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Can lessons learned about preventing 
cardiac muscle death be applied to 
prevent skeletal muscle death?
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Historical significance
In 2017, 200 million people worldwide were 
living with disability due to fractures.1 Soft 
tissue damage and prolonged tourniquet 
application as a result of these injuries can 
lead to limb dysfunction, paralysis, and even 
amputation.2 While ischaemia often causes the 
initial insult, reperfusion leads to a second-hit, 
intense inflammatory response that can cause 
muscle apoptosis and necrosis in what has 
been termed the ischaemia-reperfusion (IR) 
injury.3 Other causes of skeletal muscle IR injury 
include elective or emergent tourniquet use, 
acute or chronic compartment syndrome, and 
vascular injury requiring repair.4 Preventing 
IR injury has been an area of interest in cardi-
ology after myocardial infarction (MI) but has 
not been aggressively pursued in the ortho-
paedic realm.

Glucose-insulin-potassium (GIK) gained 
acceptance in the cardiac literature for the 
treatment of cardiac IR injury in the 1960 s.5-9 
Since its introduction, many clinical studies 
have evaluated its utility in patients with MI 
to minimize IR injury, but recommendations 
on its use remain mixed. Concurrent meta-
analyses of very similar early data came 
to completely different conclusions; one 
stated that GIK may have an important role 
in reducing mortality after acute MI,10 while 
another explicitly recommended against GIK11 
citing the Polish-Glucose-Insulin-Potassium 
(Pol-GIK) trial, which was prematurely termi-
nated after noticing higher mortality in 
GIK patients.12 Subsequent well-designed 
randomized controlled studies published 
after these meta-analyses only showed a 
benefit of GIK in specific subgroups. The 
Estudios Cardiológicos Latinoamérica (ECLA) 
study demonstrated mortality reduction in 
a reperfusion-treated subgroup13 and the 
Glucose-Insulin-Potassium Study-I (GIPS-I) 
found a mortality reduction in a reperfusion-
treated subgroup who presented without 
heart failure.14 Alternatively, a meta-analysis 

of the CREATE-ECLA study and the OASIS-6 
GIK trial, together the largest analysis of GIK 
in MI patients with over 25,000 subjects, 
found that GIK has no effect on any clini-
cally important end points through 30 days 
following MI.15 But the interest in GIK never 
waned, and a newer study looking at GIK as a 
treatment for suspected MI found that early, 
out-of-hospital administration of GIK lowered 
cardiac arrest rates, in-hospital mortality, 
one-year mortality, and heart failure hospi-
talization within one year, although it did not 
affect progression to MI or improve 30 day 
survival.16,17

While the definitive benefit of GIK in MI 
patients remains controversial, GIK continues 
to be popular in cardiothoracic surgery prac-
tice, where it demonstrated positive results 
after valve arthroplasty surgery in the 1970 s.18 
Since then, subsequent studies including 
a recent meta-analysis of all randomized 
controlled trials using GIK in cardiac surgery 
supported this finding, suggesting that GIK 
can decrease the risk of perioperative MI, the 
need for inotropic support, and can increase 
postoperative cardiac index.19,20

Interestingly, although skeletal muscle 
and cardiac muscle undergo similar IR inju-
ries, no studies have evaluated GIK’s use in 
skeletal muscle injury. In fact, a large meta-
analysis of GIK use in critically ill patients 
explicitly noted that study populations in the 
literature are limited to MI or cardiovascular 
surgery patients, with no data on trauma 
patients.21 A logical question that arises is, 
given the similar mechanisms of injury, can 
GIK play a prophylactic and protective role in 
reducing musculoskeletal IR injury?

