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As a result of the obesity epidemic, type 2 diabetes has 
emerged as a leading cause of mortality that continues to 
endanger global health due to its ever-increasing prevalence1. 
In fact, it has been estimated that over 700 million adults 
worldwide will have been diagnosed with this metabolic 
disease by 2045, thereby affecting nearly one in 10 people2. 
This will place a heavy economic burden on health-care 
funds worldwide, as type 2 diabetes significantly increases 
the likelihood of developing severe comorbidities, including 
cardiovascular diseases and cancer3, 4. The availability of 
highly effective treatments that can both prevent and even 
reverse type 2 diabetes is therefore of great importance. At 
present, lifestyle interventions that reduce the immense 
energy surplus in the body are considered to be the best 
strategies to improve disease progression5. Nevertheless, their 
application in a mostly obese population has proven difficult, 
and rates of non-adherence over prolonged periods of time 
are high6, indicating that novel pharmaceutical therapies are 
urgently needed. In this article we describe a new approach 
for treating type 2 diabetes which has been developed by our 
Sweden-based company Atrogi AB. This involves targeting 
skeletal muscle with a long-acting glucose-lowering agent 
which recently started Phase 1a/b clinical trials.   

The pathophysiological basis of type 2 diabetes lies in 
relative impairments in the body’s ability to both secrete and 
respond to insulin, thereby negatively affecting whole-body 
glycaemic control7. These disturbances in glycaemic control 
are adversely associated with frequent and prolonged periods 
of hyperglycaemia which – in the long-term – drastically 
affect both micro – and macrovascular health, ultimately 
resulting in severe comorbidities commonly associated with 
type 2 diabetes8. Current pharmaceutical compounds are 
primarily aimed at diminishing continuous hyperglycaemia 
via distinct mechanisms of action, such as reducing hepatic 
glucose output or increasing renal excretion of glucose9, 10. 
Interestingly however, none of these conventional drugs 
counteract hyperglycaemia by directly affecting skeletal 
muscle glucose uptake and/or insulin sensitivity. This is 
especially intriguing as the skeletal muscle accounts for the 
majority of insulin-stimulated glucose disposal in day-to-day 
life11 and a blunted skeletal muscle glucose uptake caused 
by insulin resistance is a key feature in the development of 
type 2 diabetes12. This suggests a potential to target skeletal 
muscle in order to improve glycaemic control in patients with 
this disease, which has thus far been underappreciated by the 
pharmaceutical industry. 

The search for viable therapeutic targets to augment 
skeletal muscle glucose uptake and/or insulin sensitivity has 
been an active area of research. In this regard, recent studies 
have focused on the potential of the sympathetic nervous 
system to improve skeletal muscle insulin resistance and the 
accompanying blunted glucose uptake. Unlike its counterpart, 
which is active during periods of rest and digestion (i.e. the 
parasympathetic nervous system), the sympathetic nervous 
system promotes energy expenditure and the oxidation of 
substrates in various organs, including skeletal muscle13. 
Stimulation of the sympathetic nervous system could 

Targeting skeletal muscle to treat type 2 diabetes
therefore markedly affect both skeletal muscle glucose uptake 
as well as insulin resistance, which is supported by several 
lines of evidence. Previous studies have demonstrated that 
activation of the sympathetic nervous system enhances 
skeletal muscle glucose uptake in rodents, independent of 
alterations in insulin concentrations14-16. Follow-up studies 
showed that the beta-2 adrenergic receptor (beta-2-AR) – an 
abundantly expressed beta-adrenergic receptor in skeletal 
muscle17 – was the main mediator of these effects. Indeed, 
activation of these receptors via treatment with specific beta-
2 agonists was shown to not only improve skeletal muscle 
glucose uptake in vitro and in vivo18-20, but also to markedly 
improve glucose and insulin tolerance in rodent models of 
diabetes20-26. 

These research findings have sparked great scientific 
interest in the potential use of systemic beta-2 agonists to 
improve glycaemic control in type 2 diabetes patients. This 
enthusiasm increased following the publication in January 
2023 of a study in Nature Communications by van Beek  
et al.27, which demonstrated that treatment with the selective 
beta-2 agonist clenbuterol for 14 days significantly improved 
peripheral insulin sensitivity (primarily skeletal muscle) in 
healthy, young male volunteers. Based on these findings, the 
authors postulated that “prolonged treatment with a beta-
2 agonist also has the potential to have marked beneficial 
effects on insulin sensitivity in volunteers with disturbed 
glucose homeostasis, such as in type 2 diabetes patients27”. 

