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Abstract 

The interaction between insulin and exercise is an example of balancing and modifying 

the effects of two opposing metabolic regulatory forces under varying conditions.  While insulin is 

secreted after food intake and is the primary hormone increasing glucose storage as glycogen and 

fatty acid storage as triglycerides, exercise is a condition where fuel stores need to be mobilized and 

oxidized.  Thus, during physical activity the fuel storage effects of insulin need to be suppressed.  

This is done primarily by inhibiting insulin secretion during exercise as well as activating local and 

systemic fuel mobilizing processes.  In contrast, following exercise there is a need for refilling the 

fuel depots mobilized during exercise, particularly the glycogen stores in muscle.  This process is 

facilitated by an increase in insulin sensitivity of the muscles engaged in physical activity which directs 

glucose to glycogen resynthesis.  In physically trained individuals, insulin sensitivity is also higher than 

in untrained individuals due to adaptations in the vasculature, skeletal muscle and adipose tissue.  In 

this paper we review the interactions between insulin and exercise during and after exercise, as well 

as the effects of regular exercise training on insulin action. 
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Introduction 

Insulin is the primary anabolic hormone in the body that increases the deposition of 

energy substrates from food in the form of glycogen and lipid.  In contrast, physical activity is a 

catabolic condition increasing carbohydrate, lipid and to a minor extent protein mobilization for 

oxidation.  Because of these opposite effects on metabolism, the interactions between insulin and 

exercise are important for metabolic regulation and homeostasis.  When insulin became available 

after its discovery in 1921, it soon became clear how important the interactions between insulin and 

exercise were in metabolic regulation.  Lawrence  showed in 1926 that in an insulin-treated diabetic 

patient, blood sugar decreased much more rapidly upon insulin injection when exercise was 

performed compared with when the patient was rested [1].  It was also noted that hypoglycemia 

often occurred many hours after exercise suggesting increased sensitivity to insulin after exercise 

[1].  Thus, it became clear that the interactions between insulin and exercise are not limited to the 

exercise period, but continue in the post-exercise recovery period. [1].  However, the organs in 

which this effect took place and by which mechanisms were not known.  Subsequently, for many 

years it was appreciated that physical activity lowered insulin requirements in insulin-treated patients  

[2] also suggesting increased insulin sensitivity following both a single bout of exercise as well as 

repeated exercise (exercise training). 

 

Interactions between insulin and metabolism during exercise 

During exercise, the continual supply of adenosine triphosphate (ATP) is essential for 

the maintenance of skeletal muscle force and power production.  Since the intramuscular stores of 

ATP are relatively small (~25 mmol.kg-1.dry muscle), metabolic pathways are activated during 

exercise to generate ATP [3].  The relative contribution of these pathways to ATP generation is 

primarily determined by the exercise intensity and duration.  During prolonged endurance 

(“aerobic”) exercise the major fuels are carbohydrate (muscle glycogen and blood glucose) and fat 

(muscle triglyceride and long chain plasma fatty acids), derived from both intra- and extra-muscular 

stores [3–5].  The mobilisation and utilisation of carbohydrate and fat are regulated by local and 



4 
 

systemic factors, that include sarcoplasmic [Ca2+], inorganic phosphate levels and energy charge, fuel 

availability and substrate levels, blood flow, and circulating hormones.  The pancreatic hormones 

insulin and glucagon, and the catecholamines adrenaline and noradrenaline, have critical roles in the 

regulation of exercise metabolism.  Insulin is not required for muscle glucose uptake during exercise; 

however, the fall in plasma insulin levels during exercise is critical for the mobilisation of glucose and 

fatty acids from the liver and adipose tissue, respectively as illustrated in figure 1. 

 

 

Figure 1. Interaction between insulin and metabolism during exercise. During exercise, plasma insulin levels decrease 

progressively due to α-adrenergic inhibition of pancreatic β-cells. Concomitantly, during exercise, muscle glucose uptake 

increases via insulin-independent mechanisms. To ensure maintenance of a relatively stable blood glucose level, there is an 

increase in liver glucose output that accompanies the increased muscle glucose uptake during exercise. Insulin is a potent 

inhibitor of adipose tissue lipolysis and the decrease in plasma insulin is essential for the progressive rise in plasma fatty 

acids. Abbreviations: c’AMP; cyclic adenosine monophosphate, AMPK; 5' AMP-activated protein kinase, PKA; Protein 

kinase A, HSL; hormone sensitive lipase, LCFA; long-chain fatty-acid, GLUT; glucose transporter, NOX; NADPH oxidase. 

 

 During exercise, plasma insulin levels decrease progressively [6–8](Figure 1), an effect 

that is believed to be due to -adrenergic inhibition of pancreatic -cells [9].  The decrease in 
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circulating insulin during exercise is greater in untrained than in trained subjects, at least at the same 

absolute exercise intensity, but similar at the same relative exercise intensity [10,11].  Plasma insulin 

levels are higher following a high carbohydrate diet, but still decrease during exercise [12].  The 

ingestion of glucose during exercise results in higher plasma insulin levels [13–15], but the increase 

following glucose ingestion during exercise is lower than that observed following ingestion of glucose 

at rest due to the exercise-induced increase in sympathetic activity. 

