo analyses 

in healthy young males, using infusion of a stable 13C-palmitate and D-5-glycerol tracer, 

indicated that ~70% of all FFAs are re-esterified (20% intracellular; 50% extracellular) (77), 

thereby further demonstrating the thermogenic capacity of the TAG/FFA cycle. 

Interestingly, the futile TAG/FFA cycle has been shown to be greatly enhanced upon 

cold exposure or β3-adrenergic stimulation in rodent WAT (78, 79). Similar findings were 

reported for human WAT, although differences were observed between studies regarding 

the relative contribution of the intra- and extracellular TAG/FFA cycle. Thus, 3-hours of cold 

exposure at 5 ˚C increased the extracellular TAG/FFA cycle, whereas the intracellular cycle 

remained unaffected (80). In contrast, both mild cold exposure (18 ˚C for 180 minutes) 

or administration with mirabegron (200 mg) markedly increased the intracellular futile 

TAG/FFA cycle, with no effects on the extracellular cycling (47). The latter study further 

demonstrated the thermogenic capacity of the futile TAG/FFA cycle, as it accounted for 

~28% and ~55% of the total increase in energy expenditure upon cold exposure or β3-

adrenergic agonist administration, respectively (47). Given the latter, it is tempting to 

hypothesize that the increase in futile TAG/FFA cycling is inherently associated with an 

increased glucose uptake. However, it remains to be established whether the TAG/FFA 

cycle is still fully functional in people with (or at risk for developing) T2DM, and whether it 

contributes to improving WAT glucose uptake and whole-body glucose homeostasis. 

6. The role of skeletal muscle in cold-induced 
improvements in glucose homeostasis
The skeletal muscle is a metabolic tissue frequently proposed as a pivotal mediator in 

cold-induced improvements in glucose homeostasis. The latter is not entirely surprising 
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given the skeletal muscle’s extraordinary capacity for substrate oxidation, as well as 

its prominent regulatory function in glucose homeostasis (81, 82). In fact, an impaired 

insulin-stimulated skeletal muscle glucose uptake, i.e. skeletal muscle insulin resistance, 

is a major hallmark for the development of T2DM (81). Several studies have demonstrated 

robust increases in glucose uptake in a variety of muscles in vivo in both rodents and 

humans upon cold exposure (4, 6, 7, 13, 15, 29, 45, 83, 84), an effect that appears to 

occur independent of insulin (29, 84). This cold-induced skeletal muscle glucose uptake 

is therefore likely to be an important driving force behind the positive effects of cold-

induced improvements in glucose homeostasis. However, the precise physiological 

processes and molecular pathways mediating these effects are currently unknown and 

could potentially be attributed to shivering thermogenesis, non-shivering thermogenesis 

and/or adrenergic stimulation. 

6.1 Shivering thermogenesis and skeletal muscle glucose uptake
Apart from generating physical force, muscle contractions are well-known for the release 

of substantial amounts of heat – a principle utilized by the body during cold exposure. 

Thus, cold exposure induces involuntary muscle contractions for the sole purpose of heat 

production, better known as shivering thermogenesis (1). Shivering is a highly energetic 

process which is able to maximally increase energy expenditure by ~500% (85). To sustain 

this demanding process, shivering thermogenesis is fuelled by a combined oxidation of 

glucose and lipids, as reviewed elsewhere (86). The majority of the oxidized glucose for 

shivering thermogenesis is obtained from muscle glycogen stores, which accounts for 

~75% of total glucose oxidation (87), whereas the remainder (25%) is taken up directly 

from the circulation (87). In line with the latter, shivering of healthy and diabetic rats 

during acute cold exposure (4-5 ̊ C for 24 or 48h) markedly increases metabolic clearance 

of labelled plasma glucose, as well as basal skeletal muscle glucose uptake (4, 6, 7, 15). 

Likewise, Vallerand et al. (10) demonstrated that shivering during acute exposure to cold 

air (10 ˚C for 3h) robustly increased clearance of labelled plasma glucose in healthy male 

volunteers. In fact, shivering intensity was shown to positively correlate with glucose 

uptake, with a higher shivering intensity being associated with a higher total muscle 

glucose uptake (83). 

Although it is thus clear that shivering during cold exposure induces skeletal muscle 

glucose uptake, the underlying molecular pathways remain elusive and can so far only 

be speculated upon. In this context, several rodent and human studies have reported 

shivering-induced skeletal muscle glucose uptake in the absence of changes in plasma 
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insulin concentrations (3, 4, 32, 83). In fact, cold exposure has been shown to robustly 

increase skeletal muscle glucose uptake whilst simultaneously decreasing activation of 

key proteins of the insulin signalling pathway (29, 84), thereby strongly hinting towards 

insulin-independent mechanisms. Since shivering can be described as a “quasi-exercising” 

process during which muscle contractions occur but no external work is performed (88), 

it may stimulate GLUT4-mediated skeletal muscle glucose uptake through contraction-

mediated activation of AMP-activated protein kinase (AMPK) (84).

Adding to the effects seen on skeletal muscle glucose uptake, shivering thermogenesis 

has also been associated with marked effects on glucose homeostasis. Thus, shivering 

during cold exposure significantly lowers plasma glucose and insulin concentrations (3, 

4) and even improves glucose and insulin tolerance in both healthy and diabetic rodents 

(3, 4, 6, 7). Similarly, acute exposure of healthy males to shivering thermogenesis (10 

˚C for 3h) improved clearance of an intravenously infused glucose bolus during cold 

exposure, even though oral glucose tolerance remained unaffected (11). Upon returning 

to thermoneutrality, previous exposure to shivering thermogenesis appears to affect 

glucose homeostasis in a time- and/or dose-dependent manner. Thus, a recent study by 

Sellers et al. (35) reported a significant reduction in glucose tolerance of healthy males 

during an oral glucose tolerance test performed 90 minutes after the cold exposure, 

an effect that could potentially be related to elevated free fatty acid concentrations, an 

increased endogenous glucose production or changes in blood flow. In contrast, repeated 

exposure of T2DM patients to mild cold (14-15 ̊ C, 2-6h/day, 10 consecutive days) robustly 

improved insulin sensitivity by ~40%, ~16 hours following the last cold exposure (13). 

These results combined suggest that either 1) the beneficial effects of one bout of cold-

induced shivering thermogenesis occur after a prolonged period of time upon returning 

to thermoneutrality or 2) that repeated exposure to shivering thermogenesis is required 

to achieve beneficial effects on whole-body glucose homeostasis. As such, additional 

studies investigating the effects of a single bout of shivering thermogenesis after cold 

exposure, as well as the effects of repeated exposure to shivering thermogenesis, on 

whole-body glucose homeostasis are warranted. 

6.2 Skeletal muscle as a non-shivering thermogenic organ
Before the initiation of shivering thermogenesis, the human body relies on non-shivering 

thermogenic processes for the production of heat upon cold exposure. As implied by 

the name, these processes occur independent of muscle contractions and enable the 

body to maximally increase energy expenditure by ~30% (2). Although the exact tissues 
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involved in non-shivering thermogenesis in humans is still debated, a substantial role for 

skeletal muscle has previously been proposed. Thus, upon mild cold exposure (16˚C), 

overweight/obese individuals - characterized by low BAT activity - demonstrate similar 

levels of cold-induced thermogenesis as healthy lean individuals (20), suggesting the 

involvement of other tissues than BAT in non-shivering thermogenesis, such as skeletal 

muscle. In line with these results, cold acclimation of rats (5 ˚C for several weeks) was 

shown to significantly increase skeletal muscle glucose uptake independent of shivering 

thermogenesis (7), hinting towards an increased skeletal muscle energy demand to 

sustain non-shivering thermogenesis.

The exact impact and origin of skeletal muscle non-shivering thermogenesis is 

currently unclear, especially in humans. Previous studies have focussed on UCP3 – an 

UCP1 analogue expressed in skeletal muscle – and its potential role in mitochondrial 

uncoupling in skeletal muscle during cold exposure (89-92). However, the exact role of 

UCP3 in skeletal muscle non-shivering thermogenesis remains to be further explored, 

as discussed in more detail elsewhere (86). In short, several studies have reported an 

increase in skeletal muscle mitochondrial uncoupling upon acute cold exposure (89-91), 

albeit that UCP3 protein expression either remained unaffected (90, 92) or tended to 

increase (89). Furthermore, it appears that UCP3 is primarily involved in the regulation 

of fatty acid metabolism, thereby further putting into question its role in mitochondrial 

uncoupling (93).

Apart from UCP3, an emerging body of evidence has suggested a role of futile Ca2+ 

cycling in skeletal muscle non-shivering thermogenesis. Skeletal muscle is characterised 

by a highly developed sarcoplasmic reticulum for intracellular storage of Ca2+, which is 

released into the cytoplasm upon stimulation (e.g. depolarisation). The released Ca2+ is 

involved in various processes, including muscle contraction and intracellular signalling, 

but is afterwards rapidly transported back into the sarcoplasmic reticulum via the SERCA 

pump at the expense of ATP (94). However, the latter process can be regulated via a small 

molecular weight protein named sarcolipin (SLN), which uncouples SERCA-mediated 

Ca2+ transport. SLN thereby leaks Ca2+ back into the cytoplasm during SERCA-mediated 

transport into the sarcoplasmic reticulum, resulting in a futile Ca2+ cycle that increases ATP 

utilization and subsequently heat production (95, 96). In line with the latter, mice ablated 

of intrascapular BAT were able to maintain a stable core temperature upon prolonged 

cold exposure (4 ˚C for 9 days), independent of shivering, through an upregulation of 

skeletal muscle SERCA and SLN expression (97). This effect was abolished entirely in 

UCP1 and SLN double knock-out mice (98) or iBAT-ablated SLN KO mice (99), who were 
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unable to maintain a stable core temperature during prolonged cold exposure, unless 

gradually adapted (98). Combined, these results clearly demonstrate a pivotal role of SLN 

in skeletal muscle non-shivering thermogenesis in rodents. In human skeletal muscle, 

the expression of SLN is several fold higher as compared to rodents (100), although the 

role of this protein in human skeletal muscle non-shivering thermogenesis is entirely 

unknown. Hitherto, only SLN protein expression, but not activity, has been measured 

and compared between metabolically different individuals. Thus, in T2DM patients 

it was shown that SERCA2 and SLN expression remained unaltered upon prolonged 

mild cold acclimation (13). Furthermore, SLN expression was not significantly different 

between lean and obese subjects and does not correlate with either body fat percentage 

or resting metabolic rate (101). A role for SLN in human skeletal muscle non-shivering 

thermogenesis thus remains controversial, but should be investigated in more detail. 

Given its apparent role in skeletal muscle non-shivering thermogenesis in rodents, it is 

not surprising that muscle-specific SLN KO or overexpression has been associated with 

significant decreases or increases in basal energy expenditure, respectively, both in 

vitro and in vivo (99, 102-104). In line with the latter, SLN overexpression also markedly 

increased whole-body and muscle-specific fatty acid oxidation and transport, as well 

as mitochondrial density, quality and oxidative capacity (95, 103). Interestingly, these 

studies also demonstrate robust improvements in fasting glucose concentrations, 

skeletal muscle glucose uptake, glucose tolerance, and insulin sensitivity upon SLN 

overexpression, whereas SLN KO displayed the opposite phenotype (95, 99, 103, 104). 

However, it should be noted that these effects were accompanied by significant changes 

in body weight and fat mass, thereby limiting robust conclusions of the specific effects 

of SLN-induced non-shivering thermogenesis on skeletal muscle glucose uptake, and 

glucose and insulin tolerance (99, 103, 104). 

6.3. Skeletal muscle glucose uptake via β-adrenergic receptors 
Exposure to cold conditions is well-known for its activation of the sympathetic nervous 

system (SNS) (105), which has previously been suggested to underlie cold-induced 

skeletal muscle glucose uptake (7). Activation of the ventromedial hypothalamus (VMH) 

via either electrical or chemical stimulation has been shown to significantly increase 

skeletal muscle glucose uptake in rats, independently of changes in plasma insulin levels 

(106-108). Given that cold-induced SNS activity is highly associated with norepinephrine 

release by sympathetic nerve endings and – to a lesser extent – secretion of epinephrine 

into the circulation (109-113), skeletal muscle glucose uptake upon VMH stimulation 
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is likely attributed to catecholamine secretion. Indeed, inhibition of postganglionic 
norepinephrine release via guanethidine treatment during VMH stimulation in rats 
was shown to abolish skeletal muscle glucose uptake, whereas removing the adrenal 
medulla – which abolishes epinephrine secretion - did not (108). These finding thus 
indicate that cold-induced skeletal muscle glucose uptake is primarily mediated via local 
norepinephrine release and is less reliant on circulating epinephrine. 

Since norepinephrine binds to adrenergic receptors (ARs) to elicit its metabolic effects, 
studies have focussed on identifying the ARs involved in skeletal muscle glucose uptake. 

Although norepinephrine has a higher affinity for β1- and β3-ARs (114, 115), the effects 

on muscle appear primarily mediated via the β2-AR (116), the major subtype of ARs in 
myocytes (117). Thus, incubation of L6 muscle cells, C2C12 cells, or human primary 

myotubes with selective β2- and/or β2/β3-AR agonists was shown to promote glucose 

uptake through GLUT4 translocation (116, 118-122), whereas selective β1-AR agonists had 
no effect (116). Interestingly, these effects are not limited to cell cultures, since incubation 

of isolated rat soleus or EDL muscle with BRL37344 – a β-agonist specifically designed for 

β3-ARs but was recently also shown to bind and activate β2-ARs – significantly increased 

glucose uptake through activation of β2-ARs (123, 124), thereby hinting towards an in vivo 

physiological relevance of (β2-)adrenergic stimulation on skeletal muscle glucose uptake. 

However, investigating the in vivo effects of β2-AR agonists on skeletal muscle glucose 

uptake is complex. Acute administration of β2-AR agonists is well-characterised to 
induce hyperglycaemia and hyperinsulinemia (119, 125-127), thereby inherently 
affecting skeletal muscle glucose uptake. Thus, acute injection with BRL35135 – which 

was designed as a β3-AR agonist but was shown to bind to β2-ARs – has previously been 
demonstrated to increase skeletal muscle glucose uptake, an effect that was paralleled 
by increased plasma insulin concentrations (128). Nevertheless, prolonged treatment (6 

days) with the selective β2-AR agonist clenbuterol markedly increased basal in vivo skeletal 
muscle glucose uptake independent of changes in plasma insulin concentrations (119), 

demonstrating an insulin-independent mechanism of in vivo β2-AR agonist-mediated 
glucose uptake. In line with these findings – and in contrast to the acute effects (129) – 
long-term treatment of diet-induced obese (DIO) mice, as well as diabetic rodents, with 

a selective β2-AR agonist has been shown to robustly improve glucose tolerance (118, 
119, 130-135), significantly reduce plasma insulin concentrations (119, 130, 132, 133) and 
improve insulin sensitivity (132, 133, 136). 

Similar to the effects seen in animals, acute administration of β2-AR agonists in humans 
is also highly associated with increases in plasma glucose and insulin levels (137-139). 



Mechanisms of cold-induced improvements in glucose homeostasis 

29   

2

Thus, acute administration of the selective β2-AR agonist terbutaline (0.2-0.4 mg) in 
healthy volunteers significantly increased plasma insulin concentrations as well as leg 
glucose uptake, although the authors - based on further statistical modelling - concluded 
the increased glucose clearance to be independent of higher insulin concentrations 
(137). Similar to the data in rodents, a marked discrepancy also seems to exist between 

acute and chronic effects of β2-AR agonist supplementation in humans. Indeed, 10-day 

supplementation with the selective β2-/β3-AR agonist BRL35135 significantly improves 
glucose tolerance and insulin sensitivity in obese subjects (140). Although the tissues 
involved in this process were not identified, the authors found that this effect was entirely 
due to an increased glucose disposal (140). To our knowledge, merely two studies have 

investigated the effects of prolonged β2-AR agonist supplementation on skeletal muscle 

glucose uptake. Thus, oral supplementation with the β2-AR agonist terbutaline sulphate 
(3x 5 mg/day for 1 or 2 weeks) significantly increased insulin stimulated glucose disposal by 
~29% in healthy young males, an effect that was primarily attributed to an increased non-
oxidative glucose disposal of ~45% (141). Similar beneficial effects have been reported in 

healthy, young males upon 4-week inhalation with the selective β2-AR agonist terbutaline 
(4 mg/day), which enhanced glucose infusion rate during a hyperinsulinemic-euglycemic 
clamp by ~27% (142), albeit that these effects were paralleled by a significant increase 

in lean mass. These studies combined demonstrate that prolonged β2-AR treatment 
markedly affects skeletal muscle glucose uptake and whole-body glucose homeostasis, 
although this remains to be established in T2DM patients. 

In addition to the latter, the molecular pathways involved in mediating skeletal muscle 

glucose uptake upon β2-AR stimulation remain mostly elusive. To our knowledge, Sato et 

al. (118) were the first to investigate these mechanisms, demonstrating that activation 

of the mammalian target of rapamycin (mTOR) complex 2 (mTORC2) is key for β2-AR-

mediated glucose uptake in both L6 muscle cells and human primary myotubes (118). 

These stimulatory effects could be abolished by specific mTOR inhibitors or ablation of 

the fundamental Rictor subunit of mTORC2 via siRNA (118, 122). The role of mTORC2 

in β2-AR-mediated skeletal muscle glucose uptake was recently further highlighted in 

an elegant study by Meister et al. (134), who demonstrated that clenbuterol-mediated 

improvements in glucose homeostasis are abolished in skeletal muscle-specific Rictor 

knock-out mice. However, whether mTORC2 is also involved in mediating cold-induced 

improvements in (human) skeletal muscle glucose uptake remains to be established. 
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7. Conclusion
The epidemic rise in the prevalence of T2DM, and the concurrent lack of easily adherable 

and effective treatment strategies for these patients, have highlighted the urgent need 

for novel therapeutic approaches to improve glucose homeostasis. In this context, cold 

exposure has presented itself as a highly attractive treatment strategy for T2DM, with 

several (pre)clinical studies reporting marked beneficial effects on glucose disposal and 

insulin sensitivity. These improvements are likely primarily attributed to adaptations 

within the skeletal muscle, albeit that other metabolic organs (such as the liver and WAT) 

are also expected to be implicated. To date, the (molecular) pathways underlying the 

latter improvements remain elusive. Nevertheless, a comprehensive understanding of 

the mechanisms involved could potentially reveal urgently warranted, novel targets for 

the treatment of T2DM. It is therefore strongly encouraged that future studies within this 

– relatively unexplored – field focus on a detailed elaboration of the pathways mediating 

cold-induced improvements in glucose homeostasis in humans. Until that time, turning 

down the thermostat, taking a cold(er) shower or even removing a sweater could be a 

safe, sustainable start to improve your metabolic health.
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ABSTRACT
Aims/hypothesis - Chronic stimulation of β2-adrenoceptors, opposite to acute treatment, 

was reported to reduce blood glucose levels, as well as to improve glucose and insulin 

tolerance in rodent models of diabetes by essentially unknown mechanisms. We recently 

described a novel pathway that mediates glucose uptake in skeletal muscle cells via 

stimulation of β2-adrenoceptors. In the current study we further explored the potential 

therapeutic relevance of β2-adrenoceptor stimulation to improve glucose homeostasis 

and the mechanisms responsible for the effect. 

Methods - C57Bl/6N mice with diet-induced obesity were treated both acutely and for up 

to 42 days with a wide range of clenbuterol dosages and treatment durations. Glucose 

homeostasis was assessed by glucose tolerance test. We also measured in vivo glucose 

uptake in skeletal muscle, insulin sensitivity by insulin tolerance test, plasma insulin 

levels, hepatic lipids and glycogen.

Results - Consistent with previous findings, acute clenbuterol administration increased 

blood glucose and insulin levels. However, already after 4 days of treatment, beneficial 

effects of clenbuterol were manifested in glucose homeostasis (32% improvement of 

glucose tolerance after 4 days of treatment, p<0.01) and these effects persisted up to 42 

days of treatment. These favourable metabolic effects could be achieved with doses as 

low as 0.025 mg kg-1 day-1 (40 times lower than previously studied). Mechanistically, these 

effects were not due to increased insulin levels, but clenbuterol enhanced glucose uptake 

in skeletal muscle in vivo both acutely in lean mice (by 64%, p < 0.001) as well as during 

chronic treatment in diet-induced obese mice (by 74%, p < 0.001). Notably, prolonged 

treatment with low-dose clenbuterol improved whole-body insulin sensitivity (glucose 

disposal rate after insulin injection increased up to 1.38 ± 0.31 %/min in comparison with 

0.15 ± 0.36 %/min in control mice, p<0.05) and drastically reduced hepatic steatosis (by 

40 %, p<0.01) and glycogen (by 23%, p<0.05). 

Conclusions/interpretation  - Clenbuterol improved glucose tolerance after 4 days of 

treatment and these effects were maintained for up to 42 days. Effects were achieved 

with doses in a clinically relevant microgram range. Mechanistically, prolonged treatment 

with a low dose of clenbuterol improved glucose homeostasis in insulin resistant mice, 

most likely by stimulating glucose uptake in skeletal muscle and improving whole-body 

insulin sensitivity as well as by reducing hepatic lipids and glycogen. We conclude that 

selective β2-adrenergic agonists might be an attractive potential treatment for type 2 

diabetes. This remains to be confirmed in humans.  
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Introduction
Type 2 diabetes mellitus is characterised by impaired glucose homeostasis resulting 

from insulin resistance in peripheral tissues, such as liver and skeletal muscle, as well 

as from relative impairments in insulin release by pancreatic β-cells. Skeletal muscle is 

responsible for up to 80% of insulin-stimulated glucose uptake in healthy individuals (1), 

but glucose uptake in skeletal muscle of diabetic patients is severely impaired owing 

to insulin resistance. It makes it an attractive target to improve glucose homeostasis. 

However, there are currently no approved glucose-lowering drugs targeting glucose 

uptake in skeletal muscles.

We have recently described an entirely novel pathway that stimulates GLUT4-mediated 

glucose uptake in skeletal muscle cells. This pathway operates independent of the 

activation of classical regulatory pathways (insulin signalling or AMP-activated protein 

kinase (AMPK)) but instead involves β2-adrenergic receptors (β2-AR) and the activation 

of the mammalian target of rapamycin complex 2 (mTORC2) (2). We demonstrated 

that β2-AR stimulation induced glucose uptake both in vitro in myotubes and in vivo in 

skeletal muscle of healthy mice (after acute single injection with a relatively high dose 

of adrenergic agonists) (2, 3). In addition, we and others have also shown that β2-AR 

stimulation, using a relatively high dosage of the β2-AR agonist clenbuterol, improved 

glucose tolerance in diet-induced obese (DIO) mice (2), Goto–Kakizaki rats (2) and Zucker 

fatty rats (4) — well-established rodent models for human type 2 diabetes. In line with 

these data, β2-AR-ablation resulted in hyperglycaemia in mice (5, 6). 

The beneficial effects described above are not obvious, since it is an accepted fact that 

β2-AR agonists administered acutely cause hyperglycaemia (due to enhanced glucose 

output from the liver) and hyperinsulinaemia in humans and rodents (7-10) and have 

even been proposed for treatment of hypoglycaemic incidents (11, 12). The mechanism(s) 

explaining the beneficial effects of prolonged treatment vs deleterious acute effects with 

β2-AR agonists in vivo have been discussed (13,14), but remain undefined. Thus, we find 

it important in the present study to highlight and discuss further the difference between 

acute and chronic treatment with β-AR agonists.

Besides the beneficial effects on glucose tolerance, chronic treatment with clenbuterol 

or other β-AR agonists improves insulin resistance (13-19). The underlying mechanism by 

which β-adrenergic agonists beneficially affect insulin sensitivity remains to be elucidated. 

In the present study we discuss possible contributing factors. While potentiation of 

insulin-stimulated glucose uptake in muscle was reported for several β-AR agonists, 



 β2-agonists treatment and glucose homeostasis in mice

45   

3

including clenbuterol (15, 19), basal glucose disposal has not been sufficiently studied, 

despite its major role in maintaining fasting blood glucose. For this purpose, we studied 

the effect of β2-AR agonists on basal glucose uptake (in the fasting state with low insulin 

levels) during chronic treatment. 

