
 

 

 

Mechanisms of cold-induced improvements in glucose
homeostasis
Citation for published version (APA):

van Beek, S. (2022). Mechanisms of cold-induced improvements in glucose homeostasis. [Doctoral
Thesis, Maastricht University]. Maastricht University. https://doi.org/10.26481/dis.20221123sb

Document status and date:
Published: 01/01/2022

DOI:
10.26481/dis.20221123sb

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 15 May. 2024

https://doi.org/10.26481/dis.20221123sb
https://doi.org/10.26481/dis.20221123sb
https://cris.maastrichtuniversity.nl/en/publications/6659efab-8d93-497a-8e4c-b408ebffe603


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.  

 



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 

resistance 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, 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 replicate the beneficial 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 improve not only 

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.  

 

 