Muscle glucose uptake 

 During exercise, muscle glucose uptake increases in an intensity- and duration-

dependent manner [4,5,7,8] and may increase by up to 100-fold during intense exercise [16].  The 

factors influencing muscle glucose uptake during exercise are enhanced glucose delivery, increased 

sarcolemmal glucose transport due to GLUT4 translocation, glucose phosphorylation and activation 

of the glycolytic and oxidative pathways responsible for intramuscular glucose metabolism, all of 

which are subject to regulation by various factors [17,18]. 

Early studies suggested that muscle glucose uptake during exercise in vivo [19,20], or in 

response to contractions in vitro [21], was not dependent upon insulin.  On the other hand, studies 

in exercising dogs demonstrated that marked insulinopenia reduced muscle glucose utilisation [22–

24], although this is more likely to have been due to the hyperlipidemia associated with insulin 

deficiency than direct effects of reduced insulin on glucose uptake.  It was suggested that a 

“permissive” level of insulin was required for muscle glucose uptake during contractions in the 

perfused rat hindlimb [25]; however, it was subsequently clearly demonstrated that muscle glucose 

uptake during muscle contractions is not dependent on insulin [26,27].  This is in accordance with 

the findings that a physiological decrease in plasma insulin in exercising dogs does not impair the 

normal increase in muscle glucose uptake [28].  Muscle contractions do not activate the proximal 

steps in the insulin signalling cascade, but activate unique, insulin-independent molecular signaling that 

is not yet fully understood [17,18].  In agreement, exercise increases muscle glucose uptake in 

patients with type 1 diabetes 24 hr after insulin withdrawal [29] and both aerobic and resistance 

exercise lower blood glucose in type 1 diabetes [30], provided patients are not in ketosis in which 
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case exercise results in hyperglycemia [29].   In patients with type 2 diabetes, characterised by insulin 

resistance, exercise increases muscle glucose uptake [31] and sarcolemmal GLUT4 [32], and lowers 

blood glucose [33] to the same extent as observed in age-matched, control subjects.  In addition, 

muscle glucose uptake during exercise is not reduced in high-fat diet-induced insulin resistant rats 

[34].  Collectively, these studies demonstrate that insulin deficiency and insulin resistance do not 

impede muscle glucose uptake during exercise. 

Whereas insulin is not required for contraction-induced muscle glucose uptake, there is 

synergism between the effects of exercise and insulin on muscle glucose uptake [35,36], which may 

be mediated by effects on various steps in glucose uptake.  For example, increased glucose and 

insulin loads associated with exercise, secondary to greater muscle blood flow, may enhance glucose 

uptake during exercise [37].  Of greater significance are the additive effects of contractions and 

insulin on muscle glucose transport and GLUT4 translocation [38,39] Thus, increased plasma insulin 

levels during exercise, as a result of carbohydrate ingestion, further increases muscle glucose uptake 

[13–15], with a further likely contribution from hyperglycaemia per se [40].  Similarly, marked 

hyperinsulinemia before exercise, due to glucose ingestion at rest, results in higher muscle glucose 

uptake during subsequent exercise [41] due to the additive effects of insulin and exercise.  This is a 

particular issue for patients with type 1 diabetes who must manage their insulin dosage and 

carbohydrate intake in relation to exercise bouts to maintain glucose homeostasis. 

Liver glucose output 

 To ensure maintenance of a relatively stable blood glucose level, there is an increase 

in liver glucose output that accompanies the increased muscle glucose uptake during exercise (Figure 

1) [8,13–15].  Hepatic glucose production results from glycogenolysis of hepatic glycogen stores as 

well as gluconeogenesis from precursors such as lactate, glycerol and certain amino acids [42].  This 

contrasts with muscle glycogenolysis which does not appear to be directly regulated by insulin levels.  

The regulation of liver glucose output during exercise involves a complex interplay between 

pancreatic hormone levels, sympathoadrenal activity and glucose availability [42].  Of critical 

importance for hepatic glucose production are the rise in plasma glucagon and the fall in plasma 
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insulin [8,28,43,44].  Not only are the individual changes in the plasma levels of glucagon and insulin 

important but even more the interaction between them, as demonstrated by hepatic glucose 

production being most strongly correlated with the glucagon/insulin ratio.  In addition, the fall in 

insulin increases the sensitivity of the liver to the stimulatory effects of glucagon [42].  Both the 

pancreatic -cell and the liver are sensitive to glucose availability [45] and glucose ingestion during 

prolonged exercise blunts the exercise-induced increase in liver glucose output in association with 

higher blood glucose and insulin levels [13,15].  Pre-exercise hyperinsulinemia markedly reduces liver 

glucose output at rest and although subsequent exercise increases it, it remains much lower than 

that observed when insulin levels are not elevated prior to exercise and fall during exercise [41].  