Taken together, the current work aimed to further explore the therapeutic relevance of β2-

AR stimulation on glucose homeostasis. To develop our understanding of this matter, we 

chose clenbuterol as an oral long-lasting selective β2-AR agonist, since it has been studied 

most extensively in the field and particularly it has been demonstrated to stimulate 

glucose uptake in myocytes in vitro (2). Clenbuterol has an unfavourable reputation for its 

misuse in high doses by bodybuilders and fitness enthusiasts because of its hypertrophic 

effects in muscles and lipolytic effects in adipose tissues. However, clenbuterol in lower 

doses is generally assumed safe (20-22) and is used in humans for asthma treatment in 

a number of countries. The current study was performed on a well-established model of 

type 2 diabetes, DIO mice, which is characterised by obesity, glucose intolerance, insulin 

resistance and hepatic steatosis. Moreover, DIO mice share the same origin of diabetes 

with the majority of diabetic patients—obesity-related. 

In the current study we first treated DIO mice both acutely and chronically with a wide 

range of clenbuterol dosages to determine the minimal dose needed to improve glucose 

tolerance, which has not been studied before. Second, we discussed the mechanistical 

difference between acute and chronic treatment with β2-AR agonists. And finally, to 

explore the mechanisms involved, we treated DIO mice chronically with a relatively low 

dose of clenbuterol (in comparison with previously used dosages (2, 4, 15) and performed 

ITT, and measured plasma insulin levels, basal glucose uptake in skeletal muscle as well 

as hepatic lipids and glycogen. 

Methods
For detailed methods, please refer to the ESM.

Animals 
C57Bl/6N mice were bred at Stockholm University or purchased from Scanbur (Charles 

River). To generate diet-induced obesity, mice were fed a high-fat (45% fat) diet (HFD) 

(D12451, Research Diets) ad libitum for 4-9 months and kept at thermoneutrality (30°C) 

with a 12 h light/dark cycle and unlimited access to water. Mean body weight of DIO mice 

was 40-50 g. DIO mice were males unless stated otherwise and 7-10 months old at the 
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beginning of the treatment. Routinely, mice were housed in individual cages during the 

treatment. Cages were enriched with wood chips, a cardboard house or a roll, a wooden 

stick, paper and a piece of cotton. Body composition was measured by EchoMRI-100 

(Echo Medical Systems). All procedures were approved by the North Stockholm Ethical 

Committee for Care and Use of Laboratory Animals.

Treatment 
Prior to treatment, mice in different experimental groups had similar glucose tolerance, 

body weight and body composition. Clenbuterol (C5423, Sigma Aldrich) was injected i.p. 

daily (dissolved in saline [154 mmol/l NaCl]) or supplied in drinking water. We defined 

acute treatment as administration of a single dose and chronic (or prolonged) treatment 

as multiple dose treatment for 4 days or longer. Mice were treated in random order.

GTT, ITT and pyruvate tolerance test 
Clenbuterol was not administered on the day of a test. Mice were fasted for 5 h (prior to GTT 

and ITT) or 12 h (prior to pyruvate tolerance test). For GTT, glucose 2.5 g/kg lean weight (unless 

stated otherwise) was either injected i.p. or orally gavaged. For ITT and pyruvate tolerance 

test, human insulin 1 U/kg body weight (Actrapid, NovoNordisk) or pyruvate 2.5 g/kg lean 

weight (P8574, Sigma Aldrich) was injected i.p. In OGTTs, IPGTTs and pyruvate tolerance test, 

the total AUC was calculated with 0 mmol/l blood glucose as a baseline. Please note that the 

effect on fasting blood glucose contributes to the effect on total AUC. During OGTTs, plasma 

insulin was measured at time points 0 and 15 min by Elisa kit (90080, CrystalChem). In ITT, 

the rate of blood glucose disposal (KITT) was calculated as 0.693×100/t1/2, where t1/2 is the time 

necessary to reduce blood glucose by half, calculated from the linear regression analysis of 

data at 0, 15 and 30 min (23). Mice were accessed in random order. 

In vivo glucose uptake 
Mice were fasted for 5 h, anesthetised with pentobarbital (60 mg/kg i.p.), injected with 

clenbuterol (1 mg/kg, i.p.) or saline, and 20 min later injected i.p. with 4.81×106 Bq/

kg of 2-deoxy[3H]glucose (Perkin Elmer, Waltham MA USA; 2.96 × 1011 Bq/mmol) and 

euthanised 1 h later (as shown in Fig. 1d). Mice were fasted for 5 h, and 5 h after the 

last treatment with saline/clenbuterol, mice were anaesthetised with pentobarbital (70 

mg/kg i.p.), injected i.p. with 4.81×106 Bq/kg of 2-deoxy[3H]glucose and 80 min later 

euthanised. Serum was collected 20 min after 2-deoxy[3H]glucose injection, and insulin 

was measured as described above (as shown in Fig. 7a–b). Gastrocnemius muscle was 
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lysed in NaOH and analysed in a beta-counter. Mice were accessed in mixed order and 
investigators were blinded to treatment.

Hepatic lipids 
Fluorescence dye BODIPY 495/503 (0.1 mg/ml; D3922, Molecular Probes) was applied to 
frozen liver sections for 90 min at 37°C. Images were obtained using E800-fluorescence 
microscope (Nikon). Total lipids were extracted by two sequential incubations with 5 ml 
and 2 ml of methanol:chloroform extraction medium (1:2, vol./vol.) at room temperature 
for 2 days each time. Extraction media with lipids was collected and evaporated and lipid 
weight was determined gravimetrically. 

Hepatic glycogen 
A piece of liver was homogenised in water, boiled, centrifuged for 10 min at 18,000g and 
the supernatant was assayed using a kit (ab65620, Abcam). 

Cell cultures 
L6 rat myoblasts and L6 myoblasts stably expressing GLUT4-myc were purchased 
from KeraFast (ESK201 and ESK202), where they were tested for mycoplasma. Normal 
morphology and growth were always controlled. Cells were grown 90% to confluence 
and differentiated until formation of myotubes (5-7 days).

In vitro glucose uptake 
Differentiated L6 cells were serum-starved for 3.5 h, stimulated for 1.5 h with clenbuterol, 
washed with glucose-free media, stimulated with clenbuterol/saline for another 20 min, 
exposed to 50 nmol/l 2-deoxy[3H]glucose (Perkin Elmer, Waltham MA USA; 2.96 × 1011 
Bq/mmol) for 10 min, washed in glucose-free medium, lysed with NaOH, mixed with 
scintillation buffer and assayed in a beta-counter. 

In vitro GLUT4 translocation 
Differentiated L6 cells stably expressing GLUT4-myc were serum-starved for 3 h, stimulated 
for 2 h with 1 µmol/l clenbuterol or vehicle, fixed with 2% paraformaldehyde, blocked with 
glycine and BSA, incubated with primary antibody (rabbit anti-myc, 2278 from Cell Signaling, 
diluted 1:500 in PBS with 5% BSA) overnight in 4°C, incubated in the dark for 1 h with 
conjugated Alexa Fluor555 goat anti-rabbit antibody (21429 from Invitrogen, diluted 1:500 
in PBS with 1.5% BSA). Fluorescence was detected with a fluorescent confocal microscope 
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(Zeiss LSM 800). When myc-epitope was probed on the cells by Western blot, it resulted in 
only one band of a right molecular weight (not shown). Omission of the primary antibody 
resulted in no staining of the cells, confirming specificity of the secondary antibody.

Statistical analysis 
Data are expressed as the mean ± SEM. Each data point is a single mouse or, in cell experiments, 
a mean of duplicates or triplicates from separate experiments. Criteria for data exclusions 
were: obvious pippeting errors using insulin ELISA kits, which resulted in almost no signal (one 
value from each control and glucose groups in Fig. 1f; one control value on Fig. 5a and one 
treated value on Fig. 5b); improperly injected glucose during IPGTT not resulted in rise of blood 
glucose (two control values in Fig. 3a,b); water leakage resulted in too high apparent water 
intake (few days in all groups in Fig. 4a). Data were analysed with unpaired two-tailed Student’s 
t test, or one-way or two-way ANOVA with the Dunnett’s or Sidak’s multiple comparison tests 
as indicated in figure legends. Statistical analyses were performed using GraphPad Prism 8.2. A 
significant difference was considered at * p<0.05, ** p<0.01, *** p<0.001. 

Results
Beneficial effects of clenbuterol on glucose tolerance occur after 4 
days of treatment and persist for a prolonged period of time  
Previously, we have shown significant increases in glucose uptake in L6 myotubes upon 

acute incubation with the β2-adrenergic agonist clenbuterol (2). To confirm and elaborate 
on these results, we demonstrated that acute clenbuterol-mediated glucose uptake in 
L6 cells occurs in a dose-dependent manner, with doses as low as 10-8 mol/l significantly 
enhancing glucose uptake by 42% (p<0.01, Fig. 1a). We also showed that clenbuterol 
stimulation significantly enhanced GLUT4 translocation in L6 myotubes (by 298%, p<0.05, 
Fig. 1b,c). Moreover, clenbuterol stimulated glucose uptake in vivo in skeletal muscle 
when administered acutely in healthy mice (64%, p<0.001, Fig. 1d).

Next, we examined effects of acute clenbuterol administration on whole-body glucose 
homeostasis in vivo. Acute i.p. injection of clenbuterol (1 mg/kg) in DIO mice increased 
fasting blood glucose and insulin levels compared with a saline injection, up to similar 
levels to those observed during IPGTT (Fig. 1e,f). Glucose tolerance was not affected 
by acute clenbuterol treatment when analysed as total AUC (Fig. 2a,b); however, it was 
improved if we take into account the higher initial glucose levels (AUC above fasting blood 
glucose, not shown). Nonetheless, it should be considered that stimulated insulin release 
could contribute to this acute effect. 
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Fig. 1 In vitro and acute in vivo effects of clenbuterol. (a) Clenbuterol stimulation of L6 myotubes 
induced glucose uptake in a dose-dependent manner; n=5–8; data were analysed by one-way 
ANOVA with Dunnett’s multiple comparison test. (b, c) Stimulation of L6 myotubes with 1 µmol/l 
clenbuterol induces GLUT4 translocation as quantified in (c); n=3; data were analysed with unpaired 
two-tailed Student’s t test. Scale bars, 50 µm. (d) In vivo glucose uptake in gastrocnemius muscle of 
chow-fed mice treated with 1 mg/kg clenbuterol for 1 h; n=5–6; data were analysed with unpaired 
two-tailed Student’s t test. (e, f) Acute effects of clenbuterol on blood glucose (e) and plasma insulin 
(f); n=6 (diet-induced obesity was developed in C57Bl/6N mice maintained at 30°C and on HFD for 7 
months; mice were fasted in the morning for 6 h prior to clenbuterol, glucose or saline i.p. injection); 
data were analysed by two-way ANOVA with Dunnett’s multiple comparison test. In all graphs: 
*p<0.05, **p<0.01, ***p<0.001 vs vehicle (in e and f vs vehicle at the same time point) 

Interestingly, and in line with our previous study (2), when the clenbuterol treatment was 

continued for 4 days, we observed a reduction in fasting blood glucose (by 21%, p<0.05) 

as well as an improved glucose tolerance (by 32%, p<0.01, Fig. 2c,d, 24 h after last drug 

administration). Please, note that the effect on fasting blood glucose contributes to the 
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effect on total AUC. Surprisingly, repetitive daily drug administration did not increase 

blood glucose even transiently during chronic treatment (ESM Fig. 1). These beneficial 

effects of clenbuterol persisted for up to 42 days of treatment (Fig. 2e,f). It is important to 

note here that the beneficial effects of chronic treatment were not attributed to elevated 

insulin levels, in contrast to the acute effects (see below).

Fig. 2 Prolonged clenbuterol treatment improves glucose tolerance in DIO mice. (a, b) Effects of 
acute 2 h pre-treatment with clenbuterol on fasting blood glucose (a) and IPGTT (b) in DIO mice. 
Diet-induced obesity was developed in C57Bl/6N mice maintained at 30°C and on HFD for 6 
months; mice were fasted for 5 h, clenbuterol (1 mg/kg ) was injected i.p. at –120 min relative to 
blood glucose measurement, glucose (2 g/kg body weight) was injected i.p. at 0 min after blood 
glucose measurement; n=7. (c, d) Chronic 4 day treatment with clenbuterol decreased fasting blood 
glucose (c) and improved i.p. glucose tolerance (d). Diet-induced obesity was developed in C57Bl/6N 
mice maintained at 30°C and on HFD for 7 months; clenbuterol (1 mg/kg) was injected i.p. every 
morning for 4 days; on the 5th day mice were fasted for 5 h, glucose (2 g/kg body weight) was 
injected i.p.; n=5. (e, f) Chronic 42 day treatment with clenbuterol decreased fasting blood glucose 
(e) and improved i.p. glucose tolerance (f). Diet-induced obesity was developed in C57Bl/6N mice 
maintained at 30°C and on HFD for 7 months; clenbuterol (30 mg/l) was administered in drinking 
water; mean dose received was 2.04 ± 0.1 mg kg-1 day-1; mice were fasted for 5 h, glucose (2 g/kg 
body weight) was injected i.p.; n=5–6. AUCs and fasting blood glucose were analysed with unpaired 
two-tailed Student’s t test. *p<0.05, **p<0.01, ***p<0.001 vs vehicle
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Chronic treatment with clenbuterol improves glucose tolerance at 
doses in the microgram range 
In a dose–response study, DIO mice were treated daily with different doses of clenbuterol 

for 4 days, as this duration was shown to be sufficiently long to reach full effects. As 

seen in Fig. 3a,b, clenbuterol improved glucose tolerance and reduced fasting glucose 

levels in a dose-dependent manner. A subsequent experiment in a second cohort of mice 

indicated that a dose as low as 25 µg kg-1 day-1 (0.025 mg kg-1 day-1) still improved glucose 

tolerance (27%, p<0.01) and reduced fasting blood glucose levels (18%, p<0.05) (Fig. 3c,d). 

Taken together, clenbuterol improves glucose tolerance in DIO mice already after 4 days 

of treatment with doses in the microgram range.

Fig. 3 Clenbuterol improves fasting blood glucose and glucose tolerance in a dose-dependent 
manner. Two experiments were performed. In one experiment (a, b) DIO mice were treated with 
0.1, 1 or 10 mg/kg of clenbuterol for 4 days; n=3-5. Diet-induced obesity was developed in C57Bl/6N 
mice maintained at 30°C and on HFD for 9 months; clenbuterol was injected i.p. for 4 days; mice 
were fasted for 5 h, glucose (2 g/kg body weight) was injected i.p.; (a) fasting blood glucose and 
(b) glucose tolerance. In a separate experiment (c, d) DIO mice were treated with 0.005 or 0.025 
mg/kg of clenbuterol for 4 days; n=6–8, both males and females were used. Diet-induced obesity 
was developed in C57Bl/6N mice maintained at 30°C and on HFD for 4.5 months; clenbuterol was 
injected i.p. for 4 days; mice were fasted for 5 h, glucose (2 g/kg body weight) was injected i.p.; 
(c) fasting blood glucose and (d) glucose tolerance. AUCs and fasting blood glucose were analysed 
with one-way ANOVA with Dunnett’s multiple comparison test. In all graphs: *p<0.05, **p<0.01, 
***p<0.001 vs vehicle
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Chronic treatment with low-dose clenbuterol does not affect insulin 
release but improves insulin sensitivity 
Since clenbuterol acutely leads to insulin release (Fig. 1f), the positive effects of prolonged 

clenbuterol treatment on glucose homeostasis could be, in part, due to changes in insulin 

secretion. To address this question, DIO mice were treated for 32 days with low-dose 

clenbuterol-supplemented water (3 mg/l). When evaluated by OGTT, glucose tolerance 

improved after 4 days of low-dose clenbuterol treatment (ESM Fig. 2a) and this effect 

persisted when the treatment was continued for a prolonged period of time (ESM Fig. 

2b), similar to IPGTT in Fig. 2c–f. Treatment with clenbuterol did not significantly affect 

either water or food intake (Fig. 4a, c). Importantly, body weight, fat mass and lean mass 

remained unaffected during the treatment period (Fig. 4d-f). 

Fasting insulin levels were unchanged after 4 days of clenbuterol treatment (Fig. 5a), 

whereas they were significantly lowered by 43% after 18 days of treatment (p<0.01, Fig. 

5b). Fifteen minutes after glucose oral gavage, plasma insulin levels increased to the 

same extent in control and clenbuterol-treated mice both at 4 and 18 days of treatment 

(Fig. 5a,b), indicating that improvement of glucose tolerance was not a consequence of 

higher insulin release. Although clenbuterol administration did not result in a higher 

insulin release during the OGTTs, it could still potentially improve glucose tolerance by 

increasing insulin sensitivity. To explore this possibility, we performed an ITT after 24 days 

of low-dose clenbuterol treatment. As expected, blood glucose of DIO mice in the control 

group did not respond to insulin injection, indicating insulin resistance. Remarkably, 

clenbuterol-treated DIO mice showed a significant improvement of insulin sensitivity. 
Rates of glucose disposal (KITT) were markedly increased from 0.15 ± 0.36 to 1.38 ± 0.31 

%/min in control vs treated groups, respectively, p<0.05 (Fig. 5c–e). In fact, clenbuterol 

fully abolished insulin resistance caused by high-fat diet, since clenbuterol-treated 

mice responded to insulin similarly to chow-fed mice, which were, however, tested at a 

separate occasion (ESM Fig. 3). Together, these data indicate that the beneficial glucose-

lowering effect of clenbuterol manifested on glucose tolerance is not due to increased 

insulin secretion but involves increases in insulin sensitivity.
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Fig. 4 Effects of prolonged treatment with a low dose of clenbuterol on food and water intake, 
body weight and body composition. DIO mice were treated with low dose of clenbuterol for 32 days; 
n=6–7. Diet-induced obesity was developed in C57Bl/6N mice maintained at 30°C and on HFD for 5 
months; 3 mg/l clenbuterol was administered in drinking water. (a) water intake, (b) dose of 
clenbuterol calculated based on water intake, (c) food intake, (d) body weight, (e) body fat mass, (f) 
body lean mass. In (a) the data were analysed by mixed-effects analysis (since a few random data 
points were missing owing to water bottle leakage) with Sidak’s multiple comparison test; in (c–f) the 
data were analysed by two-way ANOVA with Sidak’s multiple comparison test; in all graphs the 
experimental group was not significantly different from the vehicle group.
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Fig. 5 Prolonged treatment with a low dose of clenbuterol does not increase insulin levels (OGTT) 
but improves insulin sensitivity. The data are from the same experiment as in Fig. 4 and ESM Fig. 2. 
Mice were fasted for 5 h. Plasma insulin was measured before and 15 min after glucose gavage in 
mice pre-treated with clenbuterol for 4 (a) and 18 (b) days; n=6–7. The data were analysed with 
unpaired two-tailed Student’s t test separately for fasting and glucose stimulated conditions. (c) ITT 
performed on 25th day of treatment with clenbuterol. After 5 h of fasting, insulin (1 U/kg body 
weight) was injected i.p. and blood glucose was measured after 15, 30, 60, 90 and 120 min; n=6–7. 
Insulin response from (c) is presented as change of blood glucose (15 min minus 0 min) and (30 min 
minus 0 min, p=0.056) (d), and rate of blood glucose disposal (KITT) (e). The data in (c, d) were analysed 
by two-way ANOVA with Sidak’s multiple comparison test, and in (e) with unpaired two-tailed 
Student’s t test. In all graphs: *p<0.05, **p<0.01 vs vehicle

Adaptations in liver and skeletal muscle underlie the clenbuterol-
mediated improvements in glucose homeostasis 
To further elaborate on the mechanisms that could underlie the improvements in glucose 
tolerance and insulin sensitivity upon clenbuterol treatment, we focused on the liver and 
skeletal muscle. As hepatic lipid accumulation is closely associated with insulin resistance 
(24-27), we first assessed hepatic lipid content by histological analysis. The area of 
hepatic lipid droplets was markedly reduced by ~ 40% (p<0.01) after prolonged (32 days) 
low-dose clenbuterol treatment. This reduction in hepatic steatosis was entirely due to 
a decrease in lipid droplet size (49%, p<0.05), since number of lipid droplets remained 
unaffected (Fig. 6a–d). A gravimetric assay for total amount of extracted lipids generated 
similar results (ESM Fig. 4). Apart from lipids, prolonged clenbuterol treatment decreased 
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liver glycogen by 23% (p<0.05, Fig. 6e) but did not affect gluconeogenesis, as addressed 
by pyruvate tolerance test (Fig. 6f).

Fig. 6 A low dose of clenbuterol reduces hepatic steatosis and hepatic glycogen. (a–e) DIO mice 
were treated with clenbuterol for 31 days; n=9–10, both males and females were used. Diet-induced 
obesity was developed in C57Bl/6N mice maintained at 30°C and on HFD for 7 months; 3 mg/l 
clenbuterol was administered in drinking water; mean actual dose of clenbuterol calculated based 
on water intake was 0.16 mg kg-1 day-1; mice were fasted for 5 h in the morning before dissections. 
(a) Representative fluorescent images of liver lipid droplets stained with BODIPY (green, lipid); scale 
bars, 50 µm. Quantification of images in (a) using ImageJ, in terms of total area of lipid droplets (b), 
size (c) and number of lipid droplets (d). (e) liver glycogen. (f) Pyruvate tolerance test was performed 
after 9 days of treatment during the same experiment as in Figs 4, 5 and ESM Fig. 2. The data were 
analysed with unpaired two-tailed Student’s t test in (b-e) and AUC in (f). In all graphs: *p<0.05, 
**p<0.01 vs vehicle.
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To test whether basal glucose uptake in skeletal muscle was stimulated upon chronic 

low-dose clenbuterol treatment in DIO mice, we performed an in vivo glucose uptake 

assay after 6 days of treatment. Low doses of clenbuterol stimulated glucose uptake in 

skeletal muscle by 74% even 5 h after the last treatment (p<0.001, Fig. 7a). Importantly, 

stimulated glucose uptake was not attributed to increased insulin levels. In fact, serum 

insulin was reduced in clenbuterol-treated mice during the experiment (by 38%, p<0.05, 

Fig. 7b, similarly to Fig. 5b).

Combined, these data suggest that adaptations in both the liver and skeletal muscle 

as well as an increase in insulin sensitivity contribute to the clenbuterol-mediated 

improvements in glucose homeostasis. 

Fig. 7 A low dose of clenbuterol stimulates in vivo glucose uptake in gastrocnemius muscle of DIO 
mice during chronic treatment. (a, b) DIO was developed in C57Bl/6N mice maintained at 30°C and 
on HFD for 8 months. DIO mice were treated with saline (vehicle; n=7) or clenbuterol (n=8) for 6 
days. After 4 days of treatment, IPGTT was performed (not shown). After 6 days of treatment in vivo 
glucose uptake was measured in gastrocnemius muscle, 5 h after the last treatment and after 5 h of 
fasting (a). Insulin was measured in serum collected during the test (b). The data were analysed with 
unpaired two-tailed Student’s t test: *p<0.05, ***p<0.001 vs vehicle
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Discussion 
In the present study, we investigated the therapeutic relevance of β2-AR stimulation on 

glucose homeostasis in DIO mice. We demonstrated that treatment with the β2-adrenergic 

agonist clenbuterol improves glucose tolerance already after 4 days of treatment. These 

effects persisted at least up to 42 days of treatment and could also be achieved with 

doses in the microgram range, which are about 40 times lower than previously studied 

(2, 4, 15, 28). Moreover, low-dose clenbuterol stimulated basal in vivo glucose uptake in 

skeletal muscle and improved whole-body insulin sensitivity as well as reduced hepatic 

steatosis under chronic stimulation in DIO mice. 

In the present study, in line with previous findings, acute clenbuterol administration 

increased blood glucose and insulin levels (7-10). However, we could also show that, after 

4 days of treatment, clenbuterol reduced fasting blood glucose and improved glucose 

tolerance (24 h after last administration). And these effects were maintained at least up 

to 42 days. On the basis of these combined results we hypothesised that treatment with 

β2-adrenergic agonists induces a dynamic response over time (Fig. 8). Thus, clenbuterol 

(acutely or chronically) stimulates glucose uptake in skeletal muscles. However, in the acute 

setting, clenbuterol augments hepatic glucose output, which is not fully compensated by 

the enhanced glucose uptake in peripheral tissues resulting in hyperglycaemia. Upon 

prolonged treatment with clenbuterol, peripheral glucose clearance appears to exceed 

the hepatic glucose output, resulting in a favourable metabolic profile. Hepatic glucose 

output is likely to be diminished under prolonged clenbuterol treatment at least in part 

due to improved insulin sensitivity and reduced glycogen levels.