Despite these promising findings, currently available 
systemic beta-2 agonists are not suitable for use in a clinical 
setting for several reasons. First of all, conventional systemic 
beta-2 agonists are generally characterised by their short 
half-life and low-specificity, which prevents prolonged and 
efficient stimulation of beta-2-ARs and thus hinders the 
effects on skeletal muscle glucose uptake. Secondly, currently 
available beta-2 agonists are known to have desensitising 
properties28 indicating that their effects on skeletal muscle 
glucose uptake may diminish upon prolonged use. Finally, 
the use of these beta-2 agonists is often accompanied by 
various side effects27, 29. Commonly reported side effects 
include tremors in the hands, muscle stiffness, headaches 
or feelings of anxiety. Although non life threatening, these 
side effects could have a significant impact on a patient’s 
overall quality of life. Most importantly, however, the use 
of conventional beta-2 agonists has been associated with 
adverse cardiovascular effects, including heart hypertrophy 
and increased blood pressure and in some cases, an increased 
risk for atrial fibrillation or cardiac arrest30. These effects 
drastically limit the use of these beta-2 agonists in a 
population already at risk for developing cardiovascular 
diseases. Although the use of systemic beta-2 agonists 
to improve glycaemic control in type 2 diabetes patients 
thus remains promising, we strongly believe that the 
pharmaceutical industry should focus on the development of 
highly selective, long-acting, systemic beta-2 agonists without 
desensitising properties and that limit the occurrence of side 
effects.  
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The ambition of Atrogi AB
Our company, Atrogi AB, was founded in 2013 for the 
purpose of developing a long-acting beta-2-AR agonist for the 
treatment of type 2 diabetes. This has led to the creation of 
the company’s small molecule drug ATR-258. In preclinical 
studies, the drug has been shown to stimulate glucose uptake 
in skeletal muscle cells, independent of the signalling events 
causing the side effects commonly associated with currently 
available beta-2 agonists. With its unique mechanism of 
action, the pre-clinical data has demonstrated high levels 
of efficacy in treating type 2 diabetes and its associated 
comorbidities upon both acute and prolonged use, whilst 
simultaneously limiting the side effects. Based on these pre-
clinical findings, ATR-258 has recently been approved by the 
German health authority (BfArM) for phase 1a/b clinical trials 
investigating the effects in type 2 diabetes patients. With 
the first patients already enrolled, the trial is expected to be 
completed before the summer with the final report available a 
couple of months later. If successful, ATR-258 could mark the 
beginning of a new class of anti-diabetic drugs, thereby taking 
a major step forward in the battle against diabetes. 

References:
1. World Health Organization. Factsheet Diabetes 2022. [Available 
from https: https://wwwwhoint/news-room/fact-sheets/detail/diabetes]. 
2022.
2. Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin 
N, et al. Global and regional diabetes prevalence estimates for 2019 
and projections for 2030 and 2045: Results from the International 
Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res Clin 
Pract. 2019;157:107843.
3. Emerging Risk Factors C, Sarwar N, Gao P, Seshasai SR, Gobin R, 
Kaptoge S, et al. Diabetes mellitus, fasting blood glucose concentration, 
and risk of vascular disease: a collaborative meta-analysis of 102 
prospective studies. Lancet. 2010;375(9733):2215-22.
4. Vigneri P, Frasca F, Sciacca L, Pandini G, Vigneri R. Diabetes and 
cancer. Endocr Relat Cancer. 2009;16(4):1103-23.
5. Magkos F, Hjorth MF, Astrup A. Diet and exercise in the prevention 
and treatment of type 2 diabetes mellitus. Nat Rev Endocrinol. 
2020;16(10):545-55.
6. Schneider SH, Khachadurian AK, Amorosa LF, Clemow L, 
Ruderman NB. Ten-year experience with an exercise-based outpatient 
life-style modification program in the treatment of diabetes mellitus. 
Diabetes Care. 1992;15(11):1800-10.
7. Galicia-Garcia U, Benito-Vicente A, Jebari S, Larrea-Sebal A, 
Siddiqi H, Uribe KB, et al. Pathophysiology of Type 2 Diabetes 
Mellitus. Int J Mol Sci. 2020;21(17).
8. Klein R. Hyperglycemia and microvascular and macrovascular 
disease in diabetes. Diabetes Care. 1995;18(2):258-68.
9. Veelen A, Erazo-Tapia E, Oscarsson J, Schrauwen P. Type 2 
diabetes subgroups and potential medication strategies in relation 
to effects on insulin resistance and beta-cell function: A step toward 
personalised diabetes treatment? Mol Metab. 2021;46:101158.
10. Rena G, Hardie DG, Pearson ER. The mechanisms of action of 
metformin. Diabetologia. 2017;60(9):1577-85.
11. DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, Felber 
JP. The effect of insulin on the disposal of intravenous glucose. 
Results from indirect calorimetry and hepatic and femoral venous 
catheterization. Diabetes. 1981;30(12):1000-7.
12. DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren J. 
Effects of insulin on peripheral and splanchnic glucose metabolism 
in noninsulin-dependent (type II) diabetes mellitus. J Clin Invest. 
1985;76(1):149-55.
13. Wehrwein EA, Orer HS, Barman SM. Overview of the Anatomy, 
Physiology, and Pharmacology of the Autonomic Nervous System. 
Compr Physiol. 2016;6(3):1239-78.