Interrelated mechanisms of GIK in 
cardiac and skeletal muscle
Several mechanisms have been described 
for the theoretical benefit of GIK in myocar-
dium. These include anti-arrhythmic effects 
through membrane stabilization, increased 
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glycogen content, reduction of free fatty acids (FFAs) and 
reactive oxygen species (ROS), improved glucose utili-
zation, and increased growth hormone/factor produc-
tion. Interestingly, these mechanisms may similarly help 
reduce IR injury in skeletal muscle.
Anti-arrhythmic effects.  The anti-arrhythmogenic prop-
erties of GIK were the first proposed benefit of GIK in my-
ocardium.5-9 Studies demonstrated that the insulin in GIK 
can improve potassium uptake from the myocyte by in-
creasing Na/K-ATPase and hyperpolarizing the myocardi-
um.22 This has been proposed to lead to cell stabilization 
and decreased atrial and ventricular arrhythmogenicity in 
damaged myocardium.23-27 After ischaemia or trauma in 
skeletal muscle, dysregulation of the same Na/K-ATPase 
and by association Ca-ATPase occurs due to adenosine 
triphosphate (ATP) depletion. Subsequent aberrant elec-
trochemical gradients lead to destabilized cell mem-
branes, increased electrolyte permeability, and excess 
intracellular calcium, which altogether cause an increase 
in intracellular calcium-mediated proteolytic enzyme ac-
tivity and thus myocyte degradation.28 Increasing insulin-
stimulated Na/K-ATPase activity may stabilize the skeletal 
muscle cell membrane and limit this destructive cascade.
Increased glycogen content.  In all ischaemic muscle, 
ATP production preferentially occurs through glycolysis. 
Increased glycogen, the storage form of glucose, allows 
glycolysis to continue to produce ATP when the body’s 
glucose stores are exhausted, which could help reduce 
damage from the ischaemic arm of an IR injury. In fact, 
myocardia with increased glycogen stores have been 
shown to continue to produce ATP and creatine triphos-
phate during anaerobic conditions.23 Since the insulin 
from GIK may increase glycogen content in myocardium 
through upregulated glycogen synthetase activity, GIK 
may improve myocardial tolerance to ischaemia.27,29-31 
Similarly, in the only study done on GIK in skeletal mus-
cle, GIK was also shown to limit glycogen depletion dur-
ing ischaemia.32 GIK may thus lend the same survival 
benefit to ischaemic or damaged skeletal myocytes.
Reduction of free fatty acids and reactive oxygen spe-
cies.  While insulin may stabilize cell membranes and 
increase the body’s capacity for ATP production, the 
transient post-ischaemia insulin resistance, subsequent 
hyperglycaemia, and systemic lipolysis that occur after MI 
cause different problems—they increase FFA levels, which 
in turn increases ROS.24 During the reperfusion arm of an 
IR injury, hyperglycaemia and increased ROS can increase 
myocardial oxygen requirements for the production of 
ATP, reduce myocardial contractility, and increase cardiac 
cell membrane damage.33-36 Alternatively, the insulin in 
GIK can reduce post-ischaemia hyperglycaemia and in-
hibit hormone-sensitive lipase and mitochondrial acetyl-
CoA-carboxylase, thus directly inhibiting FFA oxidation 
and the production of ROS.37 This has been suggested 
to be beneficial not only in those with cardiac injury, but 
the critically ill as a whole.38 In skeletal muscle, high lev-
els of ROS that occur after myocyte ischaemia have also 

been linked to increased cell damage and apoptosis by 
raising intracellular calcium.39 Overall, the mitigation of 
post-ischaemia hyperglycaemia and ROS production by 
GIK is likely to be beneficial to both cardiac and skeletal 
myocytes.
Improved glucose utilization.  GIK is suggested to improve 
myocardial glucose metabolism and ATP production by 
increasing the expression of glucose transporters, Na-K-
ATPase turnover, and the rate of glycolysis through the 
stimulation of hexokinase and 6-phosphofructokinase.31 
These effects have been shown to improve cardiac con-
tractility even in markedly damaged myocardium.40,41 
Insulin has the same effect on skeletal muscle expression 
of glucose transporters and on the enzymes involved in 
glycolysis.42-44 Thus, GIK may also improve glucose me-
tabolism and ATP production in ischaemic or otherwise 
damaged skeletal muscle.
Increased growth hormone/factor production.  GIK, and 
insulin specifically, has positive effects on the synthesis of 
growth hormones and growth factors.45 It has been pro-
posed to inhibit post-ischaemic apoptosis in myocardium 
through increased insulin-like growth factor-1 (IGF-1),46 
and can even be anabolic in the critically ill, catabolic pa-
tient.38,47 Insulin is also known to increase skeletal muscle 
protein synthesis, possibly through a similar pathway as 
in cardiac muscle, although its exact mechanism remains 
unclear.48-50

Outlook
Despite the clear biochemical pathways that support 
GIK as a therapy for skeletal muscle IR injury, very 
little has been published on its use in musculoskeletal 
trauma, elective orthopaedic surgery, compartment 
syndrome, or vascular injury. Only one study on an 
animal model found that GIK decreases glycogen 
depletion in skeletal muscle during fasting,32 but did 
not address its effect on muscle injury. Considering 
the body of work in cardiac muscle and the analo-
gous cellular mechanisms, GIK may lend a prophy-
lactic and therapeutic benefit to traumatized skeletal 
muscle cells by improving skeletal muscle membrane 
stability, glycogen content, glucose transportation, 
and protein synthesis, as well as by reducing ROS 
production. If effective, GIK could speed up recovery 
after musculoskeletal injury, and thus decrease its 
associated morbidity and mortality. GIK is therefore 
an attractive therapy for a host of in vitro, animal 
model, and human trials aimed at improving the 
treatment of skeletal muscle IR injury.