Regarding the underlying mechanism, we first investigated how a low dose of clenbuterol 

affects body composition. Clenbuterol is well known for its capacity to increase lean mass 

and decrease fat mass (29, 30). In turn, improvements in glucose homeostasis could be 

attributed to any of these two effects (31, 32). However, clenbuterol did not affect either 

lean or fat mass in the current study, presumably owing to the low dose of clenbuterol 

applied. We also excluded enhanced insulin secretion as a contributing factor since 

fasting plasma insulin concentrations were significantly reduced upon prolonged low-

dose clenbuterol treatment and since plasma insulin levels rose to a similar extent in 

treated vs non-treated mice upon glucose administration during OGTTs. 
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Fig. 8 Working hypothesis of clenbuterol actions acutely and chronically. Prediabetic and diabetic 
people and rodents are characterised by insulin resistance, which leads to increased glucose output 
from the liver and reduced glucose uptake in peripheral tissues, including muscle, and which results 
in hyperglycaemia and glucose intolerance. Treatment with a β2-AR agonist such as clenbuterol 
(acutely or chronically) stimulates glucose uptake in skeletal muscles. However, acutely clenbuterol 
augments hepatic glucose output, which is not fully compensated by enhanced glucose uptake 
in peripheral tissues and results in hyperglycaemia as a net effect. However, under prolonged 
treatment with clenbuterol, peripheral glucose clearance matches hepatic glucose output, resulting 
in a favourable metabolic profile. Hepatic glucose output is likely to be reduced under prolonged 
clenbuterol treatment at least in part because of normalised insulin sensitivity and reduced liver 
glycogen. This working hypothesis is elaborated in the discussion section. Images were taken from 
Servier Medical Art (smart.servier.com)

In the absence of changes in insulin secretion, we hypothesised that the improvements 

in glucose tolerance were linked to an increased insulin sensitivity. Indeed, whole-body 

insulin sensitivity improved remarkably upon prolonged low-dose clenbuterol treatment, 

as assessed by ITT. These results confirm previously published data, which, however, 

were obtained with a relatively high dose of clenbuterol (15). It is a remarkable effect 

considering that insulin resistance is a characteristic manifestation of type 2 diabetes, it 

is closely associated with several other conditions including cardiovascular diseases and 

it remains poorly treated to date (33). Here we show that selective β2-adrenergic agonists 

present an attractive avenue for treatment of insulin resistance.
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The underlying mechanism by which β2-adrenergic agonists beneficially affect insulin 

sensitivity remains to be elucidated. Although these effects have previously been related 

to tissue redistribution (4, 15), we excluded this factor as was discussed above. Instead, 

the insulin-sensitising effects of clenbuterol could be, in part, mediated by reduction in 

hepatic lipid accumulation (34-36). Remarkably, we could show that total liver lipid content 

was drastically reduced upon clenbuterol treatment. These results contradict previous 

data on isoprenaline (isoproterenol), which stimulated hepatic lipid accumulation in mice 

(37); the difference however may be accounted for the fact that isoprenaline is a non-

selective β-AR agonist, which moreover was administered at a very high dose. Another 

possible mechanism for how clenbuterol could improve insulin sensitivity, particularly 

in the liver, is by reducing liver glycogen levels. An experimentally-increased amount 

of glycogen in the liver by itself induced hepatic insulin resistance and inhibited new 

glycogen synthesis in healthy dogs (38). Interestingly, novel classes of glucose-lowering 

drugs, SGLT2 inhibitors and dual GLP1/glucagon agonists, are also known to reduce 

liver glycogen storage (39-41). In addition, clenbuterol could also affect insulin sensitivity 

through a reduction in inflammation, since these two conditions are closely associated 

(reviewed in (42, 43)). In fact, other β2-adrenergic agonists, salbutamol and terbutaline, 

exhibited anti-inflammatory effects in diabetic rats and DIO mice (44, 45). Ultimately, 

corrected hyperglycaemia can also improve insulin sensitivity, since glucotoxicity by itself 

can lead to insulin resistance in healthy men and mice (46, 47).

Most importantly, one consequence of improved insulin sensitivity is reduced (better 

controlled) hepatic glucose output, which in turn is an important contributor to normal 

glucose homeostasis (see working hypothesis in Fig. 8). Moreover, lower hepatic glycogen 

levels may reduce glucose output from the liver, since the rate of glycogenolysis is known 

to depend on the amount of glycogen (48). Collectively, higher insulin sensitivity and 

lower glycogen in the liver of clenbuterol-treated mice may contribute to decreased 

(normalised) glucose output from the liver and, together with stimulated glucose disposal 

in muscles, lead to restored glucose homeostasis (Fig. 8). 

Besides the liver, we also studied skeletal muscle for its contribution to the clenbuterol-

induced improvements in glucose homeostasis. We clearly showed that chronic 

treatment with clenbuterol stimulated basal glucose uptake in skeletal muscle in vivo 

independently of insulin, indicating an intrinsic ability of adrenergic stimulation to induce 

glucose uptake in skeletal muscles in vivo (probably through activation of the β2-mTORC2 

pathway (2)). Interestingly, stimulation of basal glucose uptake in muscles was able to 

improve glucose homeostasis in mice overexpressing GLUT1 in skeletal muscle (49). 
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Thus, our findings support that prolonged treatment with the β2-adrenergic agonist 

clenbuterol stimulates basal glucose uptake in skeletal muscle, which, together with the 

previously established effect on insulin-stimulated glucose uptake, is likely to contribute 

to the observed improvements in whole-body glucose homeostasis.  

Human relevance of the β2-adrenergic pathway was indicated in our previous study, in 

which mild cold exposure stimulated glucose uptake in skeletal muscle and improved 

insulin sensitivity in diabetic people without activation of insulin- or AMPK-signalling (50). 

In another study on healthy men, insulin sensitivity was improved under chronic treatment 

with β2-AR agonist terbutaline (15 mg/day for 1-2 weeks) (18). In the present study we 

demonstrated that clenbuterol improved glucose tolerance in DIO mice at doses in the 

microgram range, which are generally assumed safe for treatment of asthma (20-22). 

Demonstration of effectiveness of clenbuterol at much lower doses than was previously 

studied is important, since reducing the dose of the drug may diminish potential side-

effects. As such, the true clinical relevance of this novel, insulin-independent pathway to 

improve whole-body glucose homeostasis (namely, three conditions: glucose tolerance, 

insulin resistance and hepatic steatosis) could be readily tested in humans.

Our study has its limitations. DIO mice are characterised by insulin resistance but only 

mild hyperglycaemia. Thus, they can be interpreted as a model for only early stages of 

type 2 diabetes. However, clenbuterol has been shown to improve glucose homeostasis 

in two other models (2, 4, 15). Second, it would be of clinical relevance to extend our 

study to other β2-AR agonists, which are currently in wider clinical use for asthma. To 

date there are only few studies addressing these objectives (16-18). Third, our study was 

almost entirely limited to male mice, partly due to relative resistance of female C57Bl/6 

mice to developing obesity, glucose intolerance and insulin resistance. 

In summary, prolonged supplementation of a β2-AR agonist robustly improved glucose 

homeostasis in DIO mice already after 4 days of treatment. Remarkably, these effects 

could be maintained for up to 42 days and could be achieved with very low doses. These 

effects on glucose homeostasis were most likely to be mediated both by an enhanced 

glucose uptake in skeletal muscle and an improved whole-body insulin sensitivity. In 

addition, prolonged treatment with clenbuterol reduced hepatic glycogen and profoundly 

improved hepatic steatosis. 
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Supplementary figures 

ESM Fig. 1. Repetitive daily administration of clenbuterol did not increase blood glucose.
(a) DIO was developed in C57Bl/6N mice maintained at 30°C and on HFD for 8 months. DIO mice were 
injected i.p. with saline (n=7) or clenbuterol (0.17 mg kg-1 day-1, n=8) for 7 days. On the last day of the 
treatment, non-fasting blood glucose was measured before and 20 min after drug administration. Data 
were analyzed by mixed-effects analysis with Dunnett’s multiple comparison test. (b) acutely, single 
injection with clenbuterol elevates fasting blood glucose even at the lowest dose of the drug (0.025 mg/
kg). Data were analyzed by two-way ANOVA with Dunnett’s multiple comparison test. *** p < 0.001.

ESM Fig. 2. Prolonged treatment with low-dose clenbuterol improves oral glucose tolerance.
The data are from the same experiment as in figures 4, 5 and 6f. DIO mice were treated with 
clenbuterol (3mg/l in drinking water) for 32 days. Oral GTT was performed after 4 (A) and 18 (B) 
days of the treatment. After 5 hours of fasting, glucose (2,5 mg/kg lean mass) was administrated by 
oral gavage and blood glucose was measured in 15, 30, 60, 90 and 120 minutes. AUC were analyzed 
with unpaired two-tailed Student’s T-test. * p < 0.05, ** p < 0.01.
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ESM Fig. 3. Prolonged treatment with low dose of clenbuterol normalizes insulin sensitivity to 
the level of young chow-fed mice kept at room temperature.
Data for vehicle and clenbuterol are the same as in figure 5C. Please note, that chow-fed mice are 
from a separate experiment, performed at a different occasion (mice were not treated). Data in 
clenbuterol and chow-fed groups were not statistically different at time points 0, 15 and 30 minutes, 
as analyzed by two-way ANOVA with Tukey’s multiple comparison test.

ESM Fig. 4. Prolonged treatment with low dose of clenbuterol reduces hepatic steatosis.
Diet-induced obesity was developed in C57Bl/6N mice maintained at 21°C or 30°C and on HFD for 
4 months; they were treated with clenbuterol for 40 days, 3 mg/l clenbuterol was administered 
in the drinking water. Mice were 10 months old in the beginning of the treatment. Hepatic lipids 
were extracted and measured gravimetrically. Data were analyzed by unpaired two-tailed Student’s 
T-test. * p < 0.05.
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Abstract 
Objectives - Prolonged supplementation with the β2-agonist clenbuterol improves 

glucose homeostasis in diabetic rodents, likely via β2-adrenoceptor (β2-AR)-mediated 

effects in the skeletal muscle and liver. However, since rodents have, in contrast to- 

especially diabetic- humans, substantial quantities of brown adipose tissue (BAT) and 

clenbuterol has affinity to β1- and β3-ARs, the contribution of BAT to these improvements 

is unclear. Therefore, we investigated clenbuterol-mediated improvements in glucose 

homeostasis in uncoupling protein 1 deficient (UCP1-/-) mice, lacking thermogenic BAT, 

vs. wild-type (WT) mice. 

Methods - Anaesthetized WT and UCP1-/- C57Bl/6 mice were injected with saline or 

clenbuterol and whole-body oxygen consumption was measured. Furthermore, male WT 

and UCP1-/- C57Bl/6 mice were subjected to 17-weeks of chow feeding, high-fat feeding 

or high-fat feeding with clenbuterol treatment between week 13-17. Body composition 

was measured weekly with MRI. Oral glucose tolerance and insulin tolerance tests were 

performed in week 15 and 17, respectively. 

Results - Clenbuterol increased oxygen consumption ~2-fold in WT mice. This increase was 

blunted in UCP1-/- mice, indicating clenbuterol-mediated activation of BAT thermogenesis. 

High-fat feeding induced diabetogenic phenotypes in both genotypes. However, 2-weeks 

low-dose clenbuterol treatment significantly reduced fasting blood glucose by 12.9% 

in WT and 14.8% in UCP1-/- mice. Clenbuterol treatment improved glucose and insulin 

tolerance in both genotypes compared to HFD controls and normalized to chow-fed 

control mice independent of body mass and -composition alterations. 

Conclusions - Clenbuterol improved whole-body glucose homeostasis independent of 

UCP1. Given the low human abundancy of BAT, β2-agonist treatment provides a potential 

novel route for glucose disposal in diabetic humans. 

New and Noteworthy - Improvements in whole-body glucose homeostasis of rodents 

upon prolonged β2-adrenergic agonist supplementation could potentially be attributed 

to UCP1-mediated BAT thermogenesis. Indeed, we show that acute injection with the 

β2-agonist clenbuterol induces BAT activation in mice. However, we also demonstrate 

that prolonged clenbuterol supplementation robustly improves whole body glucose and 

insulin tolerance in a similar way in both DIO WT and UCP1-/- mice, indicating that β2-

agonist supplementation improves whole-body glucose homeostasis independent of 

UCP1-mediated BAT thermogenesis. 
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1. Introduction 
Skeletal muscle insulin resistance is a primary factor underlying an impaired postprandial 

glucose clearance and a major hallmark in the development of type 2 diabetes mellitus 

(T2DM) (8, 9). The possibility to stimulate skeletal muscle glucose uptake in an insulin-

independent manner could therefore significantly contribute to a positive disease 

outcome. In this context, we have previously shown that stimulation of β2-adrenergic 

receptors (β2-AR) in L6 muscle cells and human primary myotubes enhances glucose 

uptake via glucose transporter 4 (GLUT4) translocation independent of both the insulin 

signaling and AMPK pathways, namely through activation of the mammalian target of 

rapamycin complex 2 (mTORC2) (37). In line with these findings, prolonged activation 

of β2-AR in diet-induced obese (DIO) mice through treatment with the β2-adrenergic 

agonist clenbuterol significantly increased in vivo skeletal muscle glucose uptake (16). 

Furthermore, we and others have shown that prolonged clenbuterol supplementation is 

associated with robust improvements in both glucose- and insulin tolerance of insulin-

resistant rodents (7, 33, 37, 40), in a dose-dependent manner (16).  

Despite the aforementioned effects on skeletal muscle, it cannot be excluded that other 

tissues also contribute to the favorable effects on whole-body glucose homeostasis seen 

after prolonged β2-AR stimulation. This is especially of importance for brown adipose 

tissue (BAT) since clenbuterol has an additional (low) affinity to both β1- and β3-adrenergic 

receptors (1), the primary receptors involved in BAT activation (6). BAT functions as an 

important thermogenic organ, increasing energy expenditure and the dissipation of heat 

during cold exposure through uncoupling of mitochondrial oxidative phosphorylation via 

uncoupling protein 1 (UCP1) (6). Due to its capacity to enhance energy expenditure and 

to clear large amounts of glucose from the blood (6, 32, 38), BAT has been a prominent 

target for the treatment of T2DM and its therapeutic potential has been highlighted by 

several rodent studies. Thus, activation of BAT through cold exposure (3, 43) or treatment 

with the selective β3-AR agonist CL-316.243 (31, 45) has been shown to robustly improve 

glucose homeostasis in both mice and rats. In addition, transplantation of BAT into the 

visceral or dorsal interscapular region in mice has been shown to protect against the 

detrimental effects of HFD feeding on glucose and insulin tolerance (19, 39), further 

highlighting the importance of the BAT in the regulation of glucose homeostasis. 

Taken together, it can be argued that the previously observed beneficial effects of 

prolonged β2-AR stimulation on whole-body glucose tolerance could – at least in part 

– be mediated by BAT thermogenesis, as previously suggested (7). In the current study 
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we therefore first investigated the ability of the β2-AR agonist clenbuterol to acutely 

activate BAT thermogenesis in vivo in mice. Subsequently, we investigated the role of BAT 

thermogenesis in the metabolic effects of prolonged clenbuterol treatment by studying 

UCP1-/- mice, who are deprived of UCP1-mediated BAT thermogenesis (10, 23). In short, we 

demonstrate that acute clenbuterol administration activates BAT thermogenesis in vivo 

in mice. However, prolonged low-dose clenbuterol supplementation robustly improved 

glucose and insulin tolerance in both WT and UCP1-/- mice, indicating that these effects 

also occur in the absence of the thermogenic function of BAT. We also show here that 

prolonged β2-AR stimulation is capable of normalizing glucose and insulin tolerance to a 

similar level as seen in lean, healthy, chow-fed mice.

2. Material and methods
2.1 Animals and Ethical approval
C57Bl/6 WT and UCP1-/- mice were bred and housed at the animal facility of Stockholm 
University. All mice were kept at thermoneutrality (30 ˚C) in a temperature-controlled 
room with a 12-hour light/dark cycle and had access to water and food ad libitum. During 
the clenbuterol intervention period, all mice were single-caged. All animal experiments 
were approved by the North Stockholm Ethics Committee. 

2.2 Study designs 

Acute effects of clenbuterol injection on BAT thermogenesis

After 2 weeks of acclimatization to 30°C, 13-16 weeks old male WT (n = 5) and UCP1-/- mice 

(n = 8) were anaesthetized via an intraperitoneal pentobarbital (70 mg/kg) injection. Mice 

were placed in metabolic chambers (Promethion, Sable systems) for 20 minutes to assess 

basal metabolic rate. Afterwards, mice were injected intraperitoneally with either saline 

or clenbuterol (1 mg/kg) in a randomized order and oxygen consumption was measured 

for 30 minutes. After a wash-out period of 2-weeks, the experiment was repeated in a 

cross-over design. Average baseline and stimulated oxygen consumption were measured 

over a 10-min stable period and these data were corrected for lean mass. Data of mice 

that woke up during the procedure was not used.

Effect of prolonged clenbuterol supplementation on the glucose homeostasis in UCP1-/- mice

At 8-weeks of age, 49 male WT and UCP1-/- mice (n = 25 and n = 24, respectively) were 

randomized into two groups receiving a 13-week run-in diet: a low-fat diet control group (n 
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= 8/genotype) (R70 Lactamin, Sweden) or a high-fat diet (HFD) group (n = 16-17/genotype) 

(45% kcal from fat, 17% kcal from sucrose, D12451, Research Diets, New Brunswick, USA) 

to induce obesity and glucose intolerance (Figure 1). An intraperitoneal glucose tolerance 

test (IpGTT) and insulin tolerance test (ITT) were performed after 12 and 13-weeks of the 

run-in diet, respectively. After 13 weeks, the low-fat control group continued on the chow 

diet whereas the HFD group of each genotype was further subdivided into two groups 

that were closely matched for body weight, fat mass, lean mass and glucose and insulin 

tolerance: a HFD group (n= 8-9) and a HFD group receiving a 33-day, low-dose (3 mg/L in 

the drinking water) clenbuterol (Clenbuterol hydrochloride, C5423, Sigma Aldrich, ≥95 %) 

treatment (n=8), as described previously (16). 

From the start of the low-dose clenbuterol treatment (t = 0), body composition was 

measured weekly by means of magnetic resonance imaging (MRI) (EchoMRI-100, Echo 

Medical Systems, USA). An oral glucose tolerance test (oGTT) and insulin tolerance 

test (ITT) were performed after 2 and 4 weeks of treatment (t = 2 and 4), respectively 

(Figure 1). Five days after the ITT, mice were euthanised by means of CO2, 10 minutes 

after an insulin injection (5 U/kg lean mass). The heart was perfused with 20 mL ice-cold 

phosphate buffer solution (PBS) and gastrocnemius muscle and interscapular BAT were 

isolated. Tissues were stored at -80 ˚C until further analyses. 

2.3 Glucose and insulin tolerance tests
Prior to a GTT or ITT, mice were fasted for 5 hours during which clenbuterol treatment was 

temporarily ceased. For the GTT, mice were administered a glucose solution dissolved in 

saline (2.5 g/kg lean mass) via intraperitoneal injection (IpGTT) or oral gavage (oGTT). 

During the ITT, mice were injected with 1 U/kg lean mass of human insulin (Actrapid, 

Novo Nordisk, Denmark). During both the GTT and the ITT, blood glucose concentrations 

were measured at t = 0, 15, 30, 60, 90 and 120 minutes in blood collected from a cut of the 

tail tip by means of an Accucheck Aviva (Roche Diagnostics Scandinavia AB, Stockholm, 

Sweden). In addition, blood samples were collected at t = 0, 15 and 30 during the oGTT. 

Blood plasma was isolated and plasma insulin concentrations were measured by means 

of an ELISA (Ultra-Sensitive Mouse Insulin ELISA KIT, #90080, Crystal Chem) according to 

the manufacturers’ instructions. 
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Figure 1. Study design. WT and UCP1-/- mice were put on a 13-week run-in diet consisting of 
either chow or high-fat diet (HFD). An ipGTT and ITT were performed after 12 and 13 weeks of the 
run-in diet (t = -1 and t = 0), respectively. Afterwards, the HFD diet group of each genotype was 
further subdivided into a HFD control group and a HFD intervention group which received low-dose 
clenbuterol supplemented water (3 mg/L) for 33 days. At the start of the intervention, HFD groups 
were matched for body mass, body composition and glucose- and insulin tolerance. An oGTT and ITT 
were performed in all groups after 2 and 4 weeks of treatment (t = 2 and t = 4), respectively. 

2.4 Western blot 
Western blotting was performed for quantification of insulin signaling in skeletal muscle 

and BAT. Gastrocnemius muscle and interscapular BAT samples were homogenized in 

Bio-Plex Cell Lysis buffer (BioRad Laboratories; Veenendaal, The Netherlands). Equal 

amounts of protein were loaded on stain-free 4-12% TGX gels (Bio-Rad Laboratories) 

and after electrophoresis transferred to a nitrocellulose membrane (Trans-Blot Turbo 

Transfer System, Bio-Rad laboratories). Blots were incubated overnight with primary 

antibodies: Phospho-Akt (Ser473) (1:2,500, #9271, Cell Signalling, Bioké, Leiden, The 

Netherlands) or Akt (1:2,500, #9272; Cell Signalling). After incubation with the appropriate 

IRDye-conjugated secondary antibodies (LI-COR, Bad-Homburg, Germany) proteins were 

detected and quantified using a CLx Odyssey Near Infrared Imager (LI-COR).

2.5 Statistical analyses
All data were statistically analysed with GraphPad Prism 9.0 (GraphPad Software Inc. La 

Jolla, CA, USA). All data were assessed for normality by means of an Kolmogorov-Smirnov 
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test. Paired data of the acute experiment were analysed by means of a Paired Student’s 

T-test in case of normality or a non-parametric Wilcoxon matched-pairs signed rank test 

in case of non-normally distributed data. Data acquired during the prolonged clenbuterol 

supplementation was analysed by means of different statistical tests. Body weight and 

composition were analysed between the three groups (chow, HFD and HFD + clen) of 

either WT or UCP1-/- mice by means of a two-way ANOVA with a Tukey’s post hoc test. Other 

comparisons between the three groups of each genotype were tested for significance via 

a one-way ANOVA with Tukey’s post hoc test if data were normally distributed. In case of 

non-normally distributed data, a non-parametric Kruskal-Wallis test was used. Data were 

considered statistically significant if p < 0.05. All data are expressed as mean ± SE.

3. Results
3.1 Acute clenbuterol injection activates BAT in vivo in mice.
To investigate the ability of clenbuterol to activate BAT in vivo in mice, pentobarbital 

anaesthetized WT and UCP1-/- mice were injected acutely with either saline or clenbuterol 

(1 mg/kg), followed by the measurement of whole-body oxygen consumption. As 

expected, saline injection did not increase whole-body oxygen consumption, neither 

in WT nor in UCP1-/- mice (Figure 2A-C). In contrast, clenbuterol markedly increased 

whole-body oxygen consumption by 88.94% in WT mice (p = 0.0003, Figure 2A and C). 

The oxygen consumption in UCP1-/- mice upon clenbuterol injection was blunted, but 

still significantly increased by 46.52% (p < 0.0001, Figure 2B and C). Combined, these 

results strongly suggest that clenbuterol activates BAT non-shivering thermogenesis in 

vivo in mice, although the increased oxygen consumption is partly dependent on other 

metabolic processes as these effects were blunted, but not abolished, in UCP1-/- mice. 

3.2 Prolonged low-dose clenbuterol supplementation does not 
affect body composition
We next investigated whether prolonged low-dose clenbuterol treatment would improve 

glucose homeostasis in both WT and UCP1-/- DIO mice (Figure 1). Prior to this treatment 

period (t = 0), both HFD + clen groups of WT and UCP1-/- mice were similar in body weight 

and body composition as compared to their HFD counterparts (Figure 3). Obviously, 

body weight and fat mass were significantly increased in all HFD groups as compared to 

their respective chow-fed control groups (Figure 3A-B and 3E-F). During the treatment 

period, the change in body weight was similar between HFD and HFD + clen groups of 
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both WT and UCP1-/- mice and body weight averaged 44.36 ± 0.93 vs. 44.36 ± 1.33 grams 

in WT and 44.84 ± 0.88 vs. 44.30 ± 1.86 grams in UCP1-/- mice after the intervention, 

respectively (NS for all, Figure 3A-B). Lean and fat mass remained unaffected during the 

HFD + clenbuterol treatment in both genotypes as compared to HFD alone (Figure 3C-F). 