Collectively, these studies demonstrate the importance of decreasing the plasma insulin 

concentration in the regulation of increased liver glucose output during exercise. 

Lipolysis 

 In addition to muscle glycogen and blood glucose, long chain fatty acids (LCFA) 

derived from both adipose tissue and intramuscular triglyceride stores, are important substrates for 

contracting skeletal muscle during exercise[4,5,8,46].  Like for glucose, the increase in uptake of 

plasma LCFA into skeletal muscle during exercise is regulated by delivery, transport across the 

muscle membrane and intramitochondrial metabolism [47].  Uptake of plasma LCFA is dependent 

upon both simple and facilitated diffusion, the latter aided by fatty acid transporters, primarily CD36.  

Because of the dependency of muscle fatty acid uptake and oxidation on plasma fatty acid 

concentration, the regulation of adipose tissue lipolysis is important in influencing LCFA uptake and 

oxidation [47,48].  Lipolysis involves the sequential removal of fatty acids from triglyceride by 

adipose tissue triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and monoglyceride lipase.  

Lipolysis is primarily activated by -adrenergic-mediated increases in protein kinase A activity, cAMP 

levels, perilipin phosphorylation and increased ATGL and HSL activities.  Insulin is a potent inhibitor 

of adipose tissue lipolysis by decreasing cAMP concentrations [49–51] and antagonises adrenergic 

stimulation of lipolysis [52].  Thus, the decrease in plasma insulin is essential for the progressive rise 

in plasma fatty acids, derived from adipose tissue lipolysis, and fat oxidation in exercising dogs [53].  
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When plasma insulin levels are higher during exercise, either following a high carbohydrate diet [12] 

or with carbohydrate ingestion [13–15], the progressive rise in plasma fatty acids is attenuated.  

Small increases in plasma insulin prior to exercise blunt adipose tissue lipolysis and result in lower 

plasma fatty acid levels and fat oxidation during subsequent exercise [54].  The decrease in fat 

oxidation with carbohydrate ingestion is due to both a decrease in plasma fatty acid availability and 

inhibition of mitochondrial fatty acid entry and oxidation [55], the latter being potentially mediated 

by reductions in carnitine palmitoyl transferase (CPT) activity and/or carnitine availability. 

The effects of exercise and insulin on intramuscular triglyceride utilisation are 

somewhat more equivocal, due in part to the methodological challenges of its accurate 

measurement.  The molecular regulation of intramuscular triglyceride stores is thought to be 

dependent upon activity of ATGL and HSL [47].  Insulin is not thought to directly regulate these 

lipases; however, glucose ingestion has been shown to decrease skeletal muscle HSL activity [56] 

which could have been due to increased plasma insulin and/or decreased plasma adrenaline.  In that 

study, intramuscular triglyceride use was not measured directly, but there was no effect of glucose 

ingestion on estimated non-plasma fatty acid oxidation during exercise [56].  In a later study in which 

intramyocellular triglyceride was measured using fluorescence microscopy, there was no effect of 

carbohydrate ingestion on triglyceride use during exercise [57].  This might be a consequence of the 

potentially competing effects of carbohydrate ingestion on HSL activity, as outlined above [56] and 

plasma fatty acid availability, the blunting of which has been shown to increase muscle triglyceride 

use during exercise [58].  Thus, whether a decrease in plasma insulin is important for intramuscular 

triglyceride mobilization during exercise is not clear. Interestingly, in addition to the increase in 

muscle triglyceride use, muscle glycogen breakdown was also increased when lipolysis was inhibited 

[58]. 

 In summary, during exercise there is a decrease in plasma insulin due to increased 

sympathetic activity and inhibition of pancreatic insulin release.  This decrease in insulin does not 

impede muscle glucose uptake which occurs via mechanisms independent of insulin.  That said, 

increased insulin levels during exercise increase muscle glucose uptake due to the additive effects of 
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insulin and contractions on GLUT4 translocation and sarcolemmal glucose transport.  The decrease 

in insulin is critical for the exercise-induced increase in liver glucose output which is crucial for 

maintaining euglycemia in the face of increased muscle glucose uptake. The decrease in plasma insulin 

is also important for increasing adipose tissue lipolysis, resulting in increased plasma fatty acid levels 

and skeletal muscle fat oxidation during exercise. 