References
	1. 	Disease GBD, Injury I, Prevalence C, GBD 2017 Disease and Injury Incidence 

and Prevalence Collaborators. Global, regional, and national incidence, prevalence, 
and years lived with disability for 354 diseases and injuries for 195 countries and 
territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 
2017. Lancet. 2018;392(10159):1789–1858.

	2. 	Kam PC, Kavanagh R, Yoong FF, Kavanaugh R. The arterial tourniquet: 
pathophysiological consequences and anaesthetic implications. Anaesthesia. 
2001;56(6):534–545.



Bone & Joint Research 

D. B. Buchalter, D. J. Kirby, K. A. Egol, P. Leucht, S. R. Konda270

	3. 	Corrick RM, Tu H, Zhang D, et al. Dexamethasone Protects Against Tourniquet-
Induced Acute Ischemia-Reperfusion Injury in Mouse Hindlimb. Front Physiol. 
2018;9:244.

	4. 	Gillani S, Cao J, Suzuki T, Hak DJ. The effect of ischemia reperfusion injury on 
skeletal muscle. Injury. 2012;43(6):670–675.

	5. 	Sodi-Pallares D, Testelli MR, Fishleder BL, et  al. Effects of an intravenous 
infusion of a potassium-glucose-insulin solution on the electrocardiographic 
signs of myocardial infarction. A preliminary clinical report. Am J Cardiol. 
1962;9:166–181.

	6. 	Mittra B. Potassium, glucose, and insulin in treatment of myocardial infarction. 
Lancet. 1965;2(7413):607–609.

	7. 	Lundman T, Orinius E. Insulin-glucose-potassium infusion in acute myocardial 
infarction. Acta Med Scand. 1965;178(4):525–528.

	8. 	Sievers J, Lindh J, Johansson BW, Karnell J. Acute myocardial infarction 
treated by glucose-insulin-potassium (GIK) infusion. Cardiologia. 1966;49(4):239–247.

	9. 	Mittra B. Effects of potassium, glucose and insulin therapy on cardiac arrest after 
myocardial infarction. Ir J Med Sci. 1968;7(8):373–385.

	10. 	Fath-Ordoubadi F, Beatt KJ. Glucose-insulin-potassium therapy for treatment of 
acute myocardial infarction: an overview of randomized placebo-controlled trials. 
Circulation. 1997;96(4):1152–1156.

	11. 	Janiger JL, Cheng JW. Glucose-insulin-potassium solution for acute myocardial 
infarction. Ann Pharmacother. 2002;36(6):1080–1084.

	12. 	Ceremuzyński L, Budaj A, Czepiel A, et al. Low-dose glucose-insulin-potassium 
is ineffective in acute myocardial infarction: results of a randomized multicenter Pol-
GIK trial. Cardiovasc Drugs Ther. 1999;13(3):191–200.

	13. 	Díaz R, Paolasso EA, Piegas LS, et  al. The ECLA (Estudios Cardiológicos 
Latinoamérica) Collaborative Group. Metabolic modulation of acute myocardial 
infarction. Circulation. 1998;98(21):2227–2234.

	14. 	van der Horst IC, Zijlstra F, van 't Hof AW, et al. Zwolle Infarct Study Group. 
Glucose-insulin-potassium infusion inpatients treated with primary angioplasty for 
acute myocardial infarction: the glucose-insulin-potassium study: a randomized trial. 
J Am Coll Cardiol. 2003;42(5):784–791.

	15. 	Díaz R, Goyal A, Mehta SR, et al. Glucose-insulin-potassium therapy in patients 
with ST-segment elevation myocardial infarction. JAMA. 2007;298(20):2399–2405.

	16. 	Selker HP, Beshansky JR, Sheehan PR, et  al. Out-of-hospital administration 
of intravenous glucose-insulin-potassium in patients with suspected acute 
coronary syndromes: the IMMEDIATE randomized controlled trial. JAMA. 
2012;307(18):1925–1933.

	17. 	Selker HP, Udelson JE, Massaro JM, et al. One-year outcomes of out-of-hospital 
administration of intravenous glucose, insulin, and potassium (GIK) in patients with 
suspected acute coronary syndromes (from the IMMEDIATE [Immediate Myocardial 
Metabolic Enhancement During Initial Assessment and Treatment in Emergency Care] 
Trial). Am J Cardiol. 2014;113(10):1599–1605.