Figure 2. Clenbuterol activates brown adipose tissue in vivo in mice. A. Oxygen consumption in 
male WT mice upon saline (n = 4) and clenbuterol injection (n = 5). B. Oxygen consumption in male 
UCP1-/- mice upon saline (n = 6) and clenbuterol injection (n = 6). C. Average oxygen consumption in 
basal and stimulated state of WT mice. D. average oxygen consumption in basal and stimulated 
state of UCP1-/- mice. Data were analyzed by means of a Student’s Paired T-test or non-parametrical 
Wilcoxon matched-pairs signed ranked test. ***p < 0.001, ****p < 0.0001. 
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Figure 3. Body weight and composition are not affected upon prolonged low-dose clenbuterol 
supplementation. A. Body weight of WT mice, B. Body weight of UCP1-/- mice. C. Lean mass of WT 
mice, D. Lean mass of UCP1-/- mice, E. Fat mass of WT mice, F. Fat mass of UCP1-/- mice. Dotted lines 
indicates start of clenbuterol treatment. * significantly different between chow and HFD, # 
significantly different between chow and HFD + clen. WT: chow n = 8, HFD = 9, HFD + clen = 7-8. UCP1-

/-: chow = 8, HFD = 8, HFD + clen = 8. Data analyzed by means of a two-way ANOVA with Tukey’s post 
hoc test. ****p < 0.0001, ##p < 0.01, ###p < 0.001, ####p < 0.0001. 

3.3 Clenbuterol treatment ameliorates detrimental effects of HFD 
feeding on glucose tolerance in both WT and UCP1-/- mice. 
Fasting glucose was similarly increased in HFD and HFD + clen groups of both genotypes 

as compared to their respective chow-fed control groups prior to the start of clenbuterol 

treatment (Suppl. Figure A1). Following 2 weeks of clenbuterol treatment, fasting glucose 
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was significantly lowered by 12.9% and 14.8% for WT and UCP1-/- treated mice as compared 

to their respective HFD control group (p = 0.0115 and p = 0.0001), respectively (Figure 
4A). For both genotypes, fasting glucose in HFD + clen groups remained significantly 

higher as compared to their chow-fed control groups (p = 0.023 and p = 0.034 for WT and 

UCP1-/-, respectively, Figure 4A). 

Prior to clenbuterol treatment, glucose tolerance was comparable between the HFD 

and HFD + clen groups of WT as well as UCP1-/- mice (Suppl. Figure A1) and significantly 

reduced in comparison with the respective chow-fed control group (Suppl. Figure A1). 

Upon 2 weeks of clenbuterol treatment, glucose tolerance was significantly improved 

in both WT and UCP1-/- mice as compared to their HFD controls (AUC: p = 0.0166 and 

p = 0.0003, respectively, Figure 4B-D). Remarkably, clenbuterol treatment normalized 

glucose clearance from the blood to similar values as lean, healthy chow-fed control mice 

(AUC WT: 1194 ± 44.9 vs. 1192 ± 29.7 and UCP1-/-: 1192 ± 32.5 vs. 1109 ± 26.0, NS for all, 

respectively, Figure 4B). 

As acute β2-AR administration is associated with increased insulin release (16, 34), we 

next investigated if these improvements in glucose tolerance were paralleled by elevated 

plasma insulin concentrations. Clenbuterol treatment did however not affect plasma 

insulin levels of HFD + clen WT mice as compared to HFD alone, neither in the fasting 

state nor during the oGTT (Figure 4E). In contrast, plasma insulin levels were significantly 

reduced in UCP1-/- mice upon HFD + clenbuterol treatment as compared to HFD, both in 

the fasting state and 30 minutes following the glucose bolus (p = 0.0102 and p = 0.0103, 

respectively) (Figure 4F). 
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Figure 4. Clenbuterol supplementation improves oral glucose tolerance of WT and UCP1-/- 
mice after 2 weeks of treatment. A. Fasting glucose of WT and UCP1-/- mice, B. Area under the 
curve calculated from 0 of both WT and UCP1-/- groups, C. oGTT of WT mice, D. oGTT of UCP1-/- mice. 
E. Insulin concentrations of WT mice during the oral glucose tolerance test. F. Insulin concentrations 
of UCP1-/- mice during the glucose tolerance test. Data analyzed by means of a one-way ANOVA with 
a Tukey’s post hoc test or a non-parametric Kruskall-Wallis test. *p < 0.05, ** p < 0.01, ***p < 0.001, 
****p < 0.0001.
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3.4 Insulin tolerance normalizes to similar values as healthy chow-
fed mice upon clenbuterol treatment in both WT and UCP1-/- DIO 
mice independent of skeletal muscle and BAT insulin signalling. 
After 4 weeks of treatment, fasting blood glucose levels of HFD + clen UCP1-/- mice 

remained significantly lowered by 11.7% as compared to their HFD controls (p = 0.002, 

Figure 5A) and were similar to the fasting glucose of their chow-fed control group (7.09 

± 0.23 vs. 6.66 ± 0.07 mM, p = 0.198, Figure 5A). However, 4-week HFD + clenbuterol 

treatment in WT mice did not result in a lowered fasting glucose as compared to HFD 

alone (p = 0.235, Figure 5A).

Insulin tolerance was similar between HFD + clen groups and their respective HFD control 

group of both genotypes preceding the clenbuterol intervention period (Suppl. Figure 
A2). After 17-weeks of HFD feeding, blood glucose levels of HFD fed control mice of 

both genotypes did not respond to an insulin injection, indicating the development of 

insulin resistance (Figure 5B-E). Remarkably, both WT and UCP1-/- HFD mice treated with 

clenbuterol for 4 weeks showed a major decrease in blood glucose concentrations as 

compared to the respective HFD control groups, both at 15 and 30 minutes after the 

insulin injection (WT: p = 0.0011 and p = 0.0014 and UCP1-/-: p = 0.0020 and p = 0.0073, 

respectively) (Figure 5B-E). In fact, the decreases in blood glucose concentrations upon 

insulin injection in HFD + clen mice were similar to the insulin response of their chow-fed 

control group, indicating a normalisation of insulin sensitivity in clenbuterol treated mice 

(Figure 5B-E). 

To further investigate the underlying mechanisms by which clenbuterol improves whole-

body insulin sensitivity, mice were euthanised 10 minutes following an insulin injection 

(5 U/kg lean). Isolated gastrocnemius muscle and interscapular BAT were then assessed 

for the ratio of p-AKTS473/totalAKT, a key protein in the insulin signalling pathway. HFD 

feeding significantly reduced p-AKT/totalAKT ratio in gastrocnemius muscle as compared 

to chow fed diet in both WT and UCP1-/- mice by 50.4% and 45.7%, respectively (p = 0.022 

and p = 0.006) (Figure 6A). However, clenbuterol treatment did not improve p-AKT/

totalAKT ratio in gastrocnemius muscle as compared to HFD feeding alone in both 

genotypes (p = 0.968 and p = 0.989, respectively) (Figure 6A) Similar to gastrocnemius 

muscle, the p-AKT/totalAKT ratio in interscapular BAT was significantly reduced upon 

HFD feeding by 44.0% and 60.5% in WT and UCP1-/- mice, respectively (p = 0.009 and p = 

0.0003, Figure 6B). However, clenbuterol treatment did not improve the p-AKT/totalAKT 

ratio in interscapular BAT of both genotypes as compared to HFD feeding alone (p = 0.485 

and p = 0.759, respectively, Figure 6B). 



Chapter 4

82

Figure 5. Clenbuterol improves insulin tolerance after 4 weeks in WT and UCP1-/-. A. Fasting 
blood glucose of WT and UCP1-/- mice. B. Time-response curve of blood glucose following an insulin 
injection (1 U/kg lean mass) in WT mice, C. Time-response curve of blood glucose following an insulin 
injection (1 U/kg lean mass) in UCP1-/- mice. D. Delta blood glucose between t = 0 and 15 minutes for 
WT and UCP1-/- mice, E. Delta blood glucose between t = 0 and 30 minutes for WT and UCP1-/- mice. 
WT: Chow n = 7, HFD = 9, HFD + clen = 8; UCP1-/-: chow = 8, HFD = 8, HFD + clen = 8. Data was analyzed 
by means of a one-way ANOVA with Tukey’s post hoc test or a non-parametric Kruskall-Wallis test. 
*p < 0.05, **p < 0.01, ****p < 0.0001. 
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Figure 6. Clenbuterol supplementation does not affect insulin signaling in gastrocnemius 
muscle and interscapular BAT. A. Western blot of p-AKTS473/total-AKT in gastrocnemius muscle 
(WT: Chow n = 8, HFD = 9, Clen = 7; UCP1-/-: Chow = 8, HFD = 7, Clen = 7). B. Western blot of p-AKTS473/
total-AKT of interscapular BAT (WT: Chow n = 8, HFD = 9, Clen = 8; UCP-/-: Chow = 8, HFD = 8, Clen 
=8). Chow groups were normalized to 1 and data was analyzed by means of a one-way ANOVA with 
Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.  

4. Discussion 
Recently, we have demonstrated robust improvements in glucose homeostasis of DIO 

mice upon prolonged supplementation with the β2-agonist clenbuterol and highlighted 

the potential role of the liver and especially skeletal muscle therein (16, 37). However, 

our previous studies did not investigate a potential contribution of BAT thermogenesis 

in the clenbuterol-mediated improvements in whole-body glucose regulation. Given 

that rodents are, in contrast to – especially diabetic – humans (15, 44), characterized by 

high quantities of BAT, the contribution of BAT thermogenesis to these improvements 

in whole-body glucose tolerance needs to be considered when extrapolating data from 

rodent models to humans. We established that acute clenbuterol injection indeed 

activates BAT thermogenesis in vivo in mice. However, prolonged low-dose clenbuterol 

supplementation robustly improved glucose and insulin tolerance, both in WT and 

UCP1-/- mice, which lack the thermogenic BAT response. Based on the latter findings, we 

conclude that these beneficial effects of low-dose clenbuterol supplementation occur 

independently of UCP1-mediated BAT thermogenesis.  

In the current study, we demonstrated a ~2-fold increase in oxygen consumption 

upon acute clenbuterol injection in WT mice. Previous studies have also demonstrated 
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significant increases in whole-body oxygen consumption upon acute clenbuterol injection 

in rats but also showed that norepinephrine, the most commonly used agonist for the 

assessment of BAT activation, appears to be a more potent activator of BAT in mice (24). 

Taken together, these results indicate that acute clenbuterol stimulation leads to an 

activation of BAT thermogenesis, which is likely mediated directly via non-specific binding 

of clenbuterol to β1- and/or β3-ARs (1), the primary receptors involved in the activation 

BAT thermogenesis in rodents (6), or indirectly via an increased clenbuterol-induced BAT 

tissue blood flood flow (36). 

Notably, the rise in whole-body oxygen consumption upon acute clenbuterol injection 

was severely blunted - but not abolished - in UCP1-/- mice, which lack the key protein 

for BAT thermogenesis (10, 23). This finding was in line with previous studies showing 

increases in oxygen consumption in UCP1-/- mice upon norepinephrine injection (11, 14, 

21). These results thus indicate that next to UCP1-dependent thermogenesis, also other 

metabolic processes contribute to the increase in whole-body oxygen consumption 

upon acute β-agonist administration. Although the exact underlying mechanisms remain 

to be elucidated, these effects could potentially be related to the activation of recently 

proposed UCP1-independent thermogenic processes, including the futile lipid, creatine or 

Ca2+ cycle (2, 5, 18). Nonetheless, these results clearly show that clenbuterol is capable of 

activating BAT thermogenesis in vivo in mice and that this phenomenon could potentially 

contribute to the previously observed beneficial effects of clenbuterol on whole-body 

glucose tolerance (7, 16, 33, 37, 40). 

Therefore, we next investigated if a prolonged, low-dose clenbuterol treatment would result 

in similar beneficial effects on metabolic health effect in UCP1-/- mice, who – in our view - 

mimic the human T2DM phenotype more closely, since T2DM patients are characterized 

by very low amounts of BAT (15). In line with our previous studies (16, 37), we here showed 

that prolonged (low-dose) clenbuterol treatment of WT DIO mice reduced fasting glucose 

by 12.9%, robustly improved glucose clearance during an oral glucose tolerance test as 

compared to HFD controls, and even induced a normalization of glucose tolerance to the 

values of their healthy chow-fed counterparts. Interestingly, we also observed a significant 

reduction in fasting blood glucose of 14.8% in UCP1-/- mice upon prolonged clenbuterol 

treatment, which was accompanied by a marked improvement in glucose tolerance 

as compared to the respective HFD control group. Much like the WT mice, clenbuterol 

treated UCP1-/- mice showed a normalization of glucose tolerance as compared to their 

respective healthy chow-fed control group. Combined, these data strongly suggest that 

these beneficial effects are not mediated by UCP1-dependent BAT thermogenesis.
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High doses of clenbuterol are well-known for its repartitioning effect on the body – i.e. 

increasing muscle mass whereas reducing fat mass (7, 17, 33, 40-42), which has previously 

been considered a primary factor in mediating improvements in glucose tolerance 

(33). During this study however, we were unable to detect significant changes in body 

composition upon prolonged low-dose clenbuterol treatment as assessed by MRI. This 

discrepancy could potentially be attributed to hypertrophic and glucose-lowering effects 

of clenbuterol enrolling distinct pathways with different sensitivities to the agonist, 

with low doses of clenbuterol being insufficient to stimulate the hypertrophic pathway 

of the receptor. We previously also demonstrated that clenbuterol already improves 

the glucose homeostasis after 4-days of treatment (16) - a time-frame likely too brief 

to enhance skeletal muscle mass. Taken together, our findings demonstrate that the 

clenbuterol-mediated effects on glucose metabolism can occur independent of increases 

in lean body mass. 

These favorable effects on glucose tolerance could potentially be explained by chronically 

elevated plasma insulin levels, since β2-agonists are well-known to acutely induce the 

secretion of insulin by pancreatic β-cells (16, 34). However, we and others have previously 

demonstrated that prolonged clenbuterol treatment significantly reduced – and even 

normalized – both fasting and glucose-induced plasma insulin concentrations in WT rodents 

(7, 16, 33, 40). In the present study, UCP1-/- mice also demonstrated robust decreases in 

both fasting and glucose-induced plasma insulin concentrations during the OGTT upon 

prolonged clenbuterol treatment, whereas these parameters remained unaltered in WT 

mice. Although the mechanism for this discrepancy between UCP1-/- and WT mice remains 

unresolved, it could potentially be related to a higher adrenergic sensitivity/sympathetic 

tonus in UCP1-/- mice. Despite these apparent differences between genotypes, these results 

strongly suggest that the positive effects of clenbuterol treatment on glucose tolerance are 

not mediated by higher insulin levels, but could potentially be attributed to improvements 

in insulin sensitivity. Indeed, we also demonstrate that prolonged clenbuterol treatment 

robustly improved insulin tolerance in both DIO WT and UCP1-/- mice as compared to their 

respective HFD control groups. To further elaborate on the improvement in whole-body 

insulin sensitivity, we also measured Akt phosphorylation in gastrocnemius muscle and 

interscapular BAT as a marker for insulin signaling. As observed previously (4, 13, 22, 35), 

HFD feeding significantly lowered the phosphorylation of Akt S473 in gastrocnemius muscle 

and interscapular BAT. However, HFD + clenbuterol treatment did not affect Akt S473 

phosphorylation as compared to HFD alone in both tissues, indicating that the increase in 

whole-body insulin sensitivity occurred without improvements in the activation of the key 

insulin signaling protein Akt in skeletal muscle and BAT. 
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Although BAT glucose uptake can also be facilitated in an UCP1-independent manner 
(31), we have previously demonstrated that UCP1 is essential for the amelioration of 
BAT-mediated improvements in glucose tolerance of DIO mice. More specifically, acute 
injection of the β3-AR agonist CL-316,243 robustly enhanced BAT glucose uptake in WT 
and UCP1-/- mice but, in contrast to WT mice, did not result in significant improvements 
in glucose tolerance in UCP1-/- mice upon prolonged treatment (1 mg/kg for 4 days) (31). 
Although the present study thus excludes UCP1 and BAT thermogenesis as a mediator 
of clenbuterol-induced improvements in whole-body glucose homeostasis in DIO mice, it 
cannot conclude on the exact mechanisms that do underlie these improvements. It is also 
important to note that BAT is not merely involved in thermogenesis but also plays a role in 
various other metabolic processes which are mediated independently of UCP1, including 
de novo lipogenesis and lipid turnover (3, 12, 25). Thus, we cannot exclude that these 
UCP1-independent mechanisms may still contribute to the beneficial effects seen upon 
clenbuterol supplementation. In addition, other metabolic tissues that are likely involved 
are the liver (16) and skeletal muscle (16, 37). Thus, the significant reductions in fasting 
glucose concentrations upon prolonged clenbuterol treatment observed in the present 
study hint towards a decreased hepatic glucose production and an improved hepatic 
insulin sensitivity (20). This improved liver insulin sensitivity may relate to a diminished 
hepatic lipid accumulation upon clenbuterol treatment, as observed previously (16). 
Additionally, we and others have previously demonstrated significant increases in in vitro 
muscle cell glucose uptake upon selective β2-agonist incubation independent of both 
the insulin and AMPK-signaling pathways, namely through the activation of mammalian 
target of rapamycin complex 2 (mTORC2) and subsequently GLUT4 translocation (16, 26-
30, 37). Activation of this pathway through clenbuterol supplementation could therefore 
stimulate skeletal muscle glucose uptake in vivo and potentially underlie improvements 
in glucose tolerance independent of insulin. In fact, this hypothesis is further supported 
by the fact that 6-days of clenbuterol supplementation has previously been shown to 
robustly increase in vivo skeletal muscle glucose uptake (16). 

5. Conclusions
In conclusion, we here demonstrate that clenbuterol – at the dose currently used during 
this study – improves whole-body glucose homeostasis independent of UCP1-dependent 
thermogenesis, since similar improvements were observed in both WT and UCP1-/- 
mice, lacking thermogenic BAT. Hence, these metabolic effects are most likely mediated 
by adaptations in the liver and/or skeletal muscle. However, the exact mechanisms 
underlying these improvements should be investigated in future studies. Given that 
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UCP1-/- mice may – in our view – better reflect the human situation due to low amounts 
of BAT in (pre)diabetic patients, our findings in this mouse model suggest that selective 
β2-agonist treatment may provide a novel molecular route to improve glucose disposal in 
the insulin resistant state.
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Supplementary figures 

Supplemental Figure 1. Glucose tolerance was comparable between high-fat diet groups prior 
to clenbuterol treatment. A. Fasting glucose at t = 12 weeks. B. Area under the curve calculated 
from 0 of both WT and UCP1-/- groups. C. IpGTT of WT mice. D. IpGTT of UCP1-/- mice. Data was 
analysed by means of a one-way ANOVA with Tukey’s post hoc test or non-parametric Kruskall-Wallis 
test. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Supplemental Figure 2. Insulin tolerance test prior to the start of the intervention period. A. 
Time-curve of blood glucose concentrations during the insulin tolerance test of WT mice. B. Time-
curve of blood glucose concentrations during the insulin tolerance test of UCP1-/- mice. C. Delta 
blood glucose concentrations between t = 0 and 15 minutes. D. Delta blood glucose concentrations 
between t = 0 and 30 minutes. E. Fasting blood glucose concentrations. Data was analysed by means 
of a one-way ANOVA with Tukey’s post hoc test or non-parametric Kruskall-Wallis test. **p < 0.01, 
***p < 0.001, ****p < 0.0001. 
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Abstract
β2-agonist treatment improves skeletal muscle glucose uptake and whole-body glucose 

homeostasis in rodents, likely via mTORC2-mediated signalling. However, human data 

on this topic is virtually absent. We here investigate the effects of two-weeks treatment 

with the β2-agonist clenbuterol (40 µg/day) on glucose control as well as energy- and 

substrate metabolism in eleven healthy young males (age: 18-30 years, BMI: 20-25 kg/m2) 

in a randomised, placebo-controlled, double-blinded, cross-over study (ClinicalTrials.gov-

identifier: NCT03800290). The primary and secondary outcome were peripheral insulin-

stimulated glucose disposal and skeletal muscle GLUT4 translocation, respectively. No 

serious adverse events were reported. The study was performed at Maastricht University, 

Maastricht, The Netherlands, between August 2019 and April 2021. Clenbuterol treatment 

improved insulin-stimulated glucose uptake by 13% (46.6±3.5 versus 41.2±2.7 µmol/kg/

min, p=0.020) and non-oxidative glucose disposal by 18%, without changes in body mass- 

and composition. GLUT4 translocation and mTORC2 activation assessed in overnight 

fasted muscle biopsies were unaffected. These results highlight the potential of β2-agonist 

treatment in improving skeletal muscle glucose uptake and underscore the therapeutic 

value of this pathway for the treatment of type 2 diabetes. However, given the well-known 

(cardiovascular) side-effects of systemic β2-agonist treatment, further exploration on the 

underlying mechanisms is needed to identify viable therapeutic targets. 

Key words: Type 2 diabetes mellitus, skeletal muscle glucose uptake, β2-agonist, GLUT4, 

mTORC2



β2-agonists treatment and insulin sensitivity in humans

97

5

Abbreviations
AMPK		  Adenosine monophosphate activated protein kinase

BCAA		  Branched-chain amino acids

ECG		  Electrocardiogram

EGP		  Endogenous glucose production

FFA		  Free fatty acid

FMD		  Flow-mediated dilation

GLUT4		  Glucose transporter 4

LPL		  Lipoprotein lipase

mTOR		  Mammalian target of rapamycin

mTORC1	 Mammalian target of rapamycin complex 1

mTORC2	 Mammalian target of rapamycin complex 2

NOGD		  Non-oxidative glucose disposal

OxPhos		  Oxidative phosphorylation

pFMDv		  Flow-mediated dilation corrected for peak velocity

Ra		  Rate of appearance

Rd		  Rate of disposal

SMR		  Sleeping metabolic rate 

TOMM20	 Translocase of outer mitochondrial membrane 20 

T2DM		  Type 2 diabetes mellitus 

VDAC		  Voltage-dependent anion channel

β2-AR		  β2-adrenergic receptor
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Introduction 
Reduced skeletal muscle glucose uptake in response to insulin is central to the 

development of type 2 diabetes mellitus (T2DM) (1). However, antidiabetic drugs aimed 

at improving skeletal muscle glucose uptake in T2DM patients are currently non-existent, 

underscoring the need for novel targets. In this context, β2-adrenergic receptor (β2-AR) 

agonists were shown to have profound effects on skeletal muscle glucose uptake in 

preclinical models. Indeed, stimulation of the β2-AR – the most abundant type of β-AR 

in skeletal muscle (2) – with either the selective β2-AR agonists zinterol or clenbuterol 

markedly increased glucose uptake in L6 muscle cells (3-6). In line with these findings, in 

vivo glucose uptake in gastrocnemius muscle was enhanced by ~74% in C56Bl/6N mice 

upon 6 days of treatment with clenbuterol (6). More prolonged treatment (4 days up to 5 

weeks) with either low- or high doses of clenbuterol also robustly improved both glucose 

and insulin tolerance in various rodent models of insulin resistance and type 2 diabetes 

(5, 7-11). 

Despite the mounting evidence that β2-AR agonists improve skeletal muscle glucose 

uptake and whole-body glucose homeostasis, the exact underlying (molecular) 

mechanisms remain elusive. However, given the well-known (cardiovascular) side-effects 

of systemic β2-AR agonists, this information is essential to uncover novel potential targets 

for the treatment of insulin resistance and T2DM. In this context, previous in vitro data 

by Sato et al. (5) has revealed a role for the mammalian target of rapamycin complex 2 

(mTORC2) in β2-AR agonist-stimulated skeletal muscle glucose uptake, an effect that was 

mediated via glucose transporter 4 (GLUT4) translocation to the myocyte membrane. 