 

Increased sensitivity to insulin after a single bout of exercise 

In 1966, Bergstrøm and Hultman published a landmark study showing that in recovery 

from one-legged exercise, the exercised leg increased its muscle glycogen stores to levels twice 

those in muscle from the inactive leg, suggesting that prior exercise increased the subsequent ability 

to store glycogen in muscle [59]. In 1982 it was shown that the increased sensitivity to insulin after 

exercise was explained by increased ability of insulin to stimulate muscle glucose uptake and thereby 

glycogen synthesis in perfused rat muscle [60]. It should be noted that muscle glucose uptake 

following exercise can be characterized by two phases [61]. The first is the gradually decreasing rate 

of glucose uptake that stems from the contraction-induced muscle glucose uptake and this phase is 

insulin-independent. Depending upon exercise intensity and duration this period may take 1-4 hours 

[62,63] and is followed by a period of increased insulin sensitivity that lasts much longer, e.g. in 

healthy humans it has been described to last for 48 h [64].  Subsequent studies showed that for most 

exercise modes, exercise leads to increased insulin sensitivity in the postexercise period. This 

includes endurance exercise [64,65], resistance exercise [66,67] and high intensity interval exercise 

[68,69]. In contrast, muscle damaging eccentric exercise (lengthening of muscle despite stimulated to 

contract) leads to transient muscle inflammation and insulin resistance [70,71] . 

 



10 
 

 

Figure 2. Increased sensitivity to insulin after a single bout of exercise. Insulin stimulation of a rested (A) and a prior 

exercised (B) skeletal muscle. Following exercise insulin’s ability to increase microvascular flow is enhanced and augmented 

molecular signaling at the level of TBC1D4 leads to increased GLUT4 translocation and increased glucose uptake and 

glycogen synthesis.  Abbreviations: AMPK; 5' AMP-activated protein kinase, PI3K; Phosphoinositide 3-kinase, Rac1; Ras-

related C3 botulinum toxin substrate, GSK; Glycogen synthase kinase, PP1; Protein phosphatase, GLUT; glucose 

transporter, HK; hexokinase, G-6-P; Glucose 6-phosphate, TBC1D4; TBC1 domain family member 4. 

 

The insulin sensitizing effect of a bout of exercise is primarily due to a local, 

contraction-induced mechanism in muscle, as exemplified by the markedly higher insulin sensitivity in 

electrically stimulated perfused rat muscle compared with the unstimulated muscle of the 

contralateral leg [72]. Similarly, one-legged exercise leads to markedly higher post-exercise insulin 

stimulated muscle glucose uptake compared with the non-exercised leg in humans [73–75] and leg 
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exercise enhanced insulin sensitivity following exercise in leg, but not forearm, muscle [76]. 

Interestingly, during prolonged exhaustive one-legged exercise, insulin sensitivity of the non-active 

muscles was actually decreased compared with a non-exercise control day indicating that systemic 

responses to prolonged exhaustive exercise (catecholamines, elevated fatty acids?) may decrease 

insulin action [77]. Physiologically this makes sense because slight insulin resistance in inactive 

muscles help divert the glucose in the blood to the insulin sensitive, previously active muscles. The 

whole-body insulin sensitivity after exercise may therefore depend on the ratio between active and 

inactive muscle as well as the duration and intensity of exercise. 

GLUT4 and insulin action following exercise 

In humans, the mechanisms underlying the improved muscle insulin action following a 

single exercise bout involve a coordinated increase in the vasodilatory effect of insulin and increased 

discrete molecular signaling in muscle [78] that leads to increased GLUT4 translocation to the 

muscle surface  membrane [79] as also shown in rat muscle [80] (See figure 2). While these 

microscopy-based results demonstrate that insulin stimulation of GLUT4 translocation in muscle is 

enhanced following exercise, the quantitative aspects may be underestimating the true GLUT4 

translocation. For instance, the increase in human sarcolemmal GLUT4 with insulin was around 50% 

in rested muscle and around 100% in previously active muscle [79].  Under similar clamp conditions, 

the permeability of the sarcolemma to glucose from basal to insulin stimulation was estimated to be 

17 fold in rested and 34 fold in previously active muscle [81], suggesting that either GLUT4 

translocation is much larger than demonstrated with current microscopy techniques in human 

muscle, or that intrinsic glucose transporter activity may be increased by insulin in muscle following 

exercise. Similar discrepancies between exercised-induced muscle membrane permeability and 

GLUT4 translocation have been discussed recently [82]. However, the evidence for increased 

GLUT4 intrinsic activity with exercise or insulin stimulation is currently not strong [83]. 

Increased vascular insulin sensitivity following exercise 

While the effect of insulin in increasing whole leg blood flow as measured in the 

femoral artery is small, exercise primes the microvasculature to become  markedly more responsive 
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to insulin [78]. This has the benefit of preferentially channeling microvascular perfusion to the 

muscles that need to replenish glycogen stores. This increased perfusion is also important for 

maintaining the muscle interstitial concentration of glucose as demonstrated by experiments where 

perfusion was decreased by intra-arterial infusion of the nitric oxide synthase inhibitor L-NMMA 

during a clamp which abrogated the enhancing effect of exercise on insulin sensitivity [78]. Thus, 

while this experiment showed the importance of increased microvascular perfusion for increased 

insulin sensitivity after exercise it also demonstrated that the increased vasodilatory action by insulin 

following exercise is NO-dependent [78] as is the vasodilatory effect of insulin in general [84]. How 

the vasculature acquires increased sensitivity to insulin in exercise is not entirely clear, but may 

involve eNOS phosphorylation and activation in endothelial cells during exercise by adenosine 5’ 

monophosphate-activated protein kinase (AMPK), as shown in rats [85]. Supporting a role for AMPK 

in insulin’s vasodilatory action are observations  in AMPKα2 KO mice where the insulin-dependent 

vasodilatation in perfused small arteries was abrogated [86].  