	18. 	Braimbridge MV, Clement AJ, Brown AH, Sabar E, Mendel D. Triple Starr valve 
replacement. Br Med J. 1969;3(5672):683–688.

	19. 	Bothe W, Olschewski M, Beyersdorf F, Doenst T. Glucose-insulin-potassium in 
cardiac surgery: a meta-analysis. Ann Thorac Surg. 2004;78(5):1650–1657.

	20. 	Fan Y, Zhang AM, Xiao YB, Weng YG, Hetzer R. Glucose-insulin-potassium 
therapy in adult patients undergoing cardiac surgery: a meta-analysis. Eur J 
Cardiothorac Surg. 2011;40(1):192–199.

	21. 	Puskarich MA, Runyon MS, Trzeciak S, Kline JA, Jones AE. Effect of glucose-
insulin-potassium infusion on mortality in critical care settings: a systematic review 
and meta-analysis. J Clin Pharmacol. 2009;49(7):758–767.

	22. 	Nguyen TQ, Maalouf NM, Sakhaee K, Moe OW. Comparison of insulin 
action on glucose versus potassium uptake in humans. Clin J Am Soc Nephrol. 
2011;6(7):1533–1539.

	23. 	Haider W, Schütz W, Eckersberger F, Kolacny M. [Optimizing myocardial energy 
potentials by preoperative high-dose insulin administration for myocardial protection 
in open-heart surgery]. Anaesthesist. 1982;31(8):377–382.

	24. 	Haider W, Benzer H, Coraim F, et al. [Postoperative therapy by means of acute 
parenteral alimentation (APA) with high doses of insulin and glucose after open heart 
surgery (author's transl)]. Anaesthesist. 1981;30(2):53–63.

	25. 	Hewitt RL, Lolley DM, Adrouny GA, Drapanas T. Protective effect of glycogen 
and glucose on the anoxic arrested heart. Surgery. 1974;75(1):1–10.

	26. 	Lazar HL. Enhanced preservation of acutely ischemic myocardium and improved 
clinical outcomes using glucose-insulin-potassium (GIK) solutions. Am J Cardiol. 
1997;80(3A):90A–93.

	27. 	Oldfield GS, Commerford PJ, Opie LH. Effects of preoperative glucose-insulin-
potassium on myocardial glycogen levels and on complications of mitral valve 
replacement. J Thorac Cardiovasc Surg. 1986;91(6):874–878.

	28. 	Krivoĭ II, Kravtsova VV, Altaeva EG, et al. [Decrease in the electrogenic contribution 
of Na,K-ATPase and resting membrane potential as a possible mechanism of calcium 
ion accumulation in filaments of the rat musculus soleus subjected to the short-term 
gravity unloading]. Biofizika. 2008;53(6):1051–1057.

	29. 	Haider W, Benzer H, Schütz W, Wolner E. Improvement of cardiac preservation 
by preoperative high insulin supply. J Thorac Cardiovasc Surg. 1984;88(2):294–300.

	30. 	Doenst T, Bothe W, Beyersdorf F. Therapy with insulin in cardiac surgery: 
controversies and possible solutions. Ann Thorac Surg. 2003;75(2):S721–S728.

	31. 	Dimitriadis G, Mitrou P, Lambadiari V, Maratou E, Raptis SA. Insulin effects in 
muscle and adipose tissue. Diabetes Res Clin Pract. 2011;93(Suppl 1):S52–S59.

	32. 	Reikerås O, Nordstrand K, Henden T. Effects of fasting and glucose-insulin-
potassium on glycogen contents in heart, skeletal muscle and liver. Scand J Clin Lab 
Invest. 1988;48(3):285–288.

	33. 	Capes SE, Hunt D, Malmberg K, Gerstein HC. Stress hyperglycaemia and 
increased risk of death after myocardial infarction in patients with and without 
diabetes: a systematic overview. Lancet. 2000;355(9206):773–778.

	34. 	Oliver MF, Opie LH. Effects of glucose and fatty acids on myocardial ischaemia and 
arrhythmias. Lancet. 1994;343(8890):155–158.

	35. 	Simonsen S, Kjekshus JK. The effect of free fatty acids on myocardial oxygen 
consumption during atrial pacing and catecholamine infusion in man. Circulation. 
1978;58(3 Pt 1):484–491.

	36. 	Lopaschuk GD, Belke DD, Gamble J, Itoi T, Schönekess BO. Regulation of fatty 
acid oxidation in the mammalian heart in health and disease. Biochim Biophys Acta. 
1994;1213(3):263–276.