In accordance with these findings, it was recently demonstrated in an elegant series of 

experiments that the antidiabetic effects of clenbuterol appeared largely dependent on 

mTORC2, as improvements in glucose homeostasis upon clenbuterol treatment were 

drastically reduced in mice ablated of skeletal muscle-specific Rictor – a key component 

of mTORC2 (11). 

Given these promising preclinical findings, we here investigated in a double-blinded, 

randomized, placebo-controlled, cross-over study whether clenbuterol treatment (2x 20 

µg/day for 14 days) could improve insulin-stimulated skeletal muscle glucose disposal 

in healthy, lean males, as assessed by the gold standard, two-step hyperinsulinemic-

euglycemic clamp technique. To assess putative underlying physiological and molecular 

mechanisms, we performed in-depth metabolic phenotyping after clenbuterol treatment 

using state-of-the-art techniques. Thus, we determined body composition, assessed 

(sleeping) energy metabolism by whole-room calorimetry, femoral artery blood flow 
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velocity using Doppler ultrasonography whereas muscle biopsies were taken in the 

overnight fasted state to test if clenbuterol treatment was associated with enhanced 

skeletal muscle mTORC2 activation and GLUT4 translocation. 

Here, we show that clenbuterol treatment significantly increases insulin-stimulated 

peripheral glucose uptake and non-oxidative glucose disposal in healthy young males by 

~13 and ~18%, respectively. However, these effects occurred independent of changes in 

skeletal muscle GLUT4 translocation or mTORC2 activation. These results highlight the 

potential therapeutic value of targeting the β2-adrenergic receptor to improve skeletal 

muscle glucose uptake, although the underlying mechanisms remain elusive. 

Results 
Subject characteristics 
In total, eleven healthy young male subjects (age: 24.9 ± 3.7 years, BMI: 23.1 ± 1.9 kg/

m2) received a two-week treatment with clenbuterol (20µg twice daily) versus placebo in 

a randomised, double-blinded, cross-over study design. Baseline subject characteristics 

are displayed in Table 1. Compliance – measured as the number of capsules returned by 

subjects divided by the total capsules dispensed – was >95% for both treatment periods. 

Side-effects were reported in five out of eleven subjects and included tremors in the 

hands (n = 5), muscle ache, tense muscles or muscle cramps (n = 4), feeling anxious and/

or restless (n = 2) and headache (n = 2). All side-effects disappeared upon withdrawal of 

the drug. No serious adverse events were reported during the study.

Clenbuterol acutely increases energy expenditure and fat 
metabolism
On day 1 of each treatment arm, we investigated the acute effects of clenbuterol (20 µg) 

or placebo administration on blood pressure, heart rate, energy metabolism, and plasma 

substrates over the course of 4 hours following initial capsule intake. Systolic- and diastolic 

blood pressure remained unaffected during the 4 hours following acute clenbuterol 

administration (20 µg) as compared to placebo (treatment effect: p = 0.129 and p = 0.606 

for systolic and diastolic blood pressure, respectively, Fig. 2A-B). Heart rate showed a 

decrease over time in the placebo arm – an effect likely caused by the subjects’ prolonged 

supine position – which appeared to be blunted following clenbuterol administration. 

However, the treatment effect did not show statistical significance (p = 0.215, Fig. 2C). 

Energy expenditure was significantly increased upon acute clenbuterol administration 
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as compared to placebo (treatment effect: p = 0.006, Fig. 3A). This increase was primarily 

attributed to an enhanced fat oxidation (treatment effect: p = 0.068, Fig. 3C), whereas 

carbohydrate oxidation was similar between conditions (treatment effect: p = 0.505, Fig. 

3B). The increased fat oxidation was accompanied by significantly elevated plasma FFA 

concentrations upon acute clenbuterol administration (treatment effect: p = 0.002, Fig. 

3G), whereas plasma glucose and triglyceride concentrations remained unaltered (Fig. 

3E and 3H). Plasma insulin levels were significantly different between the placebo and 

clenbuterol arms; however, this appeared mainly due to an unexpected difference in 

baseline insulin levels, which were determined prior to clenbuterol/placebo intake (Fig. 

3F). 

Table 1 – Participant characteristics at screening. 

Participant characteristics Mean + SD
     Subjects (n) 11
     Age (years) 24.9 (3.7)
     Height (cm) 176.3 (4.4)
     Weight (kg) 72.2 (6.6)
     BMI (kg/m2) 23.1 (1.9)
Blood pressure
     Systolic pressure (mmHg) 120 (9.9)
     Diastolic pressure (mmHg) 72 (6.7)
     Heart rate (beats/min) 58 (6.4)
Blood parameters
     ALAT (U/L) 25 (11)
     ASAT (U/L) 23 (7)
     γ-GT (U/L) 19 (6)
     Creatinine (µmol/L) 82 (7)
     eGRF CKD-EPI (mL/min/1.73m) 112.2 (9.1)
     Haemoglobin (mmol/L) 9.6 (0.5)
     Potassium (mmol/L) 4.25 (0.22)
     TSH (mU/L) 2.2 (1.0)

Data is presented as mean (standard deviation) for n = 11. BMI = body mass index, ALAT = alanine 
transaminase, ASAT = aspartate aminotransferase, γ-GT = gamma-glutamyl transferase, eGRF = 
estimated glomerular filtration rate, TSH = thyroid-stimulating hormone. 
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Figure 2. Acute clenbuterol treatment (20 µg) does not affect blood pressure and heart rate. A. 
Systolic blood pressure (mmHg). B. Diastolic blood pressure (mmHg). C. Heart rate (beats/min). All 
data were analysed by means of a linear mixed model analysis. Clenbuterol: n = 11. Placebo: n = 11.
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Figure 3. Acute clenbuterol administration (20 µg) enhances energy expenditure and plasma free 
fatty acid concentrations. A. Energy expenditure (kJ/min). B. Carbohydrate oxidation (kJ/min). C. Fat 
oxidation (kJ/min). D. Respiratory exchange ratio. E. Plasma glucose concentrations (mmol/L). F. 
Plasma insulin concentrations (mU/L). G. Plasma free fatty acid concentrations (µmol/L). H. Plasma 
triglyceride concentrations (mmol/L). N = 10 for indirect calorimetry data and n = 11 for plasma 
analyses. FFA = free fatty acids. All data were analysed by means of a linear mixed model analysis. 
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Clenbuterol treatment increases femoral artery blood flow velocity 
Next, we investigated longer-term effects (14-days) of clenbuterol treatment and first 

focused on haemodynamic outcome parameters. Thus, two weeks of clenbuterol 

administration tended to significantly increase systolic blood pressure by ~3 mmHg (p 

= 0.072, Fig. 4A), whereas it increased heart rate by ~11 beats/min (p = 0.003, Fig. 4C). 

Despite these changes, both systolic blood pressure and heart rate remained within 

normal clinical values. Next, we determined blood flow responses and endothelial 

function using flow-mediated vasodilation (FMD) measurements of the femoral artery. 

Baseline femoral blood flow velocity was 16.7% higher upon clenbuterol treatment as 

compared to placebo (p = 0.010, Fig. 4D), whereas baseline femoral artery diameters 

were significantly increased by ~6% (p = 0.005, Fig. 4E). However, we did not detect any 

changes in endothelial function upon clenbuterol treatment, i.e. the FMD responses were 

not affected (Fig. 4F-G). 

Body composition is not affected by clenbuterol treatment
As high doses of clenbuterol are well-known for their repartitioning effects on body 

composition (i.e. increasing lean mass and reducing fat mass) (7-9, 12) and changes in 

protein metabolism (11, 13), we first investigated the effects of two-weeks clenbuterol 

treatment on body weight and -composition. Body weight remained unaffected (p = 0.677, 

Fig. 5A) and no effects on body composition were observed, as both fat- and lean mass 

were similar between the clenbuterol and placebo group (Fig. 5B-E). Since two weeks of 

clenbuterol treatment may be too short to expect changes in net protein balance and 

body composition, we also measured the phosphorylation of mTOR S2448 (mTORC1), 

a marker of protein synthesis, as well as plasma amino acid levels. In line with the non-

significant effects on lean mass, mTORC1 activation was unaffected upon clenbuterol 

treatment (Supplementary Fig. 2A). However, two-weeks of clenbuterol treatment did 

significantly reduce fasting plasma concentrations of 12 amino acids, including all three 

branched chain amino acids (Supplementary Fig. 2B).
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Figure 4. 14-days clenbuterol treatment minimally affects blood pressure and heart rate but 
increases femoral artery blood flow velocity and diameters. A. Systolic pressure (mmHg). B. Diastolic 
pressure (mmHg). C. Heart rate (beats/min). D. Baseline femoral artery blood flow velocity (A.U). E. 
Baseline femoral artery diameters (mm). F. Flow-mediated vasodilation (%). G. Flow-mediated 
vasodilation corrected for peak velocity flow stimulus (%). Heart rate, baseline femoral artery 
diameters, flow-mediated vasodilation, and flow-mediated vasodilation corrected for peak velocity 
flow stimulus were analysed by means of a Wilcoxon signed rank test. All other data were analysed 
by means of a Paired Student’s T-test. Placebo: n = 11, Clenbuterol: n = 11. * p < 0.05, ** p < 0.01.
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Figure 5. Prolonged clenbuterol administration does not affect body weight or composition. A. Body 
weight (kg). B. Fat mass (kg). C. Fat mass as percentage of body weight (%). D. Lean mass (kg). E. Lean 
mass as percentage of body weight (%). Data was analyzed by means of a Student’s paired sample 
T-test. Clenbuterol: n = 11. Placebo: n = 11. 

Clenbuterol treatment increases basal- and sleeping metabolic rate
Next, we investigated if 14-days of clenbuterol treatment increased energy expenditure 

and altered substrate utilization. For this, we did not only measure basal metabolic rate, 

but also determined sleeping metabolic rate (SMR) using whole-room calorimetry, as it 

is known that SMR is the most sensitive measure to detect changes in energy needs. 

We found that sleeping- and basal metabolic rate increased by 10.2% and 5.6% (p = 

0.002 and p = 0.006), respectively (Fig. 6A and Supplementary Fig. 3A). These changes 

in sleeping and basal energy expenditure were accompanied by modest increases in 

both fat and carbohydrate oxidation, albeit that these effects did not reach statistical 

significance (Fig. 6B-D and Supplementary Fig. 3B-C). In addition to these physiological 
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data reflecting in vivo substrate metabolism, we also determined acylcarnitine profiles 

in plasma as a reflection of fat metabolism. In line with the indirect calorimetry data, 

fasting acylcarnitine profiles remained largely unaffected upon clenbuterol treatment 

versus clenbuterol (Supplementary Fig. 4). Plasma glucose, insulin, and free fatty acids 

concentrations remained unaltered upon prolonged clenbuterol treatment (Fig. 7A, B 

and D), whereas plasma triglyceride concentrations were significantly lowered by 16.4% 

as compared to placebo (p = 0.016, Fig. 7C). 

Figure 6. Prolonged clenbuterol treatment enhances sleeping metabolic rate independent of 
selective increases in substrate oxidation. A. Sleeping metabolic rate (kJ/day). B. Respiratory 
exchange ratio. C. Carbohydrate oxidation during the night (g/min). D. Fat oxidation during the night 
(g/min). SMR = sleeping metabolic rate. RER = respiratory exchange ratio. CHO = carbohydrate. SMR 
data was analysed by means of a Wilcoxon signed rank test. All other data was analysed by means 
of a Paired Student’s T-test. Clenbuterol: n = 11, Placebo: n = 11. ** p < 0.01. 
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Figure 7. The effect of prolonged clenbuterol treatment on fasting plasma substrate concentrations. 
A. Plasma glucose concentrations (mmol/L). B. Plasma insulin concentrations (mU/L). C. Plasma 
triglyceride concentrations (mmol/L). D. Plasma free fatty acid concentrations (µmol/L). FFA = free 
fatty acid. Plasma FFA data were analysed by means of a Wilcoxon rank signed test. All other data 
were analysed by means of a Paired Student’s T-test. Clenbuterol: n = 11, Placebo: n = 11. * p < 0.05. 

Insulin-stimulated glucose uptake in peripheral tissues is augmented 
by clenbuterol
To investigate the effect of 14-days of clenbuterol treatment on insulin sensitivity, a 

two-step hyperinsulinemic-euglycemic clamp using a stable isotope-labelled glucose 

was performed. Baseline endogenous glucose production (EGP) and rate of glucose 

disposal (Rd) were not different between clenbuterol and placebo (p = 0.891 and p = 

0.199, respectively, Fig. 8A and C). Similarly, hepatic insulin sensitivity – expressed as the 

percentage EGP suppression during the low-insulin phase of the clamp – was unaffected 

by clenbuterol treatment (p = 0.505, Fig. 8B). Additionally, the percentual suppression of 

plasma FFA during the low- and high-insulin phases of the clamp, which reflects adipocyte 
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insulin sensitivity, remained unaffected upon clenbuterol treatment (Supplementary Fig. 

5). However, the change in insulin-stimulated glucose disposal in the high-insulin phase 

over baseline (ΔRd) was ~13% higher upon clenbuterol treatment (p = 0.020, Fig. 8D), 

indicating an augmented glucose uptake into the peripheral tissues, primarily skeletal 

muscle. This increased glucose disposal was primarily accounted for by a ~18% higher 

non-oxidative glucose disposal (ΔNOGD) (p = 0.035, Fig. 8E-F), whereas carbohydrate 

oxidation during the high-insulin phase of the clamp remained unaffected (p = 0.352, 
Supplementary Fig. 3B). 

No GLUT4 translocation or mTORC2 activation upon clenbuterol 
treatment 
To gain further insights into the putative underlying molecular mechanisms through which 

clenbuterol could stimulate peripheral glucose uptake and energy metabolism, skeletal 

muscle biopsies were taken in the overnight fasted state after 14 days of clenbuterol 

treatment and were examined for GLUT4 translocation, mTORC2 activation, and markers 

of mitochondrial capacity. Total GLUT4 content as well as the fraction of total GLUT4 

detected at the cellular membrane, reflecting GLUT4 translocation, remained unaffected 

by clenbuterol treatment (p = 0.963 and p = 0.865, respectively, Fig. 9A-D). In addition, we 

were unable to detect differences in the phosphorylation of mTOR S2481, a marker for 

mTORC2 activation, between clenbuterol and placebo (p = 0.416, Fig. 9E). Similarly, no 

changes were observed in the protein content of structural components of the different 

OxPhos complexes, or in the outer membrane proteins VDAC and TOMM20, all markers 

of mitochondrial capacity (Supplementary Fig. 6). 
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Figure 8. Clenbuterol treatment enhances insulin-stimulated glucose uptake and non-oxidative 
glucose disposal. A. Baseline endogenous glucose production (µmol/kg/min). B. Endogenous glucose 
production suppression during the low-insulin phase of the hyperinsulinemic-euglycemic clamp (%). 
C. Rate of glucose disposal (Rd) during the hyperinsulinemic-euglycemic clamp at baseline, low- and 
high-insulin phases (µmol/kg/min). D. Rate of glucose disposal during the high-insulin phase 
corrected for baseline (µmol/kg/min). E. Non-oxidative glucose disposal (NOGD) during the 
hyperinsulinemic-euglycemic clamp at baseline, low- and high-insulin phases (µmol/kg/min). F. Non-
oxidative glucose disposal during the high-insulin phase corrected for baseline (µmol/kg/min). Rd 
and NOGD in the high-insulin phase were analysed by means of a Wilcoxon signed rank test. All 
other data were analysed with a Paired Student’s T-test. Placebo: n = 11, Clenbuterol: n = 11. * p < 
0.05. 
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Figure 9. Prolonged clenbuterol treatment does not affect skeletal muscle GLUT4 translocation or 
mTORC2 activation. A. Total GLUT4 content (A.U.). B. GLUT4 content at the myocellular cell membrane 
(A.U.). C. GLUT4 content in the myocellular cytosol (A.U.). D. Representative images of GLUT4 
immunohistochemistry staining for 3 subjects, scale bar 50 µm. E. Phosphorylation of mTORS2481 
as a marker of mTORC2 activation (A.U.). Phosphorylation of mTOR S2481 was analysed by means of 
a Wilcoxon signed Rank test. All other data are analysed by means of a Student’s paired sample 
T-test. A-D: n = 9 per group, E: n = 10 per group. P = placebo, Cl = clenbuterol

Discussion
Preclinical studies have shown that treatment with a selective β2-AR agonist can robustly 

improve skeletal muscle glucose uptake and whole-body glucose homeostasis in rodents, 

independent of changes in insulin concentrations (5-11). However, the therapeutic 

potential of these data is largely unknown, as information on the effects of longer-

term, systemic β2-AR agonist treatment on skeletal muscle glucose uptake and whole-

body metabolism in humans is limited. Therefore, we here investigated the effect of 

prolonged clenbuterol treatment (40 µg/day for 14 days) on insulin-stimulated skeletal 
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muscle glucose uptake in healthy young males, as assessed by means of a two-step 

hyperinsulinemic-euglycemic clamp. To gain further insights into the putative underlying 

mechanisms involved in β2-AR agonist-mediated skeletal muscle glucose uptake, we used 

state-of-the-art techniques for detailed metabolic phenotyping of the study participants. 

We demonstrate that 14-days of clenbuterol treatment enhances peripheral insulin-

stimulated rate of glucose disposal by ~13%, an effect primarily accounted for by an 

increased non-oxidative glucose disposal of ~18%. In addition, basal- and sleeping 

metabolic rate were significantly elevated upon clenbuterol treatment, whereas body 

weight- and composition remained unaltered. Lastly, clenbuterol treatment induced 

a marked increase in both femoral artery blood flow velocity and diameters whereas 

GLUT4 translocation and mTORC2 activation remained unaffected in overnight fasted 

muscle biopsies.

In the current study, an acute dose of clenbuterol (20 µg), as well as prolonged clenbuterol 

treatment, led to a significant increase in resting energy expenditure in comparison with 

placebo. Although the exact mechanisms through which selective β2-AR agonists exert their 

thermogenic effects remain elusive, it is likely that these effects are mediated via various 

energy-consuming processes in potentially skeletal muscle (i.e. through stimulation of 

the futile Ca2+ cycle or Na+/K+-ATPase pumps (14)) or brown adipose tissue (15). In line 

with previous studies (16-19), the increase in energy expenditure upon acute clenbuterol 

administration was primarily fuelled by an enhanced fat oxidation and was accompanied 

by a higher availability of plasma FFAs, likely mediated via β2-AR-stimulated adipose tissue 

lipolysis. In contrast, the increased energy expenditure upon two weeks of clenbuterol 

treatment occurred independently of selective changes in fat oxidation or plasma FFA 

concentrations. In addition to these findings, plasma acylcarnitine concentrations were 

largely similar between clenbuterol and placebo treatments, thereby indicating that fat 

oxidation was not significantly altered.

Acute administration of β2-AR agonists is also described as ‘pro-diabetogenic’ due to 

initial elevations in plasma glucose and insulin concentrations (6, 20, 21). However, 

these detrimental effects of acute β2-AR agonists administration appear to diminish over 

time, as longer-term β2-AR agonists treatment is not associated with increased plasma 

glucose and insulin concentrations (22-24). In the current study, neither acute (20 µg) nor 

more prolonged clenbuterol administration significantly affected plasma glucose and 

insulin levels in healthy young males, likely due to the relatively low dose of clenbuterol 

applied. Two weeks of clenbuterol treatment did markedly affect lipid metabolism, as 

fasting plasma triglyceride content was significantly reduced by 16.4%. These effects are 
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presumably caused by an enhanced lipoprotein lipase (LPL) activity within skeletal muscle 

and/or brown adipose tissue, as previous rodent studies have demonstrated significant 

increases in LPL activity in these tissues upon clenbuterol or β-AR agonist treatment (25-

27). 

Previously, several in vitro and pre-clinical studies have highlighted the ability of β2-AR 

agonists to enhance skeletal muscle glucose uptake and to improve glucose tolerance 

(3-11). In line with these findings, two previous studies in humans (28, 29) reported a 

~2.0- and ~1.84-fold increase in leg glucose uptake at rest upon administration with the 

selective β2-AR agonists salbutamol (24 mg orally) or terbutaline sulphate (0.2-0.4 mg 

infusion), respectively. However, these studies involved an acute β2-AR agonist stimulation 

and, importantly, the observed effects were paralleled by significant increases in plasma 

insulin concentrations (28), thereby inherently affecting skeletal muscle glucose uptake. 

Information on the effects of more prolonged, systemic β2-AR agonist stimulation on 

skeletal muscle glucose uptake and glucose homeostasis in humans is currently scarce. 

Next to the present study, merely one other study previously reported on prolonged 

(1-2 weeks), systemic treatment with a β2-AR agonist (terbutaline sulphate; 5 mg, 3x/

day orally) and showed an increased glucose disposal during insulin infusion as well as 

insulin-stimulated non-oxidative glucose disposal in healthy males by ~29 and ~45%, 

respectively, independent of changes in insulin concentrations (22). The beneficial effects 

of prolonged clenbuterol treatment on glucose homeostasis observed in the present 

study are in line with the latter study and also occurred without differences in plasma 

insulin levels. Although direct comparison between these two studies is difficult due to the 

different β2-AR agonist used, it is important to highlight that the beneficial effects of β2-AR 

agonist treatment reported here were already achieved at lower therapeutic doses (40 

µg/day orally, recommended dose clenbuterol: 40-80 µg/day), whereas Scheidegger et al. 

(22) used a relatively high dose of terbutaline sulphate (15 mg/day orally, recommended 

dose: 7.5-15 mg/day). Nevertheless, combined these studies clearly indicate the potential 

of β2-AR agonists in stimulating human skeletal muscle glucose uptake. 

Given that clenbuterol is infamous for its repartitioning effects upon high-doses (i.e. 

increasing lean mass whilst reducing fat mass) (7-9, 12), the increased insulin-stimulated 

peripheral glucose uptake could potentially be attributed to a higher skeletal muscle mass, 

as previously suggested (7, 8). Nevertheless, in this study we were unable to attribute 

the effects of clenbuterol on glucose uptake to an increased lean mass, as body weight- 

and composition remained unaffected. In line with these findings, previous studies have 

reported similar beneficial effects of clenbuterol treatment on glucose homeostasis in 
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rodents without changes in body composition (6, 10, 11), thereby further supporting the 

notion that β2-AR agonist treatment can improve glucose homeostasis independent of 

alterations in lean mass. To study more subtle changes in protein metabolism, we also 

determined mTORC1 phosphorylation, a marker of protein synthesis, as well as fasting 

levels of plasma amino acids. Whereas mTORC1 activation remained unaffected, two-

weeks of clenbuterol treatment significantly lowered fasting plasma concentrations of 12 

amino acids, including all three branched chain amino acids (BCAAs), which may indicate 

higher amino acid uptake and turnover. In that context, a previous study in mice indeed 

reported significant increases in various amino acids in skeletal muscle upon clenbuterol 

treatment, albeit following a glucose bolus (11). Combined, these results suggest that 

clenbuterol treatment alters skeletal muscle protein metabolism, although it remains to 

be established whether these amino acids are used for oxidation or protein synthesis. 

Nevertheless, elevated plasma concentrations of BCAAs in overweight/obese and T2DM 

subjects correlate with insulin resistance (30-32) and pharmaceutical stimulation of BCAA 

oxidation via sodium phenylbutyrate treatment significantly increases insulin sensitivity 

in T2DM patients (33). Based on these data, our observed improvements in insulin-

stimulated glucose disposal may – at least in part – be attributable to changes in BCAA 

metabolism.  

An alternative mechanism by which clenbuterol could affect skeletal muscle glucose 

uptake is through an increased tissue perfusion. More specifically, selective β2-AR agonists 

are well-known for their ability to stimulate (peripheral) tissue blood flow (28, 34, 35), 

an important rate-limiting step in skeletal muscle glucose uptake (36). Although femoral 

artery blood flow – here assessed by means of Doppler ultrasonography – likely does not 

accurately reflect peripheral tissue capillary perfusion, it is tempting to hypothesize that 

our reported ~17% increase femoral artery blood flow is associated with an enhanced 

capillary perfusion and thereby potentially glucose uptake. Although a previous study has 

been unable to establish an apparent link between acute β2-AR agonists administration, 

increases in blood flow and skeletal muscle glucose uptake (28), it remains possible that 

improvements in glucose uptake upon prolonged β2-AR agonist treatment are – at least 

in part – mediated via an enhanced tissue perfusion. 