Molecular mechanisms in muscle that explain increased insulin sensitivity following exercise 

Apart from the enhanced vasodilatory response to insulin in the postexercise period, 

important regulation takes place in the myocytes. The molecular mechanism in the muscle fibers that 

is responsible for the increased sensitivity of GLUT4 translocation to insulin does not involve 

amplification of the proximal steps of the canonical insulin signaling. Thus, in several human studies 

using one-legged exercise and subsequent euglycemic hyperinsulinemic clamps, insulin-stimulated 

insulin receptor tyrosine kinase activity, IRS1 tyrosine phosphorylation, IRS1-associated PI 3-Kinase 

activity, Akt Thr308 and Ser473 phosphorylation, and GSK-3 activity were not amplified in prior 

exercised muscle [62,73,75,87]. Similar findings were basically made in rodent muscle [88–91]. 

Furthermore, although glycogen synthase activity is increased following glycogen depleting exercise, 

the effect of insulin to stimulate glycogen synthase activity which is the rate limiting enzyme for 

glycogen synthesis, is not enhanced by prior contractions/exercise [75,92]. Together, these findings 

indicate that improvements in muscle insulin sensitivity following exercise are mediated by signaling 

downstream of the canonical proximal insulin signaling cascade. In this context, it has been shown in 
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rats that increased sensitivity of muscle to insulin after exercise is not dependent upon synthesis of 

new GLUT4 molecules since inhibition of protein synthesis with cycloheximide did not prevent 

increased post-exercise insulin sensitivity [91]. 

Adult human muscle is composed of three different muscle fibre types (Type I, types 

2A and 2X) expressing three different forms of myosin heavy chains [93]. Most fibres express only 

one myosin heavy chain but there are also hybrid fibres expressing two isoforms [93]. Type I fibres 

express higher protein levels of the insulin receptor, hexokinase, glycogen synthase, GLUT4, and 

insulin receptor tyrosine kinase activity compared with type 2 fibres [94–97]. Despite differences in 

contraction characteristics and metabolic profile between the different muscle fibre types it has been 

shown that increased insulin action following exercise occurs in both type I and type 2 fibres in 

humans [98]. 

Ideally to explain post-exercise increased insulin sensitivity in the myocytes at a 

molecular level, one would look for molecules that are activated by both exercise and insulin, are 

involved in GLUT4 translocation and where the exercise effect persists in recovery. In this way, 

insulin stimulation in recovery might cause an additive further increase in signaling resulting in 

increased insulin action compared with a non-exercised muscle. TBC1D4 has emerged as such a 

candidate molecule. It is well known to be phosphorylated by insulin on several sites [99]   also in 

human skeletal muscle  [100,101]. Phosphorylation of TBC1D4 also increases at several sites in 

response to acute exercise in human skeletal muscle [101]. Phosphorylation of these sites also 

increased with insulin in both rested and exercised muscle so that TBC1D4 phosphorylation in 

exercised muscle was significantly higher than in rested muscle [92,100–102]. The importance of 

TBC1D4 phosphorylation for increased insulin sensitivity following exercise is indicated by the 

absence of insulin-sensitization of glucose uptake in mice with muscle-specific depletion of TBC1D4 

[103]. An interesting question is by which mechanism TBC1D4 is phosphorylated during exercise? 

Based on experiments in AMPK KO mice it appears that AMPK is largely responsible for the 

phosphorylation of TBC1D4 during exercise [104]. In agreement, mice lacking AMPK in muscle do 

not show increased insulin sensitivity after exercise [104]. 



14 
 

 

Exercise-induced changes in insulin sensitivity in other organs 

Other insulin sensitive organs than muscle could potentially also acquire increased 

insulin sensitivity following exercise. One possibility is the liver but only a few investigations have 

measured hepatic insulin sensitivity with proper multistep euglycemic hyperinsulinemic clamps after 

exercise. In healthy humans no effect of acute exercise on hepatic insulin sensitivity was reported 

[64,105,106] whereas in type 2 diabetic patients increased hepatic sensitivity to insulin was reported 

12 h after high intensity intermittent exercise  [107]. However, measurements of hepatic glucose 

production after an acute bout of exercise are complicated by reports of increased inhibiting effect 

of infused insulin on endogenous insulin secretion after exercise (measured as plasma C-peptide) 

[64]. Thus, the portal vein concentration might be lower after exercise vs rest making the 

interpretation of hepatic insulin sensitivity a bit tricky to interpret. Nevertheless, taken together it 

seems that the effect of exercise on hepatic insulin sensitivity is negligible or quite small, at least in 

healthy individuals. 