14. Shimazu T, Sudo M, Minokoshi Y, Takahashi A. Role of the 
hypothalamus in insulin-independent glucose uptake in peripheral 
tissues. Brain Res Bull. 1991;27(3-4):501-4.

15. Sudo M, Minokoshi Y, Shimazu T. Ventromedial hypothalamic 
stimulation enhances peripheral glucose uptake in anesthetized rats. 
Am J Physiol. 1991;261(3 Pt 1):E298-303.

16. Minokoshi Y, Okano Y, Shimazu T. Regulatory mechanism of the 
ventromedial hypothalamus in enhancing glucose uptake in skeletal 
muscles. Brain Res. 1994;649(1-2):343-7.

17. Liggett SB, Shah SD, Cryer PE. Characterization of beta-adrenergic 
receptors of human skeletal muscle obtained by needle biopsy. Am J 
Physiol. 1988;254(6 Pt 1):E795-8.

18. Nevzorova J, Bengtsson T, Evans BA, Summers RJ. 
Characterization of the beta-adrenoceptor subtype involved 
in mediation of glucose transport in L6 cells. Br J Pharmacol. 
2002;137(1):9-18.

19. Nevzorova J, Evans BA, Bengtsson T, Summers RJ. Multiple 
signalling pathways involved in beta2-adrenoceptor-mediated glucose 
uptake in rat skeletal muscle cells. Br J Pharmacol. 2006;147(4):446-54.

20. Kalinovich A, Dehvari N, Aslund A, van Beek S, Halleskog C, Olsen 
J, et al. Treatment with a beta-2-adrenoceptor agonist stimulates 
glucose uptake in skeletal muscle and improves glucose homeostasis, 
insulin resistance and hepatic steatosis in mice with diet-induced 
obesity. Diabetologia. 2020;63(8):1603-15.

21. Castle A, Yaspelkis BB, 3rd, Kuo CH, Ivy JL. Attenuation of  
insulin resistance by chronic beta2-adrenergic agonist treatment 
possible muscle specific contributions. Life Sci. 2001;69(5):599-611.

22. Torgan CE, Brozinick JT, Jr., Banks EA, Cortez MY, Wilcox RE,  
Ivy JL. Exercise training and clenbuterol reduce insulin resistance of 
obese Zucker rats. Am J Physiol. 1993;264(3 Pt 1):E373-9.

23. van Beek S, Kalinovich A, Schaart G, Bengtsson T, Hoeks J. 
Prolonged beta2-adrenergic agonist treatment improves glucose 
homeostasis in diet-induced obese UCP1(-/-) mice. Am J Physiol 
Endocrinol Metab. 2021.

24. Sato M, Dehvari N, Oberg AI, Dallner OS, Sandstrom AL, Olsen 
JM, et al. Improving type 2 diabetes through a distinct adrenergic 
signaling pathway involving mTORC2 that mediates glucose uptake  
in skeletal muscle. Diabetes. 2014;63(12):4115-29.

25. Meister J, Bone DBJ, Knudsen JR, Barella LF, Velenosi TJ, 
Akhmedov D, et al. Clenbuterol exerts antidiabetic activity through 
metabolic reprogramming of skeletal muscle cells. Nat Commun. 
2022;13(1):22.

26. Pan SJ, Hancock J, Ding Z, Fogt D, Lee M, Ivy JL. Effects of 
clenbuterol on insulin resistance in conscious obese Zucker rats.  
Am J Physiol Endocrinol Metab. 2001;280(4):E554-61.

27. van Beek SMM, Bruls YMH, Vanweert F, Fealy CE, Connell 
NJ, Schaart G, et al. Effect of beta2-agonist treatment on insulin-
stimulated peripheral glucose disposal in healthy men in a  
randomised placebo-controlled trial. Nat Commun. 2023;14(1):173.

28. Barisione G, Baroffio M, Crimi E, Brusasco V. Beta-Adrenergic 
Agonists. Pharmaceuticals (Basel). 2010;3(4):1016-44.

29. Kamalakkannan G, Petrilli CM, George I, LaManca J, McLaughlin 
BT, Shane E, et al. Clenbuterol increases lean muscle mass but 
not endurance in patients with chronic heart failure. J Heart Lung 
Transplant. 2008;27(4):457-61.

30. Salpeter SR, Ormiston TM, Salpeter EE. Cardiovascular effects 
of beta-agonists in patients with asthma and COPD: a meta-analysis. 
Chest. 2004;125(6):2309-21.

This article was written by Tore Bengtsson, a professor 
at Stockholm University, Sweden and founder and  
chief scientific officer of Atrogi AB, and Sten Van Beek, 
a clinical researcher in the Netherlands.