	37. 	Schipke JD, Friebe R, Gams E. Forty years of glucose-insulin-potassium (GIK) in 
cardiac surgery: a review of randomized, controlled trials. Eur J Cardiothorac Surg. 
2006;29(4):479–485.

	38. 	Johan Groeneveld AB, Beishuizen A, Visser FC. Insulin: a wonder drug in the 
critically ill? Crit Care. 2002;6(2):102–105.

	39.	 Barbieri E, Sestili P. Reactive oxygen species in skeletal muscle signaling. J Signal 
Transduct. 2012;2012:982794.

	40. 	Rowe JW, Young JB, Minaker KL, et  al. Effect of insulin and glucose 
infusions on sympathetic nervous system activity in normal man. Diabetes. 
1981;30(3):219–225.

	41. 	Haider W, Coraim F, Duma I, et al. [Effect of insulin on cardiac output after open 
heart surgery (author's transl)]. Anaesthesist. 1981;30(7):350–354.

	42. 	Printz RL, Koch S, Potter LR, et  al. Hexokinase II mRNA and gene structure, 
regulation by insulin, and evolution. J Biol Chem. 1993;268(7):5209–5219.

	43. 	Suzuki K, Kono T. Evidence that insulin causes translocation of glucose transport 
activity to the plasma membrane from an intracellular storage site. Proc Natl Acad Sci 
U S A. 1980;77(5):2542–2545.

	44. 	James DE, Brown R, Navarro J, Pilch PF. Insulin-regulatable tissues express 
a unique insulin-sensitive glucose transport protein. Nature. 1988;333(6169): 
183–185.

	45. 	Wallin M, Barr G, öWall A, Lindahl SG, Brismar K. The influence of glucose-
insulin-potassium (GIK) on the GH/IGF-1/IGFBP-1 axis during elective coronary artery 
bypass surgery. J Cardiothorac Vasc Anesth. 2003;17(4):470–477.

	46. 	Jonassen AK, Sack MN, Mjøs OD, Yellon DM. Myocardial protection by insulin 
at reperfusion requires early administration and is mediated via Akt and p70s6 kinase 
cell-survival signaling. Circ Res. 2001;89(12):1191–1198.

	47. 	Ferrando AA, Chinkes DL, Wolf SE, et al. A submaximal dose of insulin promotes 
net skeletal muscle protein synthesis in patients with severe burns. Ann Surg. 
1999;229(1):11–18.

	48. 	Fujita S, Rasmussen BB, Cadenas JG, Grady JJ, Volpi E. Effect of insulin on 
human skeletal muscle protein synthesis is modulated by insulin-induced changes 
in muscle blood flow and amino acid availability. Am J Physiol Endocrinol Metab. 
2006;291(4):E745–E754.

	49. 	Pain VM, Albertse EC, Garlick PJ. Protein metabolism in skeletal muscle, 
diaphragm, and heart of diabetic rats. Am J Physiol. 1983;245(6):E604–E610.

	50. 	Stump CS, Short KR, Bigelow ML, Schimke JM, Nair KS. Effect of insulin on 
human skeletal muscle mitochondrial ATP production, protein synthesis, and mRNA 
transcripts. Proc Natl Acad Sci U S A. 2003;100(13):7996–8001.

Author information:
�� D. B. Buchalter, MD, Orthopaedic Surgery Resident
�� D. J. Kirby, MD, Orthopaedic Surgery Resident
�� K. A. Egol, MD, Orthopaedic Surgery Attending
�� P. Leucht, MD, PhD, Orthopaedic Surgery Attending
�� S. R. Konda, MD, Orthopaedic Surgery Attending
NYU Langone Orthopedic Hospital, New York, New York, USA.



VOL. 9, NO. 6, June 2020

Can lessons learned about preventing cardiac muscle death be applied to prevent skeletal muscle death? 271

Author contributions:
�� D. B. Buchalter: Wrote the manuscript. 
�� D. J. Kirby: Wrote the manuscript. 
�� K. A. Egol: Wrote the manuscript. 
�� P. Leucht: Wrote the manuscript.
�� S. R. Konda: Wrote the manuscript.

Funding statement:
�� No benefits in any form have been received or will be received from a commercial 
party related directly or indirectly to the subject of this article.

Ethical review statement:
�� This study did not require ethical approval.

© 2020 Author(s) et al. This is an open-access article distributed under the terms of 
the Creative Commons Attribution Non-Commercial No Derivatives (CC BY-NC-ND 4.0) 
licence, which permits the copying and redistribution of the work only, and provided 
the original author and source are credited. See https://​creativecommons.​org/​licenses/​
by-​nc-​nd/​4.​0/.