An interesting, related observation is that the gut handles glucose differently after an 

exercise bout. Thus, it was originally described in humans [108] and also in dogs [109] that a larger 

fraction of an ingested glucose load escapes hepatic retention after an exercise bout. This increases 

hyperglycemia and allows for muscle glycogen repletion to be prioritized [108]. Similarly, using two 

different glucose tracers it was shown that following 55 min of exercise at 71% of VO2max, an oral 

glucose load resulted in significantly higher total glucose appearance and hyperglycemia compared to 

when the oral glucose load was given 24 h after exercise [110]. Thus, it appears that a single 

exercise bout affects the gut and/or the liver allowing more of an ingested glucose load to be 

delivered to the systemic circulation rather than being stored in the liver. Whether this in fact is due 

to more rapid absorption of the glucose from the gut or an effect on the liver to allow more glucose 

to escape is unresolved at this time. 

  Another tissue which might increase insulin sensitivity following exercise is adipose 

tissue. Lipolysis is exquisitely sensitive to the inhibitory effect of resulting in decrease in circulating 
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long chain fatty acids. However, the experiments evaluating insulin sensitivity of lipolysis following 

exercise have the problem that initial values before insulin infusion are higher after exercise than 

rest and furthermore, that the study of suppression of lipolysis requires very low insulin infusion 

rates which are not applied in most clamp studies. Nevertheless, a couple of studies have used 

sequential gradually increasing insulin infusion protocols and the general picture is that a single bout 

of exercise has no major effect on insulin sensitivity of adipose tissue  lipolysis in healthy individuals 

[64,106].  Taken together, it appears that a single bout of exercise increases insulin sensitivity of the 

muscles engaged in the exercise while sensitivity of other insulin responsive tissues remains largely 

unaltered. 

 

Exercise training and insulin action 

Whereas the acute effects of exercise on insulin action last maximally 48 hours and 

are due to alteration of molecular signaling in muscle and vascular tissues, repeated exercise training 

(ET) induces longer-lasting adaptations in several tissues that improve insulin action. Therefore, ET is 

part of the standard recommendations and care for several insulin-resistance-related conditions such 

as obesity and type 2 diabetes [111–113]. ET potently improves insulin action in both healthy 

individuals [114–116] and insulin-resistant obese and type 2 diabetic patients [117–126], as well as in 

rodents [127,128]. 

The specific tissues and metabolic pathways involved in ET’s longer-term beneficial 

effect on insulin sensitivity were determined first in the rat by combining the euglycemic clamp with 

the administration of glucose tracers [129]. That study showed that multiple skeletal muscles, as well 

as adipose tissue, displayed increased sensitivity of insulin-stimulated glucose uptake following ET, 

while lung tissue did not [129]. Later studies in humans have confirmed that the beneficial effect of 

ET is partly due to improved insulin sensitivity as well as increased insulin responsiveness of glucose 

uptake in skeletal muscle [130][131–133]. Even after only one [134] or two [135] weeks of ET, an 

insulin-sensitizing effect can be observed in insulin-resistant type 2 diabetic subjects. The beneficial 

effects of ET can be superior to those exerted by drugs or insulin therapy [136,137]. On the other 
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hand, a recent study revealed that excessive ET could result in impaired glucose tolerance in healthy 

subjects [138], thus, clearly the dose-response relationship may not be entirely linear. 

 

 

Figure 3. Exercise training and insulin action in skeletal muscle. Insulin-stimulation of an untrained (A) and exercise-

trained (B) skeletal muscle.  Exercise training increases muscle capillarization, GLUT4, and hexokinase II expression as well 

as mitochondrial biogenesis whereas molecular signaling is largely unaffected. Abbreviations: PI3K; Phosphoinositide 3-

kinase, Rac1; Ras-related C3 botulinum toxin substrate, GSK; Glycogen synthase kinase, PP1; Protein phosphatase, GLUT; 

glucose transporter, HK; hexokinase, G-6-P; Glucose 6-phosphate, TBC1D4; TBC1 domain family member 4. 

 

The molecular mechanisms underpinning the interactions of ET with insulin action are 

not fully understood but likely include the combinatory and synergistic effects of elevated insulin-

responsive and glucose handling proteins, muscle fiber plasticity, capillary density and flow, adipose 

tissue adaptations, as well as ET effects on insulin secretion, all of which are discussed below. 