Although the exact underlying molecular mechanisms remain elusive, the improvements 

in glucose homeostasis upon selective β2-AR agonists in preclinical models appear to 

be largely dependent on mTORC2 signalling within the skeletal muscle (5, 11). Thus, a 

previous study uncovered a novel pathway stimulating GLUT4-mediated skeletal muscle 

glucose uptake via activation of the β2-AR independent of the insulin and AMPK pathways, 
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namely via mTORC2 (5). In line with these findings, a recent study demonstrated that 

clenbuterol-mediated improvements in glucose homeostasis are markedly reduced in 

mice ablated of skeletal muscle-specific Rictor, a key subunit of mTORC2 (11). Unbiased 

transcriptomics and metabolomics performed in the latter study further highlighted the 

central role of mTORC2 in clenbuterol-induced improvements in glucose homeostasis 

(11). To investigate if mTORC2 signalling and GLUT4 translocation were involved in the 

increase in β2-AR agonist-mediated glucose uptake that we observed, we here measured 

skeletal muscle GLUT4 translocation as well as the phosphorylation of mTOR S2481, a 

marker for the activation of mTORC2, in muscle biopsies collected in the overnight fasted 

state. However, we were unable to detect differences in both GLUT4 translocation as well 

as mTORC2 activation, upon prolonged clenbuterol treatment. 

Several limitations can be identified in our study. Firstly, only male subjects were included 

in our study. It is therefore important that future studies within this field are performed 

with both men and women to investigate if similar effects occur in both sexes. Secondly, 

we did not measure urinary nitrogen to accurately assess whole-body protein oxidation, 

but for the calculation of substrate metabolism instead assumed protein oxidation 

to be a fixed percentage of energy expenditure. However, this assumption might not 

hold true in situations of an enhanced energy expenditure (i.e. clenbuterol treatment), 

during which variable protein oxidation can occur. Important differences in substrate 

oxidation could therefore be missed. Thirdly, we recognize that the sample size in this 

study was limited, which could potentially explain the lack of findings with respect to 

GLUT4 translocation or mTORC2 activation. Lastly, our muscle biopsies were taken in the 

overnight fasted, unstimulated state, whereas glucose uptake was elevated upon insulin 

stimulation. In other words, analysis of insulin-stimulated skeletal muscle material upon 

β2-AR agonist treatment may be imperative to address the mechanisms underlying the 

observed improvement in peripheral insulin sensitivity. 

Conclusion  
In conclusion, we here demonstrate that a two-week treatment with the selective 

β2-AR agonist clenbuterol enhances insulin sensitivity, mainly via increased insulin-

stimulated non-oxidative glucose disposal, in healthy young males. These beneficial 

effects were accompanied by increases in sleeping metabolic rate, improvements in 

plasma triglyceride concentrations, reductions in plasma amino acid concentrations, and 

increases in arterial blood flow velocity. However, skeletal muscle mTORC2 activation and 

GLUT4 translocation, assessed in biopsies taken in the overnight fasted state, remained 
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unaffected upon two-week clenbuterol treatment. Given these effects in young, healthy 

volunteers, it is tempting to postulate that prolonged treatment with a selective β2-AR 

agonist also has the potential to have to marked beneficial effects on insulin sensitivity 

in volunteers with disturbed glucose homeostasis, such as in T2DM patients. However, 

given the well-known (cardiovascular) side-effects associated with prolonged systemic β2-

AR agonist treatment, the development of novel, highly selective β2-AR agonists is crucial 

for further translation into the clinic. Otherwise, further exploration on the underlying 

(molecular) mechanisms involved could lead to the identification of viable therapeutic 

targets and the development of a novel class of therapeutic compounds for the treatment 

of T2DM. 

Methods
Ethical approval
Data was collected at Maastricht University, Maastricht, The Netherlands between the 

13th of August 2019 and the 23rd of April 2021. The study was temporarily halted from 

the 16th of March until the 1st of July 2020 due to the national COVID-19 lockdown in The 

Netherlands. Based on a paired samples T-test power calculation, an expected standard 

deviation of 9.7 µmol/kg/min (37), and an expected mean difference of 25%, we calculated 

that 11 subjects would be required to complete the study in order to reject the null 

hypothesis with a power of 80% and a type 1 error probability of 0.05. In total, 12 subjects 

were enrolled in the study, with 1 subject dropping out due to the COVID-19 pandemic 

(see Supplementary Fig. 1 for an inclusion flow chart). The study was performed in 

accordance with the declaration of Helsinki and was reviewed and approved by the 

Ethics Committee of the Maastricht University Medical Centre+ (NL67646.068.18). The 

study was registered at ClinicalTrials.gov under the identifier NCT03800290. All subjects 

provided their written informed consent prior to screening.

Participants
Healthy, young, male subjects were included in the study. Subjects were of Caucasian 

origin, aged between 18-30 years with a BMI between 20-25 kg/m2 and did not participate 

in organized or structured physical exercise. Subjects were recruited in Maastricht and its 

direct surroundings by means of flyers and advertisements on the internet. All subjects 

were screened for eligibility and were excluded if one of the following conditions were 

met: cardiovascular diseases (as determined by ECG, blood pressure measurements, 

and medical questionnaires); respiratory diseases; unstable body weight (weight gain 
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or loss >5 kg in the last three months); intention to lose or gain body weight (through 

caloric restriction or exercise); excessive alcohol and/or drug abuse; hypokalaemia; 

hyperthyroidism; anaemia; epilepsy; smoking; renal and/or liver insufficiency; medication 

use known to hamper the subject’s safety during the study procedures. 

Experimental design
In a randomised, placebo-controlled, double-blinded, cross-over design subjects received 

either the selective β2-AR agonist clenbuterol hydrochloride (2x 20 µg/day) (Spiropent, 

Hikma Pharmaceuticals, Portugal) or a placebo for two weeks with a four week wash-out 

period (Fig. 1). Due to the national COVID-19 lockdown in the Netherlands, two subjects 

had an extended wash-out of 25 weeks each. Subjects were randomly allocated to a study 

arm by means of controlled randomisation and the allocation sequence was generated in 

blocks of four by an independent researcher. Due to several drop-outs between inclusion 

of subjects and the start of the intervention period, the final allocation ratio was 7 (period 

1: clenbuterol, period 2: placebo) to 4 (period 1: placebo, period 2: clenbuterol) (see 

Supplementary Fig. 1). Clenbuterol hydrochloride and placebo capsules were prepared 

by Radboud University Pharmacy, Nijmegen, The Netherlands. For this, clenbuterol 

hydrochloride tablets (20 µg) were encapsulated and filled with the inactive compound 

lactose. Clenbuterol hydrochloride capsules contained 20 µg clenbuterol hydrochloride/

capsule. Placebo capsules only contained the inactive compound lactose. Containers 

were sequentially numbered to conceal the allocation sequence. Subjects were instructed 

to consume two capsules of clenbuterol (2x 20 µg = 40 µg/day) or placebo daily with 

breakfast and dinner. All unused capsules were returned by the subject. During the study 

period, subjects were asked to maintain their normal eating and physical activity habits. 

Prior to all visits, subjects were asked to refrain from alcohol and physical activity other 

than their normal daily routine for 72 hours.  
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Figure 10. Study design. FMD = flow mediated vasodilation

Acute effects of clenbuterol on heart rate, blood pressure, energy expenditure and plasma 
substrates

At the start of each study arm (day 1), subjects arrived at the research unit in an overnight 

fasted state (i.e. no food consumption after 22:00 the night before). Body weight, heart 

rate and blood pressure were measured followed by the collection of a fasting blood 

sample. Subsequently, baseline energy expenditure was measured for 30 minutes using 

indirect calorimetry (T = -30 till T = 0). Afterwards, subjects consumed their first capsule 

of the study arm (i.e. 20 µg of clenbuterol hydrochloride or placebo) under supervision 

of the researcher (T = 0). The following 4 hours after initial drug intake, blood samples 

were collected every two hours (T = 120 and 240), whereas heart rate and blood pressure 

were measured every hour (T = 60, 120, 180 and 240). In addition, energy expenditure 

and substrate oxidation were measured for 30 minutes every hour (T = 60-90, 120-150, 

180-210 and 240-270). 

Half-way safety check-up

After one week of treatment (day 8), a half-way safety check-up was performed. During 

this visit, subjects were asked about potential emerged side-effects and their overall well-

being. 
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Effects of two-week clenbuterol treatment on glucose homeostasis

Following two weeks of treatment (day 14), subjects arrived at the research unit at 17:00 

to first determine endothelial function and blood flow responses using flow-mediated 

vasodilation of the femoral artery in the leg. Afterwards (~18:00), subjects received a 

standardized meal during which the last capsule of the respective study period was 

consumed. Subjects then stayed overnight in a respiration chamber to determine sleeping 

metabolic rate and substrate oxidation. The following morning, body composition was 

determined by means of air displacement plethysmography (BodPod). Afterwards, blood 

pressure and heart rate were measured, and a muscle biopsy was taken in the overnight 

fasted state. Subsequently, a two-step hyperinsulinemic-euglycemic clamp with indirect 

calorimetry was performed for the determination of hepatic and peripheral insulin-

stimulated glucose disposal. 

Primary and secondary research outcomes
The primary research outcome of this study was peripheral insulin sensitivity upon 2 

weeks of clenbuterol versus placebo treatment, expressed as the change in insulin-

stimulated glucose disposal in the high-insulin phase over baseline (ΔRd) during the 

hyperinsulinemic-euglycemic clamp. The secondary research outcome was skeletal 

muscle GLUT4 translocation, as assessed by means of immunohistochemistry and 

confocal microscopy. 

Indirect calorimetry
An automated respiratory gas analyser and ventilated hood system (Omnical, IDEE, 

Maastricht, The Netherlands) were used to measure whole-body oxygen consumption 

and carbon dioxide production of subjects in a supine position over a 30-minute period. 

For the acute effects of clenbuterol, indirect calorimetry data for one subject was 

excluded due to a technical error. Total energy expenditure and carbohydrate- and fat 

oxidation was calculated according to Brouwers’ equation (38), and protein oxidation was 

set at 12.4% of basal energy requirements as determined by Weir’s equation (39). For the 

determination of sleeping metabolic rate (SMR) and substrate oxidation, subjects spent 

the night from day 14 to 15 in a respiration chamber (Omnical, IDEE, Maastricht, The 

Netherlands). SMR was defined as the lowest energy expenditure for 3-consecutive hours 

as calculated according to Weir’s equation (39). Total energy expenditure and substrate 

oxidation during the night were calculated as described above. 
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Heart rate and blood pressure 
Prior to the measurement of heart rate and blood pressure, subjects were rested for 10 

minutes in a supine position. Heart rate and blood pressure were measured 3 times in 

a row by means of an automatic inflatable cuff (Omron Healthcare, Hamburg, Germany) 

on day 1 and 15. 

Femoral artery flow-mediated vasodilation 
On day 14, femoral artery flow-mediated vasodilation was assessed by Doppler 

ultrasonography (MyLabTM-Gamma, Esaote, Maastricht, The Netherlands) by using a 13-4 

MHz linear transducer. Measurements were performed in B-mode with Doppler to assess 

continuous artery diameter and blood flow velocity profiles. After recording a 3-minute 

baseline reference period, a pneumatic cuff placed around the subject’s right leg was 

inflated at 200 mmHg for 5 minutes. Following this hypoxic period, the cuff was released 

and images were recorded for another 5 minutes. The echo images were analysed offline 

to determine diameter and velocity profiles over the entire measurement period with 

a custom-written MatLab program (MyFMD 2015, Prof. A.P.G. Hoeks, Department of 

Biomedical Engineering, Maastricht University, Maastricht, the Netherlands). The FMD 

response was quantified as the maximal percentage change in post occlusion arterial 

diameter relative to baseline diameter. The FMD corrected for peak velocity (pFMDv) was 

calculated by dividing the FMD by the percentage change in post-occlusion peak velocity 

flow.

Body composition
Body weight- and composition were determined at ~06:00 on day 15 following an 

overnight fast (from ~18:00 the previous day) using air displacement plethysmography 

(BodPod®, COSMED, Inc., Rome, Italy). 

Plasma substrate analyses
Blood samples were collected in EDTA, NaF and serum tubes. After collection, EDTA and 

NaF tubes were stored on ice and spun down at 4 ˚C for 10 minutes at 1300 RCF. Serum 

tubes were stored at room temperature for at least 30 minutes to allow coagulation 

and were thereafter spun down at 21 ˚C for 10 minutes at 1300 RCF. Blood plasma and 

serum was collected and stored at -80 ˚C until further analyses. Plasma glucose (Horiba, 

Montpellier, France), free fatty acids (WAKO, Neuss, Germany) and triglycerides (Sigma, 



Chapter 5

120

St Louis, USA) concentrations were measured by means of a colorimetric analysis using a 

Cobas Pentra C400 analyzer (Horiba, Montpellier, France). Plasma insulin concentrations 

were measured by means of an ELISA (Crystal Chem, Elk Grove Village, USA). 

Plasma metabolomics
Plasma acylcarnitines and amino acids were determined by flow injection MS/MS and LC-

MS/MS, respectively, as described previously (40, 41).  

Two-step hyperinsulinemic-euglycemic clamp
A two-step hyperinsulinemic-euglycemic clamp with primed continuous co-infusion of 

D-[6,6-2H2]-glucose (0.04 mg/kg/min) was performed to assess hepatic and whole-body 

insulin sensitivity (42). Suppression of endogenous glucose production (EGP) during low-

insulin infusion (10 mU/m2/min) was used as a marker for hepatic insulin sensitivity. 

Peripheral glucose disposal (Rd) was measured during low- and high-insulin infusion 

(10 mU/m2/min and 40 mU/m2/min, respectively). Glucose appearance (Ra) and glucose 

disposal (Rd) were calculated according to Steele’s single pool non-steady state equations 

(43). Delta Rd (ΔRd) was determined in the low- and high-insulin phases by calculating the 

Rd insulinlow/high minus Rd basal. The volume of distribution of glucose was assumed to be 

0.160 L/kg. Energy expenditure and substrate oxidation were measured over a 30-minute 

period with indirect calorimetry during baseline, low-insulin and high-insulin phases of 

the clamp. Non-oxidative glucose disposal (NOGD) was defined as Rd minus carbohydrate 

oxidation. Delta NOGD (ΔNOGD) in the low- and high insulin phases was determined by 

calculating NOGD insulinlow/high minus NOGD basal. The percentual suppression of plasma 

FFAs during the low- and high-insulin phases of the clamp as compared to fasting plasma 

FFA values was used as a marker of adipocyte insulin sensitivity.  

Skeletal muscle biopsy 
On day 15 of each study period, a skeletal muscle biopsy was obtained from the m. 

vastus lateralis under local anaesthesia (1% lidocaine without adrenaline) according to 

the Bergström technique (44). Part of the muscle biopsy was embedded into Tissue-Tek 

and frozen in melting isopentane for immunohistochemical analysis. The remainder 

was immediately frozen in melting isopentane. For one subject, the muscle biopsy could 

not be obtained due to technical reasons. Muscle tissue from another subject was of 

inadequate quality for immuno-histochemical analyses. All samples were stored at -80 

˚C until further analyses.
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Immunohistochemistry 
For GLUT4 imaging, immunofluorescence assays were performed on 5 µm thick sections, 

cut from the skeletal muscle biopsies (n=9). After fixation with acetone, sections were 

incubated with a polyclonal rabbit antibody directed to GLUT4 (ab33780; Abcam) and 

a mouse monoclonal antibody directed to caveolin (610421; BD Biosciences), and the 

appropriate Alexa Fluor 555– and Alexa Fluor 488–conjugated secondary antibodies. Images 

were acquired on a Nikon E800 fluorescence microscope (Nikon Europe BV, Amsterdam, 

the Netherlands) coupled to Nikon DS‐Fi1c colour CCD camera (Nikon) using NIS-Elements 

imaging software (Nikon). Images were captured with identical exposure time and gain 

settings in paired (“before-and-after”) samples. Without any adjustments with respect to 

colour intensity, brightness, or contrast, 8-bit images were quantified using ImageJ (NIH, 

Bethesda, USA). Cell membranes were thresholded and selected. Based on the thresholded 

cell membranes the muscle fibers were selected and were shrunken with 12 pixels to have a 

clean separation of the cytosol and the cell membrane. Subsequently the mean intensity of 

GLUT4 fluorescence was measured on the cell membranes and in the cytosol.

Western blot 
Analyses of protein expression in skeletal muscle biopsies (n = 10) was performed by 

means of Western blotting. Muscle tissue (10-15 mg) was homogenised in Bio-Plex Cell 

Lysis buffer (Bio-Rad Laboratories, Hercules, CA, USA). Stain-free gradient (4-15%) TGX 

gels (Bio-Rad Laboratories) or Invitrogen Bolt 4-12% Bis-Tris Protein gels (ThermoFisher 

Scientific, Waltham, Massachusetts, USA) were loaded with equal quantities of protein (5 

or 10 µg/well) and after electrophoresis transferred to a nitrocellulose membrane (Trans-

Blot Turbo Transfer System, Bio-Rad laboratories, Hercules, CA, USA). Blots were incubated 

overnight with the primary p-mTORC2 S2481 (1:1000, #2974, Cell Signalling, Danvers, MA, 

USA), p-mTORC1 S2448 (1:1000, #2971, Cell Signalling, Danvers, MA, USA), VDAC (1:1000, sc-

390336, Santa Cruz Biotechnology, Dallas, Texas, USA), TOMM20 (1:10.000, ab18734, Abcam, 

Cambridge, UK), or an OxPhos antibody cocktail (1:1000, ab110411, Abcam, Cambridge, UK). 

The following morning, blots were incubated with the appropriate IRDye800-conjugated 

secondary antibody (LI-COR, Lincoln, Nebraska, USA). Proteins were visualized and quantified 

by means of a CLx Odyssey Near Infrared Imager (LI-COR, Lincoln, Nebraska, USA).

Statistical analyses
Data were statistically analysed with SPSS IBM version 27 and graphs were created in 
GraphPad Prism version 9.3.1. Linear mixed model analyses with random intercept were 



Chapter 5

122

performed to analyse changes over time as compared to baseline upon clenbuterol versus 
placebo administration. For this, timepoints were normalised for baseline values and a 
linear mixed model analyses was performed on the time points T = 60, 120, 180, and 240. 
Time, treatment and the time*treatment interaction term were used as fixed factors, 
whereas participant was used as random factor. If the interaction term was not statistically 
significant, it was omitted from the model and only the main effects (i.e., treatment and 
time) were reported. An unstructured covariance structure was used for these analyses. 
Paired data were evaluated for normality by means of a Shapiro-Wilk normality test. In 
case of normally distributed data, data was statistically analysed by means of a two-sided 
Paired Student’s T-test, whereas non-normally distributed data was analysed with a non-
parametric Wilcoxon signed-rank test. Statistical analyses were considered significant if p < 
0.05. All data are presented as mean ± SEM unless stated otherwise. 
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Supplementary figures 

Supplemental Figure 1. Inclusion flow-chart of the study. P1 = period 1, P2 = period 2. 
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Supplementary Figure 2. Effect of two-weeks clenbuterol treatment on the activation of mTORC1 
and plasma amino acids. A. phosphorylation of mTOR S2448 (mTORC1), B. plasma amino acid 
concentrations. Plasma amino acid concentrations of tyrosine, valine, leucine, ornithine, lysine, 
arginine, and citrulline were analysed by means of a Wilcoxon Rank-Signed test. All other data was 
analysed by means of a Student’s Paired Sample T-test. P = placebo, Cl = clenbuterol. * p < 0.05, ** 
p < 0.01, *** p < 0.001. 
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Supplemental Figure 3. Effect of prolonged clenbuterol treatment on basal metabolic rate and 
substrate oxidation. A. Energy expenditure during baseline, low- and high-insulin infusion (kJ/min). 
B. Carbohydrate oxidation during baseline, low- and high-insulin infusion (µmol/kg/min). C. Fat 
oxidation during baseline, low- and high-insulin infusion (µmol/kg/min). All data were analysed by 
means of a Paired Student’s T-test. Placebo: n = 11 per group, Clenbuterol: n = 11 per group.  
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Supplementary Figure 4. The effect of clenbuterol treatment on fasting plasma acylcarnitine 
profiles. Data of C0, C2, C3, C12:1, C16:1, and C16 acylcarnitines were analysed by means of a 
Student’s Paired samples T-test. All other data were analysed by means of a Wilcoxon Signed-Rank 
Test. * p < 0.05, ** p < 0.01.
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Supplemental Figure 5. Effect of prolonged clenbuterol treatment on adipose tissue sensitivity 
expressed as the percentage free fatty acid suppression during both the low- and high- insulin 
phases of the two-step hyperinsulinemic-euglycemic clamp as compared to baseline. Free fatty 
acid suppression in the low-insulin phase was compared with a Wilcoxon rank signed test and FFA 
suppression in the high-insulin phase by means of a Paired Student’s T-test. Placebo: n = 11 per 
group, Clenbuterol: n = 11 per group.  
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General discussion
Type 2 diabetes mellitus (T2DM) has evolved into a major global health issue and its 

prevalence continues to rise at an alarming pace (1), with an estimated 600 million 

people suffering from the disease by 2035 (2). As T2DM is highly associated with the 

development of severe comorbidities (3-5) and greater mortality (1), a drastic negative 

impact on the global quality of life is imminent unless effective treatment strategies 

are promptly implemented. At the moment, common lifestyle interventions such as 

dietary and exercise regimes have repeatedly been proven to be highly successful in 

treating T2DM patients (6, 7). Despite their effectiveness, long-term adherence to these 

interventions by T2DM patients is rather poor, underscoring the need for novel therapies 

to improve glucose homeostasis. 

As T2DM is a metabolic disease characterized by an energy excess in the body, alternative 

methods to enhance energy expenditure could result in a positive disease outcome. In 

this context, the ‘rediscovery’ of brown adipose tissue (BAT) in adult humans in 2009 (8-

10) has sparked a scientific interest in the activation of BAT as a potential new therapeutic 

approach to improve glucose homeostasis in T2DM patients. BAT is a highly specialised 

thermogenic tissue, capable of drastically increasing heat production when exposed to 

its main (physiological) activator, namely cold (11). This enhanced dissipation of heat is 

accompanied by a substantial increase in the uptake of circulating plasma glucose (12, 

13), hence making BAT a prime candidate to counter metabolic derangements associated 

with T2DM, including glucose intolerance. In line with this notion, activation of rodent BAT 

via cold exposure or pharmacological stimulation (i.e. β3-adrenergic receptor agonists) 

has previously been associated with marked beneficial effects on glucose homeostasis 

(14-17), thereby hinting towards a potential translational value for humans as well. 

In humans, cold exposure has proven to be a potent stimulator of BAT (8-10, 18) and 

BAT mass and/or activity can be significantly enhanced with repeated exposure to 

cold conditions, i.e. cold acclimation (19-22). Despite this increase in BAT, however, the 

amount of recruitable BAT in human appears to be rather limited. Thus, where rodents 

are characterised by high quantities of BAT relative to their body weight, adults humans 

have relatively small BAT depots, ranging from a few millilitres to a couple of hundred 

(23). Furthermore, the amount of BAT in humans inversely correlates with BMI and 

percentage body fat (8, 24), indicating that the overall quantity of BAT in overweight/

obese patients with T2DM is potentially even lower. These data therefore cast doubt on 

the therapeutic value of BAT activation in improving glucose homeostasis in T2DM. This 

scepticism is further supported by studies demonstrating that BAT only accounted for 
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~1% of systemic glucose turnover upon cold exposure in healthy males (25), suggesting 

that glucose clearance by BAT in overweight/obese patients upon cold exposure is even 

lower. Furthermore, mild cold acclimation (14-15 ˚C, 6h/day, 10 consecutive days) only 

led to minor increases in BAT glucose uptake in T2DM patients (26). Altogether, it seems 

highly unlikely that activation of BAT alone is sufficient to drastically impact glucose 

homeostasis in overweight/obese T2DM patients.  

