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International charities and health care organizations advocate regular physical activity for health benefit in people with type 1 diabetes. Clinical expert and international diabetes organizations’ position statements support the management of good glycemia during acute physical exercise by adjusting exogenous insulin and/or carbohydrate intake. Yet research has detailed, and patients frequently report, variable blood glucose responses following both the same physical exercise session and insulin to carbohydrate alteration. One important source of this variability is insulin delivery to the circulation. With modern insulin analogs, it is important to understand how different insulins, their delivery methods, and inherent physiological factors, influence the reproducibility of insulin absorption from the injection site into circulation. Furthermore, contrary to the adaptive pancreatic response to exercise in the person without diabetes, the physiological and metabolic shifts with exercise may increase circulating insulin concentrations that may contribute to exercise-related hyperinsulinemia and consequent hypoglycemia. Thus, a furthered understanding of factors underpinning insulin delivery may offer more confidence for healthcare professionals and patients when looking to improve management of glycemia around exercise.




Keywords: absorption, insulin, exercise, pharmacokinetics, type 1 diabetes (T1D), subcutaneous tissue, physiology 




Introduction

People with type 1 diabetes (T1D) are required to administer exogenous insulin via multiple daily insulin (MDI) regimen or automated pump therapy. For both delivery methods, insulin is administered into adipose tissue that lies beneath the dermal layers of the skin and above the musculoskeletal compartment. Upon entering this subcutaneous layer, the injected insulin forms a depot, where it is at its highest concentration in the interstitium. Insulin spreads in the subcutaneous layer, following the path of least resistance around adipocytes and along loose connective tissue, towards the capillary system (1) (Figure 1). Separating the interstitium and the capillary lumen is the vascular endothelium which is poorly penetrated by hexameric insulin—the typical state in which it is stored. Insulin molecules must dissociate into smaller monomer units to move across the capillary endothelium and enter the circulation. The rate at which insulin molecules can move from the initial depot to being physiologically available in the bloodstream determines the insulin’s profile of metabolic activity.




Figure 1 | The pathway of subcutaneously administered exogenous insulin. Insulin is injected/released from formulation in the insulin pen/pump cartridge into the subcutaneous tissue. The insulin oligomers disassociate into monomer units before translocating across the capillary endothelium into blood circulation. Insulin circulates before binding to an insulin receptor to facilitate glucose uptake into the cell (e.g. into the myocyte). Factors at rest, acute exercise, and chronic exercise which affect each stage are listed along the row beside each illustrated stage of the pathway. Insulin diffusion in the subcutaneous layer is adapted with permission from digital images of insulin depot formation 15 to 30 s after bolus injection into porcine subcutaneous tissue; authored by Jockel et al. (1). Image is not to scale for illustration purposes. Created using Servier Medical Art (https://smart.servier.com/); Sevier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.



It is of clinical concern when the same insulin regimen exhibits a varied glucose-lowering effect for the patient injecting insulin. Intraindividual variability in an insulin’s absorption compromises the patient’s ability to predict blood glucose concentrations, thereby increasing the risk of fluctuations outside the physiologic range (i.e. ≤3.9 - ≥10.0 mmol.L−1) (2). This is especially pertinent to the individual with T1D who is engaging in structured exercise or spontaneous bouts of physical activity. The response to acute exercise induces significant changes in physiological systems which have the potential to alter the environment in which exogenous insulin is administered into, affecting its absorption kinetics and subsequent circulatory appearance. To aid in reproducing good glucose control, and mitigate the risk of exercise-induced hypoglycemia, it is important to be aware of the effects of exercise on the rate of insulin absorption (from injection depot into circulation).

This review aims to (i) inform the reader of relevant factors that influence insulin absorption at rest and (ii) critique the research investigating exercise effects on insulin absorption, providing an evidence-based explanation of the underlying mechanisms, where possible.



Exogenous Insulin

At concentrations necessary for subcutaneous injection, human insulin self-associates into hexamer crystals which are too large to pass through capillary fenestrae and reach circulation. The significant time required to allow the hexamers in the subcutis to dissociate to monomer units, that are small enough to diffuse into the capillary lumen, results in serum insulin concentrations out of sync with post-absorption blood glucose concentrations. The development of genetic engineering in recombinant DNA technology enabled modifications of insulin’s molecular structure that influence its pharmacokinetic properties. Initial modifications focused on inverting (LysB28-ProB29: insulin lispro) (3) and substituting (ProB28 ➔ AspB28: insulin aspart) (4) the amino acid sequence to weaken the van der Waals forces and hydrogen bonds shared at the C-termini B-chains at the dimer interface to decrease self-association, while avoiding alterations of the insulin receptor binding sites of insulin. Development of long-acting insulin has been based on acylation and pH-dependent subcutaneous precipitation (5). Further to structural modifications, excipients can be added to (or removed from) marketed formulations to effect pharmacokinetics. For example, insulin fiasp includes the excipient niacinamide to induce local vasodilation and counter-act the aggregating effect of Zn2+ (6), which promotes faster absorption. Improvements in insulin absorption have also been demonstrated in protease (that prevent enzymatic degradation of insulin) (7) and hyaluronidase (that cleaves hyaluronate polymers at injection site) (8) excipients; however, these are yet to appear in marketed formulations. Table 1 summarizes different exogenous insulins’ chemical composition and their consequent pharmacokinetic properties.