 

Mechanisms mediating exercise training effects on insulin action in muscle 

Enhanced insulin action in skeletal muscle after ET (illustrated in Figure 3) could be 

partially due to enhanced myocellular expression and activation of insulin-responsive proteins. A 

consistent finding is the ET-induced upregulation of the expression of proteins involved in the 
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insulin-signaling cascade, upregulation of the insulin-responsive GLUT4, and the glucose 

phosphorylating protein hexokinase II in both mouse [127,139] and human [97,140–147] skeletal 

muscle. ET is also accompanied by increased mitochondria volume and function [148,149] that 

improves muscles substrate utilization capacity during exercise [150] and correlates with insulin 

sensitivity [151]; however, a direct role in improving insulin action is not established. Whether 

upregulation of insulin-responsive proteins translates into enhanced insulin signaling activation is 

more controversial. In some studies, ET results in the potentiation of insulin-stimulated 

phosphorylation of several proteins, incl. Akt and TBC1D4 [141–143,152], believed to mediate 

insulin-stimulated GLUT4 translocation [83]. For example, in the context of insulin resistance, which 

is sometimes associated with reduced insulin signaling, ET restored site-specific phosphorylation of 

TBC1D4  in skeletal muscle of patients with type 2 diabetes [142]. However, other investigations 

report no changes in insulin-induced intracellular signaling in the muscle that display enhanced 

insulin-stimulated glucose uptake following ET [146,153]. Because ET seemingly can elevate insulin 

sensitivity in the absence of elevated activation of insulin signaling, evidently other mechanisms are 

involved. With the advent of the many omics techniques and already available online search tools 

[154,155], future investigations will undoubtedly lead to an even better understanding of the 

molecular adaptations that regulate insulin sensitivity after ET. Such investigations may also reveal 

the background for the large individual variability in improved insulin sensitivity recorded after ET 

[156]. 

Muscle fibre-specific adaptations 

Human skeletal muscles consist of heterogeneous populations of fibres. Type I fibres 

display higher insulin sensitivity and capillary density compared with type 2, although the differences 

between fibre types, in general, are smaller in human than in rodent muscles. Cross-sectional studies 

have documented that skeletal muscles of endurance-trained subjects have a high percentage of type 

I fibres, while speed and power sports athletes have a preponderance of type 2 fibres [157–159]. 

However, while longitudinal ET studies commonly result in a decreased number of type 2X and 

increased number of type 2A muscle fibres, longitudinal ET interventions lasting weeks to months 
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rarely produce conversions between type I and 2 fibres [157], suggesting that changes in fibre types 

are not a major driver of ET-induced enhanced insulin action. Yet, training-induced adaptations in 

muscle have, on a molecular level, been shown to be somewhat fibre type-specific [97], suggesting 

that the potential for type I and type 2 fibres to potentiate their insulin sensitivity in response to 

training could be distinct. 

Muscle microvascular recruitment and capillary density 

Insulin promotes the delivery of glucose to the muscle fibres by increasing muscle 

blood flow and hence capillary perfusion and recruitment. Optimal response to insulin of human 

skeletal muscle in vivo includes a contribution of enhanced muscle blood flow [160] and capillary 

perfusion [161]. Insulin activates endothelial insulin receptors promoting downstream activation of 

nitric oxide (NO) synthase, to generate NO gas [162], illustrated in Figure 3. NO relaxes the 

smooth muscles in the arterioles by decreasing the cytoplasmic Ca2+ concentration, leading to 

vasodilation and thereby higher blood flow and augmented capillary perfusion [163]. Exercise training 

increases insulin-mediated capillary recruitment of the skeletal muscle in rats [164,165]. In addition 

to these enhanced qualitative characteristics, ET also increases capillary density in humans [166,167]. 

Because capillary density and the efficacy by which insulin recruits capillaries together determine the 

delivery of nutrients, such as glucose, and insulin to the skeletal muscle, this may be one of the 

mechanisms contributing to sustained improvements in insulin-stimulated glucose uptake after ET 

[168]. Indeed, high muscle fibre capillarization has been associated with increased insulin sensitivity in 

humans, while low capillarization is associated with skeletal muscle insulin resistance [169–171]. 

ET effects on insulin action on adipose tissue lipolysis 

There is some evidence for an interaction between ET and insulin action on adipose 

tissue. ET improves adipose tissue insulin-stimulated glucose uptake in rodents [127,129] and 

humans [172,173], although not demonstrated in all studies [174]. In humans, a 10-week endurance 

ET intervention improved insulin sensitivity in subcutaneous adipose tissue evaluated by suppression 

of lipolysis, which was accompanied by increased protein expression of the insulin receptor, 



19 
 

hexokinase II, and succinate dehydrogenase complex subunit A [175]. Thus, like skeletal muscle, 

insulin action in adipose tissue is enhanced by ET. 

TG storage and fatty acid (FA) uptake occur in postprandial hyperinsulinemic conditions, whereas 

fasting and exercise induce a catabolic condition of TG breakdown by increasing lipolysis. 