Although the effect of cold-induced BAT activation on glucose homeostasis appears to 

be limited in humans, cold exposure itself has still been reported to markedly improve 

glucose homeostasis (27, 28), even in T2DM patients (26). Cold exposure therefore 

remains a promising, alternative strategy to improve glucose homeostasis, with other 

tissues than BAT likely responsible for mediating these beneficial effects. To gain a deeper 

understanding of the potential tissues involved, a comprehensive literature study was 

performed to investigate the effects of cold exposure on the primary organs involved 

in the regulation of glucose homeostasis, including the pancreas, liver, (white) adipose 

tissue and skeletal muscle, which can be found in Chapter 2 of this thesis. Although 

human studies on this topic are scarce, it was established that a highly prominent role of 

skeletal muscle in these cold-induced improvements in glucose homeostasis is evident. 

The latter comes as little surprise, as the skeletal muscle has an extraordinary ability 

to take up plasma glucose (29, 30) and additionally has an unprecedented capacity for 

substrate oxidation and heat production. In line with this notion, several rodent studies 

have previously reported significant increases in basal- and insulin-stimulated skeletal 

muscle glucose uptake upon exposure to low ambient temperatures (13, 31-36), which 

was associated with robust improvements in glucose homeostasis. These effects are not 

limited to rodent models, as an increase in skeletal muscle glucose uptake has also been 

reported in humans during cold exposure (37). In fact, our research group has previously 

demonstrated that the beneficial effects of cold acclimation persist upon returning to 

thermoneutrality, with a marked increase in glucose transporter 4 (GLUT4)-mediated 

skeletal muscle glucose uptake in T2DM patients the day after mild cold acclimation, an 

effect that was associated with an ~43% increase in insulin sensitivity (26). Combined, 

these studies suggest that an increased skeletal muscle glucose uptake is – at least to a 

large extent – involved in mediating cold-induced improvements in glucose homeostasis. 

To this day, however, the exact underlying mechanisms through which cold induces 

skeletal muscle glucose uptake is not fully known. Nevertheless, cold-induced stimulation 

of glucose uptake appeared to occur independent of the conventional insulin- and 

AMPK-signalling pathways (26), indicating that other pathways may be at play. Given the 
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pronounced beneficial effects of cold exposure on glucose homeostasis, further insight 

into these underlying mechanisms could potentially reveal novel therapeutic avenues 

for the treatment of T2DM. Therefore, the aim of this thesis was to further explore two 

putative (physiological) mechanisms of cold-induced improvements in skeletal muscle 

glucose uptake and, subsequently, whole-body glucose homeostasis. These mechanisms 

include (1) direct stimulation of skeletal muscle β2-adrenergic receptors (β2-ARs) and (2) 
shivering thermogenesis, which will be further discussed below.

Could activation of β2-adrenergic receptors underlie cold-induced 
improvements in skeletal muscle glucose uptake?  
Initiation of thermogenesis upon exposure to low(er) ambient temperatures is mediated 

via activation of the sympathetic nervous system (SNS), which is characterised by 

postganglionic release of norepinephrine onto various tissues to stimulate energy 

expenditure. This activation of the SNS has previously been hypothesized to regulate 

skeletal muscle glucose uptake upon exposure to cold (38). Indeed, activation of the 

ventromedial hypothalamus, and subsequent release of norepinephrine, has been 

demonstrated to significantly enhance glucose uptake in skeletal muscle in rodents (39-

41). In line with these findings, various in vitro studies have shown a significant increase 

in skeletal muscle glucose uptake upon activation of β2-ARs (42-45), the most abundant 

adrenoceptor in skeletal muscle (46), for which norepinephrine has affinity as well. 

Combined, these results suggest that activation of β2-ARs may contribute to the beneficial 

effects of cold exposure on skeletal muscle glucose uptake. However, information about 

the physiological and clinical relevance of this pathway is virtually absent. 

In Chapter 3 of this thesis, it was therefore investigated if treatment with the selective 

β2-agonist clenbuterol could boost in vivo skeletal muscle glucose uptake in diet-induced 

obese (DIO) mice, a well-known rodent model of insulin resistance. Interestingly, merely 

6 days of clenbuterol treatment significantly enhanced basal skeletal muscle glucose 

uptake by ~74%, thereby confirming a physiological relevance of β2-ARs in mediating 

skeletal muscle glucose uptake in vivo. These effects were accompanied by significant 

improvements in both whole-body glucose tolerance and insulin sensitivity, which 

occurred independent of changes in plasma insulin concentrations or body composition. 

These results are in agreement with previous studies investigating the effects of β2-

agonist treatment on whole-body glucose homeostasis in rodents (47-49), albeit that 

these results demonstrated that these beneficial effects could be achieved upon doses 

~40 times lower than studied before. In addition, this study is the first to show that 
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β2-agonist-induced improvements in glucose homeostasis are likely attributed to an 

increased skeletal muscle glucose uptake. 

Nonetheless, it is important to note that β-ARs are widely expressed throughout the body 

and that clenbuterol also has an (albeit low) affinity towards β1- and β3-ARs (50), thereby 

indicating that other tissues besides the skeletal muscle could potentially contribute 

to the beneficial effects of clenbuterol treatment on whole-body glucose homeostasis. 

In rodents, this especially applies to the BAT, which is primarily activated via β1- and 

β3-ARs (11) and – as described above – can significantly impact glucose homeostasis 

(14, 16, 17). In Chapter 4 of this thesis, acute clenbuterol injection indeed markedly 

enhanced whole-body oxygen consumption and this effect was severely blunted in 

uncoupling protein 1 (UCP1) deficient mice, which lack thermogenic BAT. These findings 

indicate that clenbuterol is indeed able to enhance BAT activity in vivo in mice, which 

in turn may contribute to the effects on whole-body glucose homeostasis. To test this 

possibility, the effects of clenbuterol treatment were investigated in UCP1-/- DIO mice, 

which – in our opinion – also better reflect the human T2DM phenotype as overweight/

obese individuals have low quantities of BAT (8). Interestingly, clenbuterol treatment 

markedly improved glucose tolerance and insulin sensitivity, even in the absence of 

thermogenically functional BAT. In fact, glucose tolerance and insulin sensitivity of both 

UCP1-/- and wild-type mice were normalised to similar levels of those of healthy, chow-fed 

mice, thereby further demonstrating the efficacy of β2-agonist treatment in improving 

glucose homeostasis in vivo. 

Based on the outcomes of Chapter 3 and 4, it can be concluded that β2-ARs represent 

an interesting target to improve skeletal muscle glucose uptake and whole-body glucose 

homeostasis in T2DM patients. However, whether prolonged β2-agonist treatment also 

affects skeletal muscle glucose uptake in humans is largely unknown. To investigate the 

latter, a proof-of-principle study was performed in healthy young males, described in 

Chapter 5 of this thesis. Thus, in a randomised, placebo-controlled, double-blinded, 

cross-over study, subjects received a treatment with either clenbuterol (20 µg twice daily) 

or a placebo for two weeks with a 4-week wash-out period in between. Following these 

two weeks of treatment, the golden standard two-step hyperinsulinemic-euglycemic 

clamp technique was performed to assess insulin-stimulated skeletal muscle glucose 

uptake. In line with the results from the animal models described in Chapter 3 and 4, 

it was established that, also in humans, clenbuterol treatment significantly increased 

insulin-stimulated skeletal muscle glucose uptake by ~13%, an effect that was primarily 

attributed to an increased non-oxidative glucose disposal of ~18%. 
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To our knowledge, merely two studies have previously investigated the effects of 

prolonged β2-agonist treatment on glucose homeostasis in humans. Thus, 1-2 weeks 

treatment with the selective β2-agonist terbutaline sulphate (15 mg/day orally) has been 

shown to markedly improve insulin-stimulated glucose uptake and non-oxidative glucose 

disposal by ~29% and ~45%, respectively, in healthy young males (51). Along similar lines, 

4-weeks of terbutaline treatment (4 mg/day inhalation) significantly increased glucose 

infusion rate during a hyperinsulinemic-euglycemic clamp in healthy young males by 27% 

(52), although this was primarily attributed to an increase in lean muscle mass. Combined 

with our findings, these studies strongly indicate that selective β2-agonist treatment 

increases skeletal muscle glucose uptake and improves whole-body glucose homeostasis 

in humans. It is especially important to highlight that all studies involved healthy, young, 

male subjects, who are not characterised by disturbances in their glucose homeostasis. 

The window of opportunity for β2-agonist treatment may therefore be even larger in 

individuals with an impaired glucose homeostasis. As such, it is strongly recommended 

that follow-up studies are performed to investigate the effects of (even more prolonged) 

β2-agonists treatment in individuals with pre-diabetes and T2DM patients. 

Despite the beneficial effects of β2-adrenergic stimulation on glucose homeostasis, 

long-term (systemic) treatment with currently existing β2-agonists is associated with 

significant (cardiovascular) side-effects (53), complicating direct translation into the clinic. 

Given these side effects, exact knowledge of the underlying mechanisms mediating β2-

agonist-induced improvements in skeletal muscle glucose uptake could prove helpful in 

identifying novel therapeutic targets for targeting this pathway without the negative side 

effects. However, the physiological and/or molecular pathways involved in β2-stimulated 

glucose uptake are largely unknown to this day. In this context, this study is the first to 

perform an in-depth metabolic profiling on the effects of clenbuterol treatment to assess 

the putative mechanisms implicated in mediating the improvements in skeletal muscle 

glucose uptake (Chapter 5). In short, it was demonstrated that the beneficial effects 

of clenbuterol treatment could not be attributed to an enhanced lean muscle mass, 

changes in plasma insulin concentrations, or alterations in substrate oxidation, despite 

a significant increase in resting and sleeping metabolic rate. Interestingly, a significant 

increase in femoral artery blood flow velocity was observed upon clenbuterol treatment, 

which hints towards a higher peripheral tissue perfusion and thereby (potentially) an 

increased skeletal muscle glucose uptake (54). However, the role of an enhanced tissue 

perfusion upon clenbuterol treatment in mediating skeletal muscle glucose uptake needs 

to be investigated in more detail. 
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Besides these physiological measurements, the molecular mechanisms involved were 

also investigated by means of detailed analyses of skeletal muscle biopsies, which were 

acquired in the overnight, fasted state following clenbuterol treatment. In this context, 

the effects of β2-agonists on skeletal muscle glucose uptake in rodents appear to primarily 

depend on the activation of the mammalian target of rapamycin complex 2 (mTORC2) 

and, subsequently, GLUT4 translocation (44). More specifically, (muscle-specific) ablation 

of the mTORC2-subunit Rictor or the use of specific mTORC2 inhibitors severely blunts 

the effects of β2-agonist on skeletal muscle glucose uptake in rodents (44, 55). Despite 

the apparent central role of mTORC2, clenbuterol-mediated improvements in glucose 

homeostasis in mice were also shown to occur independent of changes in skeletal muscle 

GLUT4 translocation (55). In our human study described in Chapter 5, GLUT4 translocation 

and mTORC2 activation were therefore assessed following 2 weeks of clenbuterol 

treatment. However, no differences in GLUT4 translocation or mTORC2 activation were 

observed. This discrepancy could potentially be attributed to the relatively small sample 

size of our study. In addition, it could be speculated that alternative measurement 

techniques (such as metabolomics) are required to identify a role of mTORC2 (55). In light 

of these findings, however, it is also important to mention that other (currently unknown) 

molecular mechanisms could be involved in clenbuterol-mediated improvements in 

skeletal muscle glucose uptake in humans. In this context, marked reductions in plasma 

triglyceride concentrations were observed following clenbuterol treatment, suggesting an 

enhanced lipid turnover by (potentially) skeletal muscle. As lipid intermediates (such as 

ceramides and diacylglycerol) are known to interfere with insulin signalling (56), a higher 

lipid turnover within skeletal muscle could potentially underlie our clenbuterol-mediated 

improvements in insulin-stimulated glucose disposal. However, no direct evidence for 

this was obtained during this study. 

In addition to skeletal muscle, other metabolic tissues could also contribute to the 

beneficial effects seen upon prolonged β2-agonist treatment. In this context, a particular 

tissue of interest is BAT, as it has recently been demonstrated that human BAT is primarily 

activated via the β2-AR (57). Although overweight/obese individuals are characterized by 

very low BAT quantities, lean, young individuals are known to have somewhat larger BAT 

depots (8), and BAT is able to take up glucose from the circulation upon its activation 

(12, 13, 25). Therefore, a potential role for BAT in mediating the β2-agonist-mediated 

improvements in insulin-stimulated glucose disposal observed in Chapter 5 cannot be 

excluded. Hence, it would be interesting for follow-up studies to assess the effects of 

β2-agonist treatment on BAT glucose uptake by means of PET-MRI or PET-CT in healthy 
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young, but also overweight/obese individuals. Besides BAT, β2-agonists are also well-

known to stimulate lipolysis and energy expenditure in white adipose tissue (WAT) (57, 

58), which could potentially be associated with improvements in glucose uptake. Although 

no significant changes in insulin-mediated suppression of FFAs were identified during 

the two-step hyperinsulinemic-euglycemic clamp – reflecting WAT insulin sensitivity – 

upon clenbuterol treatment, future studies could include subcutaneous adipose tissue 

biopsies to investigate the metabolic effects of β2-agonists on WAT.

When combining the results of Chapter 3, 4, and 5, evidence is provided that activation 

of β2-ARs could be a potential explanation for our previously observed effects of mild 

cold acclimation on skeletal muscle glucose uptake and whole-body glucose homeostasis 

in humans (26). Nevertheless, additional (physiological) mechanisms besides β2-ARs 

stimulation could still be at play in mediating cold-induced improvements in skeletal 

muscle glucose uptake. In this context, cold-induced shivering of skeletal muscle is a 

likely candidate, which will be discussed in more detail below.  

Is cold-induced shivering thermogenesis related to improvements 
in glucose homeostasis? 
Upon substantial bodily heat loss, the human body - among other things - prevents 

the development of hypothermia by means of shivering thermogenesis (59), which 

is capable of increasing energy expenditure up to 5x resting metabolic rate (60). The 

latter is sustained by both an enhanced carbohydrate and fat oxidation, albeit that the 

relative contribution of these substrates is dependent on several factors, including the 

shivering intensity (61), with a higher shivering intensity being associated with a higher 

carbohydrate oxidation. The glucose consumed to fuel this carbohydrate oxidation is 

derived from both skeletal muscle glycogen stores and glucose from the circulation, 

and both glycogen breakdown and plasma glucose uptake are known to correlate 

positively with shivering intensity (37, 62). Based on the latter, it has previously been 

hypothesized that shivering could potentially improve whole-body glucose homeostasis. 

Indeed, a previous study demonstrated that the clearance of an intravenously infused 

glucose bolus in healthy, young males is markedly improved during exposure to shivering 

thermogenesis (3h at 10˚C), although oral glucose tolerance assessed under the same 

conditions was not affected (27). 

In our previous study, mild cold acclimation (14-15 ˚C, 6h/day, 10 consecutive days) 

improved insulin-stimulated glucose uptake by 43%, as assessed at thermoneutrality the 
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day after the last cold exposure (26). Although the study aimed to maximally stimulate 

non-shivering thermogenesis, the study participants self-reported the presence of low-

intensity shivering (i.e. tense muscles) during the mild cold exposure sessions, which was 

apparent even after cold acclimation (26). Our research group therefore performed a 

follow-up study with a comparable study design, albeit with a slightly higher ambient 

temperature (16-17 ˚C) to avoid shivering during the mild cold exposure sessions (63). 

Surprisingly, this study was unable to reproduce the cold-induced improvements in 

insulin-stimulated glucose disposal in T2DM patients, thereby hinting towards a role for 

shivering in mediating the beneficial effects of cold acclimation. This notion was further 

supported by skeletal muscle gene expression data of both mild cold acclimation studies, 

which showed an upregulation of genes associated with shivering in the initial study (26), 

but not in the follow-up (63). 

To directly test the effects of shivering on skeletal muscle glucose uptake and whole-

body glucose homeostasis, a single-arm intervention study was performed during which 

overweight/obese men and (postmenopausal) women were repeatedly exposed to at 

least 1 hour of shivering per day for 10 days (Chapter 6). Subsequently, oral glucose 

tolerance tests (OGTTs) were performed at thermoneutrality before, the day after a 

single cold exposure with shivering, and the day after a 10-day cold acclimation with 

shivering. Despite the fact that a single cold exposure with shivering was unable to affect 

oral glucose tolerance, cold acclimation significantly reduced the glucose area under 

the curve during the OGTT, as well as fasting glucose concentrations, indicative of an 

improved whole-body glucose homeostasis. These combined results therefore strongly 

hint towards a role of shivering in mediating the effects of (mild) cold acclimation on 

whole-body glucose homeostasis. It could be argued, however, that our observed 

improvements in glucose area under the curve (-6%) are smaller than our previously 

reported improvements in insulin sensitivity upon mild cold acclimation (+43%) (26). 

This discrepancy could potentially be explained by differences between studies with 

respect to their studied population (healthy overweight/obese versus T2DM patients) 

and assessment method for glucose homeostasis (OGTT vs. clamp). Thus, T2DM 

patients likely have a greater window of opportunity to improve glucose homeostasis in 

comparison to healthy, overweight/obese individuals. Future studies should therefore 

focus on individuals with pre-diabetes or patients with T2DM to allow decent comparison 

with our previous study (26) and to assess the true potential of cold acclimation with 

shivering. Furthermore, future studies that assess the effects of cold acclimation with 

shivering on glucose homeostasis by means of a hyperinsulinemic-euglycemic clamp 
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will allow further comparison between these studies. Finally, follow-up studies should 

additionally investigate the optimal frequency, duration, and intensity of cold exposure 

with shivering to improve glucose homeostasis, as daily exposure to 1 hour of shivering 

is unrealistic within a clinical setting.

Contrary to our previous study (26), the effects of shivering on glucose homeostasis could 

not be attributed to an increased skeletal muscle GLUT4 translocation. It is important 

to note, however, that these skeletal muscle biopsies were acquired in the overnight, 

fasted state, whereas our improvements in glucose tolerance were observed in the 

insulin-stimulated state. As such, the possibility that GLUT4 translocation was enhanced 

upon insulin stimulation, i.e. during the OGTT, cannot be excluded. Nonetheless, besides 

changes in skeletal muscle GLUT4 translocation, other mechanisms could also be at play 

in mediating the observed increase in glucose tolerance. In this context, plasma FFA 

concentrations, both in the fasted state and during the OGTT, were robustly decreased 

following cold acclimation with shivering. Given the association between increased 

levels of FFAs and a blunted insulin-stimulated glucose disposal in peripheral tissues 

(64), our observed improvements in whole-body glucose homeostasis could potentially 

be mediated via a reduction in plasma FFAs. In addition, as shivering is well-known to 

depend on skeletal muscle glycogen stores (62) and previous studies have indicated that 

a reduced muscle glycogen content can stimulate glucose uptake (65, 66), decreased 

glycogen concentrations following cold exposure could be associated with an enhanced 

skeletal muscle glucose uptake. Given the latter, it would be highly interesting for follow-

up studies to determine skeletal muscle glycogen content following cold acclimation with 

shivering by means of, for example, magnetic resonance spectroscopy. 

Besides the skeletal muscle, it is important to highlight that other tissues could also be 

involved in mediating cold-induced improvements in whole-body glucose homeostasis. 

Indeed, our improvements in fasting glucose concentrations following cold acclimation 

with shivering could also be related to a reduced endogenous hepatic glucose production, 

indicative of an improved hepatic insulin sensitivity (67). This notion is supported by 

our previous mild cold acclimation study, which tended to improve hepatic insulin 

sensitivity in T2DM patients (26), an effect that could not be replicated if overt shivering 

was prevented (63). In addition to the liver, previous rodent studies have demonstrated 

a significant increase in basal- and insulin-stimulated glucose uptake in white adipose 

tissue (WAT) upon prolonged cold exposure (33, 34, 38), although mild cold acclimation 

has been unable to induce similar effects in humans (22, 26). Nevertheless, as the 

intensity of cold exposure in the current study (Chapter 6) is higher as compared to our 
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previous mild cold acclimation studies, a potential improvement in WAT glucose uptake 

cannot be excluded. 

The results presented in Chapter 6 provide strong evidence that shivering thermogenesis 

may underlie our previously observed improvements in whole-body glucose homeostasis 

upon mild cold acclimation, although the molecular pathways mediating these 

improvements remain to be established. Besides the beneficial effects on whole-body 

glucose homeostasis, it was also demonstrated that acclimation to cold with shivering 

markedly improved both blood pressure and fasting lipid profiles in overweight/obese 

subjects, two well-known parameters of the metabolic syndrome. These findings 

combined therefore suggest that cold acclimation with shivering could be an interesting 

strategy to not only improve glucose homeostasis, but also other components of the 

metabolic syndrome in T2DM patients.

Concluding remarks
The main aim of this thesis was to further investigate two potential mechanisms (i.e. 

β2-ARs stimulation and shivering thermogenesis) through which cold exposure could 

enhance skeletal muscle glucose uptake and, thereby, improve glucose homeostasis. 

Based on the data presented in this thesis, it can be concluded that both direct stimulation 

of β2-ARs, as well as exposure to shivering thermogenesis, may underlie our previously 

observed (mild) cold-induced improvements in skeletal muscle glucose uptake and 

whole-body glucose homeostasis. To what extent either mechanism is responsible for 

the cold-induced improvements in glucose homeostasis is impossible to delineate at this 

point. It could even be hypothesized that both mechanisms additively or synergistically 

enhance skeletal muscle glucose uptake and/or improve glucose homeostasis. As such, 

the relative contribution of each mechanism in cold-induced improvements in skeletal 

muscle glucose uptake and whole-body glucose homeostasis remains to be established. 

Nonetheless, the research described in this thesis provides some pieces of the puzzle 

in our search for alternative treatment strategies for patients with T2DM, although 

implementation into the clinic is still a long way ahead.
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Impact 
What is the main aim of the research described in the thesis and 
what are the most important results and conclusions?
Repeated cold exposure (or cold acclimation as it is called in science) has presented itself as 

a new way to help patients with type 2 diabetes mellitus (T2DM) maintain their blood glucose 

levels within normal boundaries. This glucose homeostasis appears to be primarily caused 

by an increased glucose uptake from the blood by skeletal muscle, as was shown by (clinical) 

studies performed by our own research group, as well as by others (Chapter 2). To this day, 

it is unknown how cold exposure enhances glucose uptake by skeletal muscle. The main aim 

of this thesis was to investigate two potential mechanisms how repeated exposure to cold 

enhances skeletal muscle glucose uptake and improves glucose homeostasis. 

One potential mechanism through which cold could have its beneficial metabolic effects, 

is via activation of a specific part of the nervous system named the sympathetic nervous 

system, which also controls the well-known fight-or-flight response. Cold exposure is known 

to stimulate this part of the nervous system, in order to defend core body temperature. 

Activation of the sympathetic nervous system causes the release of the hormone 

norepinephrine onto skeletal muscle cells, which can stimulate specific receptors better 

known as the β2-adrenergic receptors (β2-ARs). In cultured muscle cells, it has previously 

been shown that compounds with the ability to activate these receptors (so-called β2-

agonists), can stimulate glucose uptake. However, it was unknown whether this effect could 

also occur in vivo. In Chapter 3, we therefore treated obese, insulin-resistant mice, with the 

β2-agonist clenbuterol and investigated skeletal muscle glucose uptake, as well as whole-

body glucose homeostasis. Interestingly, we found that clenbuterol treatment improved 

skeletal muscle glucose uptake and also whole-body glucose homeostasis in these mice.

Although clenbuterol mainly activates β2-ARs, it also has some affinity for β1- and β3-ARs. 

As these receptors are present on several other tissues influencing blood glucose levels, 

the possibility exists that other tissues than muscle contribute to the improvements in 

whole-body glucose homeostasis described in Chapter 3. An important tissue in this 

context is the brown adipose tissue (BAT), which is capable of taking up large amounts 

of glucose from the blood once it is activated upon cold, via β1- and β3-ARs. In contrast to 

rodents however, it is known that (especially obese) humans have low amounts of BAT. It 

is therefore important to investigate if the results described in Chapter 3 are dependent 

on BAT, as otherwise similar effects might not be achieved in humans. In Chapter 4, we 

therefore investigated the effects of clenbuterol treatment in obese mice that have non-
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functional BAT. Also in these mice, clenbuterol was able to improve glucose homeostasis, 

suggesting that BAT is not essential for these beneficial effects.  

After these studies in mice, we next investigated if activation of the β2-AR could also improve 

skeletal muscle glucose uptake in humans (Chapter 5). For this study, we treated healthy, 

young, male subjects with clenbuterol for two weeks and subsequently measured insulin-

stimulated skeletal muscle glucose uptake. In line with the results found in mice (Chapter 3 
and Chapter 4), clenbuterol could also enhance insulin-stimulated skeletal muscle glucose 

uptake in humans, although it remains unknown how this exactly works inside the skeletal 

muscle. Combined, the animal and human studies described in this thesis demonstrate that 

activation of β2-AR could potentially be used as a therapy to improve glucose homeostasis 

in patients diagnosed with T2DM. However, future studies in T2DM patients are required 

to further explore the therapeutic potential of β2-agonist treatment. 

The second potential mechanism for the improved glucose regulation upon cold exposure 

is the occurrence of shivering. When the body loses a lot of heat during cold exposure, it 

will start to produce extra heat via involuntary muscle contractions, a phenomenon known 

as shivering. Muscle contractions are known to enhance skeletal muscle glucose uptake 

and hence, some level of (mild) shivering or muscle activity may be involved in improving 

glucose homeostasis upon repeated cold exposure. However, it has never been directly 

tested whether cold exposure with shivering can improve glucose homeostasis in humans. In 

Chapter 6 of this thesis, we therefore exposed overweight/obese individuals to shivering via 

cold exposure for 10 days, with at least 1 hour of shivering per day. Interestingly, the 10 days 

of cold exposure with shivering not only led to improvements in glucose tolerance, but also 

in blood lipid content and blood pressure. However, the exact mechanisms responsible for 

these effects are still not known. Nevertheless, the results of this study indicate that shivering 

could potentially be a way by which cold exposure improves glucose homeostasis. 

What is the contribution of the results from this research to science 
and social challenges? 
The number of people diagnosed with T2DM has increased tremendously over the past 

few decades. As T2DM is well-known to increase the risk for the development of other 

diseases, the latter creates an extraordinary economic burden for health care funds and 

society itself, as well as reduces the quality of life of millions of people. Finding new ways 

to treat patients with T2DM is therefore highly important to improve the global quality of 
life, alleviate the immense pressure currently experienced by the health care system, and 
help lower ever-increasing costs of health care. 
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This thesis contributes to this search for new ways to improve glucose homeostasis and 

highlights an alternative lifestyle strategy for people at risk for, or patients with, T2DM. 

It is however important for future research to determine the frequency and intensity by 

which patients should be exposed to cold to maximally improve glucose homeostasis. 

The outcomes of the research described in this thesis also shed some light on the 

potential physiological mechanisms through which cold exposure improves skeletal 

muscle glucose uptake and glucose homeostasis in humans. Since not all relevant target 

groups could be studied in the context of this thesis and since not all findings could be 

mechanistically explained, this thesis also provides a foundation for other researchers 

to further investigate the effects of cold exposure or activation of β2-ARs on glucose 

homeostasis.

To whom are the research results interesting and/or relevant?
The outcomes of the studies described in this thesis are primarily interesting for other 

researchers within the field of metabolism and/or diabetes, as this newly generated 

knowledge provides additional information with respect to the effects of cold exposure 

on glucose homeostasis. The results described in this thesis will be published in scientific 

journals in order for this information to become available to these researchers. In 

addition, the research results will be highlighted at various national and international 

congresses within the field of metabolism, which are visited by researchers all over the 

globe. Individuals that participated in these clinical studies will also be informed about 

the results by means of special participant events, as well as internet and social media. 

Besides other researchers, these results could also be interesting for the pharmaceutical 

industry, as future research within this field could potentially identify new targets for 

drug development. The development of these drugs could provide T2DM patients with a 

whole new class of medication to improve their disease state. In addition, the outcomes 

of the studies described in this thesis could potentially lead to the foundation of new 

companies providing cold exposure therapy to T2DM patients. The results are also 

interesting for individuals with prediabetes or T2DM patients, as it could provide them 

with additional knowledge on how to improve their disease state. The outcomes of the 

studies described in this thesis could also potentially contribute to new lifestyle advices 

for T2DM patients, thereby also making these results interesting for general practitioners 

or lifestyle coaches. Finally, these results may also be of interest for policy makers, as 

it may indicate that lowering ambient temperature (e.g. in offices) may not only be 

favourable to minimize energy consumption, but may also have beneficial health effects.  
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Summary 
The high prevalence of obesity has led to a global escalation in the number of people 

diagnosed with type 2 diabetes mellitus (T2DM). Non-medical treatment options to 

improve glucose homeostasis in these patients mainly consist of lifestyle interventions, 

such as exercise- and dietary regimes. Nevertheless, these forms of interventions are 

not widely enthused by most humans, as evidenced by the low long-term adherence 

rates. Therefore, there is the need for new therapies to improve glucose homeostasis in 

patients with T2DM.

In search for alternative strategies to improve the disease state of T2DM patients, our 

research group has previously shown that repeated exposure to mild cold (i.e. mild cold 

acclimation) improves insulin-stimulated glucose disposal by ~43% in T2DM patients. 

Further elaboration on the mechanisms underlying these improvements revealed that 

these effects were primarily attributed to an increased uptake of glucose by skeletal 

muscle, although the exact intracellular pathways involved remained unknown. 

Nevertheless, given the pronounced effects of cold exposure on glucose homeostasis, 

identification of the underlying mechanisms mediating skeletal muscle glucose uptake 

upon cold exposure could reveal new therapeutic avenues for the treatment of T2DM. 

In this thesis, it was therefore investigated whether activation of β2-adrenergic receptors 

(β2-ARs) or the occurrence of shivering could underlie these observed improvements in 

skeletal muscle glucose uptake and glucose homeostasis following cold acclimation. 

This thesis primarily focusses on potential mechanisms by which cold enhances 

skeletal muscle glucose uptake. However, it is also possible that other metabolic tissues 

contribute to cold-induced improvements in glucose homeostasis. To gain more insights 

into the contribution of different tissues to cold-induced effects on glucose homeostasis, 

a comprehensive literature study was performed in Chapter 2. In this chapter, emphasis 

was put on the effects of cold exposure on the pancreas, liver, (white) adipose tissue, 

and skeletal muscle – the primary organs regulating glucose homeostasis – whereas only 

limited attention was paid to brown adipose tissue (BAT), as the abundance of this tissue 

is relatively low in overweight/obese adult humans. Based on the studies reviewed in 

this chapter, it was concluded that adaptations within skeletal muscle, resulting in an 

increased glucose uptake, are key for the effects of cold exposure on glucose homeostasis, 

although a potential role for the liver and white adipose tissue should not be overlooked. 
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The first mechanism by which cold exposure could enhance skeletal muscle glucose 

uptake is via activation of the sympathetic nervous system and subsequent activation 

of the highly expressed β2-AR located on skeletal muscle cells. Activation of β2-ARs has 

previously been associated with an increased glucose uptake in vitro. However, whether 

activation of β2-ARs also stimulates skeletal muscle glucose uptake in vivo was entirely 

unknown. In Chapter 3, diet-induced obese, insulin resistant mice were treated with 

the selective β2-agonist clenbuterol. It was found that clenbuterol could stimulate 

glucose uptake by skeletal muscle in vivo, thereby highlighting a physiological relevance 

of this receptor in mediating skeletal muscle glucose uptake. Furthermore, treatment 

with clenbuterol markedly improved both glucose and insulin tolerance in these mice, 

indicating a potential therapeutical relevance as well. 

Although the findings in Chapter 3 are highly promising, it could be hypothesized 

that these effects are partly mediated via activation of BAT, as clenbuterol has a low 

affinity towards the primary receptors involved in BAT activation (i.e. β1- and β3-AR), 

and rodents are characterised by large volumes of this metabolically active tissue. In 

terms of a potential therapeutical relevance for T2DM patients, it is highly important 

to investigate the contribution of BAT in these β2-agonist-mediated improvements in 

glucose homeostasis, as overweight/obese individuals generally have small BAT depots. 

In Chapter 4, the effects of clenbuterol treatment on whole-body glucose homeostasis 

were therefore investigated in diet-induced obese, insulin resistant mice ablated of 

UCP1, the key protein mediating BAT thermogenesis. Remarkably, clenbuterol treatment 

significantly improved glucose homeostasis even in the absence of thermogenically 

functional BAT, indicating that BAT is not indispensable for β2-agonist-mediated 

improvements in glucose homeostasis. These findings suggest that other tissues than 

BAT are responsible for β2-adrenergic stimulated improvements in glucose homeostasis, 

and therefore suggests that such an approach may also be effective in humans who are 

characterized by low amounts of BAT. 

In Chapter 5, the findings of these rodent studies were translated into a clinical setting 

to investigate whether treatment with a β2-agonist could boost skeletal muscle glucose 

uptake in humans. Thus, healthy, young, male subjects were treated with clenbuterol or 

a placebo for 2-weeks in a randomised, placebo-controlled, double-blinded cross-over 

study, after which insulin-stimulated skeletal muscle glucose uptake was determined with 

the golden standard hyperinsulinemic-euglycemic clamp technique. Interestingly, even 

in these healthy subjects that do not have impairments in their glucose homeostasis, 
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clenbuterol treatment could significantly enhance insulin-stimulated skeletal muscle 

glucose uptake. Unfortunately, the molecular mechanisms involved in these effects 

could not be identified. The findings in Chapter 5 are nevertheless highly important, as 

they potentially indicate that similar beneficial effects could occur in individuals with an 

impaired glucose homeostasis, such as T2DM patients.   

Besides activation of β2-ARs, shivering during cold exposure could also explain the 

previously observed improvements in skeletal muscle glucose uptake and glucose 

homeostasis upon cold acclimation. Thus, in our previous mild cold acclimation study, 

subjects self-reported the occurrence of tense muscles (i.e. low-grade shivering), and a 

follow-up study with measures to prevent shivering was unable to reproduce the positive 

effects of mild cold acclimation in T2DM patients, hinting towards an important role for 

shivering. However, studies investigating the effects of repeated cold-induced shivering 

on glucose homeostasis are largely lacking. In Chapter 6, overweight/obese subjects 

were therefore exposed to cold-induced shivering for 10 days (with at least 1 hour of 

shivering per day) and effects on glucose homeostasis were investigated before, the day 

after a single cold exposure, and after cold acclimation with shivering by means of oral 

glucose tolerance tests (OGTT). It was found that cold acclimation with shivering improved 

glucose clearance during an OGTT in these overweight/obese subjects, suggesting an 

improvement in glucose homeostasis. In addition, profound reductions were observed 

in fasting glucose, free-fatty acids, and triglyceride concentrations, whereas also robust 

improvements in blood pressure were reported. Combined, these results indicate that 

repeated cold-induced shivering could potentially be an alternative strategy to not only 

improve glucose homeostasis in T2DM patients, but also components of the metabolic 

syndrome associated with overweight/obesity. 

When combining the results described in Chapters 3-6, it can be concluded that both 

activation of β2-ARs and the occurrence of shivering could explain our previously 

observed improvements in skeletal muscle glucose uptake and whole-body glucose 

homeostasis following mild cold acclimation in T2DM patients. In addition, the results 

of these studies strongly suggest that both these mechanisms could potentially be 

exploited as an alternative treatment strategy to improve the disease state of individuals 

with prediabetes or T2DM patients. However, further studies are needed to investigate 

the clinical relevance of these therapeutic avenues. 
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Samenvatting 
De hoge prevalentie van obesitas heeft geleid tot een wereldwijde escalatie van het 

aantal mensen die zijn gediagnostiseerd met type 2 diabetes mellitus (T2DM). Niet-

medische behandelopties om de glucosehomeostase van deze patiënten te verbeteren 

bestaan voornamelijk uit leefstijlinterventies, zoals bewegings- en dieetregimes. Toch zijn 

deze vormen van therapie niet erg populair bij de meeste mensen, zoals blijkt uit de lage 

therapietrouwheid. Om deze reden is er dringend behoefte aan nieuwe therapieën om 

de glucosehomeostase van mensen met T2DM te verbeteren.  

In de zoektocht naar alternatieve behandelstrategieën heeft onze onderzoeksgroep eerder 

aangetoond dat herhaalde blootstelling aan milde kou (oftewel koude acclimatisatie) de 

glucoseopname door insuline met ~43% kon verbeteren in patiënten met T2DM. Deze 

effecten werden voornamelijk veroorzaakt door een verhoogde glucoseopname door 

de skeletspieren, alhoewel de precieze intracellulaire mechanismen onbekend bleven. 

Aanvullend onderzoek naar de onderliggende mechanismen zou daarom nieuwe 

therapieën kunnen onthullen voor de behandeling van T2DM. In dit proefschrift werd 

daarom onderzocht of activering van de β2-adrenerge receptoren (β2-AR) of het rillen van 

de spieren verantwoordelijk zouden kunnen zijn voor de verbeteringen in glucoseopname 

door de spier en de glucosehomeostase tijdens koude acclimatisatie. 

Dit proefschrift richt zich voornamelijk op potentiële mechanismen waarmee kou de 

glucoseopname door de spier kan verbeteren. Het is echter ook mogelijk dat andere 

metabole weefsels bijdragen aan de verbeteringen in glucosehomeostase na blootstelling 

aan kou. Om meer inzicht te krijgen in de bijdrage van verschillende weefsels aan de 

effecten van kou op de glucosehomeostase, werd in Hoofdstuk 2 een uitgebreide 

literatuurstudie uitgevoerd. In dit hoofdstuk werd de nadruk gelegd op de effecten van 

kou op de alvleesklier, lever, (wit) vetweefsel en skeletspieren – de primaire organen die 

de glucosehomeostase reguleren. Daarentegen werd slechts beperkte aandacht besteed 

aan het bruin vetweefsel (BAT), omdat dit weefsel relatief weinig voorkomt bij volwassenen 

met overgewicht en obesitas. Uit dit literatuuronderzoek werd geconcludeerd dat 

adaptaties in de skeletspieren, die resulteren in een verhoogde glucoseopname, zeer 

belangrijk zijn voor de effecten van kou op de glucosehomeostase. Een mogelijke rol voor 

het wit vetweefsel en de lever mag echter niet over het hoofd worden gezien. 

Het eerste mechanisme waarmee kou de glucoseopname door de spier kan verbeteren 

is via activatie van het sympathische zenuwstelsel en de daaropvolgende activatie van 

β2-AR die zich bevinden op spiercellen. Activering van β2-AR is eerder in verband gebracht 
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met een verhoogde glucoseopname in spiercellen in vitro. Het was echter geheel 

onbekend of activering van β2-AR ook de glucoseopname in spieren kan verhogen in vivo. 

In Hoofdstuk 3 werden daarom muizen met obesitas en insulineresistentie behandeld 

met de selectieve β2-agonist clenbuterol. De resultaten van deze studie lieten zien dat 

clenbuterol de glucoseopname door de spieren in deze muizen kon stimuleren. Daarnaast 

verbeterde de behandeling met clenbuterol zowel de glucose- als insulinetolerantie van 

deze muizen, duidend op een mogelijke therapeutische relevantie. 

Alhoewel de bevindingen in Hoofdstuk 3 veelbelovend zijn, is het mogelijk dat deze 

effecten gedeeltelijk worden veroorzaakt door activering van het BAT. Clenbuterol 

heeft namelijk een lage affiniteit voor de primaire receptoren die betrokken zijn bij de 

activering van het BAT (namelijk de β1- en β3-AR) en muizen worden gekenmerkt door een 

grote hoeveelheid van dit metabool actief weefsel. Aangezien mensen met overgewicht/

obesitas relatief weinig BAT hebben, is het van groot belang de bijdrage van het BAT aan 

de effecten van clenbuterol op de glucosehomeostase te onderzoeken. In Hoofdstuk 
4 werden daarom de effecten van clenbuterol onderzocht in muizen met obesitas en 

insulineresistentie die daarnaast het belangrijkste eiwit miste voor BAT thermogenese, 

namelijk UCP1. In lijn met de resultaten van onze vorige studie verbeterde clenbuterol 

de glucosehomeostase aanzienlijk, zelfs in de muizen die geen functioneel BAT 

hadden. Deze bevindingen suggereren dat de positieve effecten van β2-agonisten op de 

glucosehomeostase niet afhankelijk zijn van het BAT en dat andere weefsels hiervoor 

verantwoordelijk zijn. Een dergelijke behandeling met β2-agonisten zou daarom ook 

effectief kunnen zijn voor het verbeteren van de glucosehomeostase bij mensen met een 

lage hoeveelheid BAT, zoals patiënten met T2DM. 

In Hoofdstuk 5 werden de bevindingen van deze muizenstudies vertaald naar een klinische 

setting om te onderzoeken of behandeling met een β2-agonist de glucoseopname door de 

spieren ook kan verhogen in mensen. In dit hoofdstuk werden gezonde, jonge, mannelijke 

proefpersonen gedurende twee weken behandeld met clenbuterol of een placebo in 

een gerandomiseerde, placebogecontroleerde, dubbelblind, cross-over studie. Na deze 

behandeling werd de glucoseopname in de spier tijdens insuline stimulatie onderzocht. 

Zelfs bij deze volledig gezonde proefpersonen kon clenbuterol de glucoseopname door 

de spier tijdens insuline stimulatie sterk verbeteren. Echter konden de moleculaire 

mechanismen die hierbij betrokken zijn niet worden geïdentificeerd. Desalniettemin zijn 

de bevindingen in Hoofdstuk 5 van groot belang, aangezien ze aangeven dat soortgelijke 

effecten mogelijk kunnen optreden bij mensen met een verstoorde glucosehomeostase, 

zoals patiënten met T2DM. 
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Naast activering van de β2-AR, zou het rillen van de spieren tijdens blootstelling aan 

kou ook verantwoordelijk kunnen zijn voor de verbeteringen in glucoseopname door 

de spier en de glucosehomeostase. In onze vorige studie met acclimatisatie aan milde 

kou rapporteerde de proefpersonen namelijk zelf het optreden van gespannen spieren 

(d.w.z. lichte rillingen). Daarnaast was een vervolgstudie met extra maatregelen om rillen 

te voorkomen niet in staat de gunstige effecten van koude acclimatisatie te repliceren, 

duidend op een belangrijke rol voor rillen. Echter zijn er tot op heden geen studies die 

de effecten van herhaalde blootstelling aan kou met rillen op de glucosehomeostase 

hebben onderzocht. In Hoofdstuk 6 werden proefpersonen met overgewicht/obesitas 

daarom gedurende 10 dagen blootgesteld aan rillen door kou (met tenminste 1 uur 

rillen per dag). De effecten op de glucosehomeostase werden onderzocht vóór, een 

dag na eenmalige blootstelling aan kou met rillen, en na koude acclimatisatie met rillen 

door middel van orale glucosetolerantie testen (OGTT). Koude acclimatisatie met rillen 

verbeterde de glucoseklaring tijdens een OGTT, duidend op een verbetering van de 

glucosehomeostase. Daarnaast werden sterke verlagingen waargenomen in nuchtere 

glucose, vrije vetzuren, en triglyceridenconcentraties, terwijl ook grote verbeteringen 

in bloeddruk werden gevonden. Samen duiden deze resultaten erop dat herhaalde 

blootstelling aan rillen door kou een alternatieve strategie zou kunnen zijn om zowel 

de glucosehomeostase alsmede overige componenten van het metabool syndroom te 

verbeteren in patiënten met T2DM. 

Wanneer de resultaten van Hoofdstuk 3-6 worden gecombineerd, kan worden 

geconcludeerd dat zowel activering van β2-AR alsmede het rillen van de spieren tijdens 

blootstelling aan kou verantwoordelijk kunnen zijn voor een verhoogde glucoseopname 

door de spier en verbeteringen in glucosehomeostase. Bovendien suggereren de 

resultaten van deze onderzoeken dat beide mechanismen mogelijk kunnen worden 

gebruikt als alternatieve behandelstrategieën om de ziektetoestand van mensen met 

prediabetes of patiënten met T2DM te verbeteren. Echter zijn vervolgstudies nodig om 

de klinische relevantie van deze therapieën te onderzoeken.  
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Stephanie, Yvo, Manon, Nynke, Lotte, Pandi, Jeroen, Tineke, Marlies, Niels, Carlijn, 
Vera and Evelyn. Thank you for all the help during my PhD and for all the laughs during 
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have helped me during my research: Tilly, Dlan, Brenda, and Dzhansel.
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analyses die zijn uitgevoerd voor mijn studies. Ik heb veel van jullie geleerd en zonder 

jullie hulp was dit boekje er niet geweest! 

Natuurlijk ook een speciale dank aan Yolanda en Désirée voor alle ondersteuning de 

afgelopen jaren. Het was enorm fijn dat jullie altijd bereid waren om te helpen! 

Marlies, ik ben echt enorm blij dat jij mijn paranimf bent! Maar ik ben nog veel blijer 

dat je zo’n goede vriendin van me bent geworden over de afgelopen jaren. Tijdens de 

start van mijn PhD heb ik ontzettend veel van jou geleerd, maar gelukkig was er ook 

altijd ruimte voor lachen en (nogal) vreemde gesprekken. Ik denk niet dat ik de volgende 

woorden ook maar enigszins hoef uit te leggen en je snapt de context al: dumpster, zoon, 
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Maikel, ik wil je heel erg bedanken voor al het samen sporten, lachen en de eindeloze 

steun/adviezen de afgelopen jaren. Jouw steun en advies heeft me enorm geholpen, 
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Emmani and Axel, thank you for being such great friends! I always love hanging out with 

you as it puts a big smile on my face. You are both amazing and warm people, and I am 
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of years, also in the tough times. I am super excited that you will both be in Maastricht 

now and I am looking forward to many more game nights and shopping trips together. 

Let’s plan something again soon!

Jan and Sophia, even though you are all the way in Munich, I want to thank you for being 

great friends! We have known each other for quite some years now, but I am very happy 

that we are still in touch and we visit each other regularly. Thank you for all the smiles and 

adventures, hopefully I will be able to come visit again soon!

Andreas and Marissa, who would have thought that the corona pandemic would 

actually bring about some good things as well! Andreas, I am incredibly grateful to have 

met you and to be able to call you one of my best friends even though we haven’t known 

each other for that long. Yes, you read it correctly, one of my best friends. You can fight 

the other ones at the defence. I love every second of our constant bantering and I look 

forward to many more boys nights, holidays and gaming sessions! Marissa, thank you for 

everything the past couple of years and I am super excited for many more barbecues, 

game nights and holidays! 

Iris, broooooootje! We kennen elkaar inmiddels al een flink aantal jaren, maar ik ben 

ontzettend blij dat we nog steeds regelmatig afspreken! Met jou is geen enkele avond 

saai en is het altijd veel lachen. Laten we snel nog eens afspreken om bij te kletsen!

Alex, thank you for all the laughs and dank memes over the last couple of years! It was 

incredibly fun to have you as my supervisor during my bachelor internship and it’s a 

shame we only got to work together for 2 months when I started my PhD. Nevertheless, I 

am happy that we are still in touch and let’s plan something again soon to catch up!

Bart, ik vind het prachtig om te zien dat wij al sinds groep 5 van de basisschool beste 

vrienden zijn! Ook al missen we regelmatig nog elkaars telefoontje (volgens mij had ik je al 

2 weken geleden moeten bellen op het moment dat ik dit schrijf), maar onze vriendschap 

blijft altijd hetzelfde. Ik wil je bedanken voor alle memorabele momenten (we need 

more ships, el snorro, SIR put the gun down, talking to the moon) en de onvergetelijke 

vakanties samen. Zonder jou was ik niet de persoon die ik vandaag de dag ben, en daar 

ben ik je enorm dankbaar voor. Hopelijk kunnen we snel weer eens afspreken en een 

nieuwe vakantie inplannen!

Niki, sista! Wat ben ik ontzettend trots om jou als mijn grote zus te hebben. Je bent al 

heel mijn leven een enorme inspiratiebron voor me en ik ben zo trots op hoe jij je de 
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afgelopen jaren hebt ontwikkeld en momenteel in het leven staat. Je doet het fantastisch 

en ik ben heel erg blij om te zien dat je zo gelukkig bent met Dion. Ik kan niet wachten om 

snel weer eens een broer-zus dag te doen!

Harry en Wilma, lieve papa en mama, ik denk niet dat woorden genoeg zijn om jullie te 

vertellen hoe erg ik jullie wil bedanken voor alles. Jullie zijn er altijd voor me geweest, in 

de goede en slechte momenten, en ik ben zo ontzettend trots om jullie als mijn ouders te 
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