Quantitatively, the insulin-dependent lowering in circulating LCFA on an organismal level is mostly 

the result of inhibition of adipose tissue lipolysis [49,176–178]. ET enhances adipose tissue insulin 

sensitivity and vascularization [179], which in turn potentiates insulin’s inhibitory effect on lipolysis 

[180–182]. Underscoring this connection, ET reduces postprandial lipemia in humans [183–186], an 

effect which is likely, in part, mediated by an upregulation of fat-handling proteins in skeletal muscle 

[187–191] and to a lesser degree adipose tissue [179], including CD36, FATP1/4, ATGL and CPT-1, 

thereby improving fat metabolism on a whole-body level and thereby contributing to increased 

insulin sensitivity  

Insulin action on the hepatic glucose output 

Insulin sensitivity of the liver measured as insulin’s inhibitory effect on hepatic glucose 

output does not seem to be significantly altered by ET in healthy subjects [114,141], although other 

studies show an effect [192]. The evidence is more consistent in subjects with obesity and type 2 

diabetes, who display markedly reduced hepatic insulin sensitivity [193]. Thus, in insulin-resistant 

subjects, ET enhanced basal and insulin-suppressed hepatic glucose production over a broad range of 

physiological hyperinsulinemia [194,195].  The mechanisms underlying the beneficial effects of ET on 

hepatic insulin sensitivity likely involve fat-liver cross talk. Adipose tissue insulin resistance elevates 

hepatic levels of lipids through impaired suppression of adipose tissue lipolysis resulting in elevated 

delivery of FFAs to the liver [196]. Emerging evidence clearly demonstrates that ET can effectively 

reduce intrahepatic lipids in subjects with type 2 diabetes [197] with minimal changes in total body 

mass. Exercise primes the liver for excess delivery of FFAs by leading to upregulation of hepatic fatty 

acid oxidation, improving mitochondrial respiration, and by increasing other mitochondrial outcomes 

such as citrate synthase activity, β-HAD activity, cytochrome c content (reviewed in [198]).  

ET effects on insulin production, secretion, and clearance 
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While the effects of ET on insulin action in skeletal muscle and adipose tissue are 

well-described as discussed above, less is known about the effects of ET on insulin production, 

secretion, and clearance. However, this is important because dysfunction in the insulin secretory 

capacity is a major determinant of hyperglycemia and the onset of type 2 diabetes [199]. ET generally 

results in lower levels of circulating insulin and C-peptide, which has been established most clearly in 

insulin-resistant humans [117,137,200] and rodents [201], indicative of overall reduced insulin 

secretion. Interestingly, during hyperglycemic clamps at similar glucose concentrations, ET individuals 

secrete much less insulin than untrained individuals, indicating the endocrine pancreas adapts to 

higher insulin sensitivity in the ET individuals by secreting less insulin so that glucose homeostasis is 

maintained [202]. However, in subjects with type 2 diabetes exercise training increases β-cell 

function provided β-cell function is not too compromised before training [203]. In rats, exercise 

training has been shown to increase β-cell proliferation [204] and serum from exercise-trained 

individuals protects human and rodent β-cells against endoplasmic reticulum stress and apoptosis 

[205]. Thus, in general, ET seems beneficial for β-cell function.  

Once released, insulin has a half-life of 5–6 min in the circulation. Insulin clearance is 

reduced in conditions of insulin resistance, such as in subjects with type 2 diabetes. Yet, insulin 

clearance seems to follow a separate pattern to that of insulin sensitivity, because 12 weeks of ET, 

which potently enhanced insulin sensitivity [206], did not significantly change insulin clearance in 

humans [207]. Cross-sectional studies of trained and untrained individuals show the same [202]. 

That exercise does not alter insulin clearance is also in agreement with rodent data. For example, 

the level of insulin in the plasma following a retro-orbital insulin injection was similar between 6 

weeks trained and untrained mice [127], while diet-induced obese mice display elevated plasma 

insulin indicative of reduced clearance [208].  

ET-induced elevations in insulin sensitivity have been demonstrated in both healthy 

individuals and patients with type 2 diabetes [131,142,147,209,210].  Thus, exercise training is a 

valuable tool in the prevention and treatment of this disease. However, perhaps, unfortunately, the 

training-induced molecular adaptations [211] and the increase in insulin sensitivity seems relatively 
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short-lived [212,213]. Even in healthy, active volunteers, an acute transition from high to low levels 

of daily physical activity for three days impaired glycemic control [214]. Thus, some of the insulin-

sensitizing effects of ET are due to the last exercise training session [215]. On the other hand, the 

insulin-sensitizing effect of acute exercise in exercise-trained individuals is smaller than in untrained 

individuals [116] because they already have a high level of insulin sensitivity. 

 

 

Summary 

Exercise and insulin affect metabolism in opposite ways since exercise is a catabolic 

condition and insulin is an anabolic hormone. During exercise, there is a decrease in plasma insulin, 

due to increased sympathetic activity and inhibition of pancreatic insulin release that facilitates 

substrate mobilization.  This decrease in insulin does not impede muscle glucose uptake which 

occurs via mechanisms independent of insulin, but it is critical for the exercise-induced increase in 

liver glucose output and adipose tissue lipolysis, resulting in glucose and fatty acid supply for 

oxidation in active skeletal muscle during exercise.  During the post-exercise recovery period and 

following exercise training, insulin sensitivity is enhanced and this facilitates greater muscle glycogen 

storage and improved glucose and fat metabolism.  These adaptations are crucial not only for the 

enhanced performance observed in trained individuals but also for the improved metabolic health 

associated with a physically active lifestyle. 
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