Table 1 | Synopsis of the pharmacokinetic properties of exogenous insulin.





Physical and Physiological Factors Affecting the Delivery of Insulin


Subcutaneous Tissue

The subcutaneous tissue consists primarily of adipocytes and an extracellular matrix made up of connective tissue and interstitial fluid, which present barriers of different resistances to insulin in its pathway to the vascular system (28). The impedance of insulin movement upon injection is subject to factors influencing the status of the subcutis, namely, the tissue type (injection depth), adipose tissue layer thickness, and temperature (Figure 1).



Injection Depth

Several studies demonstrate the importance of subcutaneous injection in tempering, and reducing the variation of, the pharmacokinetic/pharmacodynamic profiles of injected insulin compared to intramuscular injection at rest (29–31). Additionally, the extent to which the subcutaneous and muscular sites of injection are affected by exercise are not identical, which may result in differing rates of insulin absorption in the injection sites during exercise. An exercise-induced increase in insulin absorption was observed after intramuscular injection of 125I-labeled insulin actrapid (human insulin) into the thigh prior to moderate-intensity cycling (intramuscular injection: rest, 0.46 ± 0.08 vs exercise, 1.17 ± 0.14%.min−1; p < 0.001), but not after subcutaneous injection (rest, 0.31 ± 0.05 vs exercise, 0.45 ± 0.09%.min−1; p > 0.05) in people with T1D (32). Consequently, there was a greater exercise-induced fall in blood glucose during intramuscular injection (intramuscular: −4.6 ± 0.4 vs subcutaneous: −2.8 ± 0.7 mmol.L−1; p < 0.05) (32).

Combined with data collected on the thickness of the subcutaneous tissue in patients (33), recent recommendations advocate a transition to shorter needle lengths (such as 4 and 5 mm) to minimize the variability and altered glucodynamic activity of intramuscular injections (34). Further work is needed to determine whether intramuscular injection into the exercising muscle has a different effect on absorption than injection into a non-working muscle.


 Sub-section conclusion:

The effects of intramuscular insulin are more rapid and variable than subcutaneous insulin injections at rest and during exercise.





Subcutaneous Tissue Properties

An inverse relationship exists between subcutaneous thickness and the rate of insulin absorption. In healthy participants, weak-moderate negative correlations exist between subcutaneous fat layer thickness and serum insulin appearance rate (35) and a slower time to peak plasma insulin concentrations in those with a higher body mass index (BMI) (> 23.6 kg.m−2) by 31 min (95% CI 13.7–48.5; p < 0.05) (36). In two separate studies, Vora and colleagues employed similar methodologies, measuring the rate of absorption of 125I-labeled insulin actrapid from different injection sites in healthy participants (37) and those with T1D (38), with otherwise matched characteristics. The results from individuals with T1D suggested a weaker inverse correlation between the rate of absorption of insulin and the degree of adiposity than those without T1D. This prompts the questions ‘what causes this difference?’ and ‘is there a difference between the rate of absorption of exogenous insulin in T1D and healthy individuals?’ The use of a range of rate constants in these studies makes comparison between the two population cohorts difficult and warrants further investigation to answer these questions. Differences in fasted blood flow in abdominal subcutaneous fat tissue may contribute to the impact of tissue thickness in healthy and T1D populations (39), but studies that directly compare the structure and absorption characteristics within adipose tissue are lacking.


 Sub-section conclusion:

Greater subcutaneous adipose tissue layer thickness is associated with a tempered absorption profile of injected insulin.





Local and Ambient Temperature

The effect of temperature on exogenous insulin absorption has been investigated in those with and without T1D. One study investigated insulin absorption in individuals with T1D who injected insulin actrapid 60 min before two 25-min bouts of sitting in a sauna at 85°C (40). Compared to a control day (22°C), participants experienced a 110% greater disappearance of 125I-labeled actrapid from the site of injection during the whole sauna period, corresponding with a significant blood glucose drop of ≥3 mmol.L−1 after the sauna (p < 0.05). Later results from a pilot trial (41) and a randomized controlled trial (42) supported these findings, showing that after administering insulin aspart via pump the time to peak insulin action was faster using a local skin-warming device (40°C) compared to without its use (77 ± 5 vs 111 ± 7 min, respectively; p < 0.001). It is interesting to note here that favorable absorption kinetics have been demonstrated during application of both local and ambient heating, as well as in pump and MDI therapy. Using a long-acting insulin, Bitton and colleagues recently reported a trend of a lower drop in glucose from baseline after 6 h of warming the injection site of insulin glargine U100 (−2.2 ± 0.7 mmol.L−1) compared to a control group (−1.0 ± 0.6 mmol.L−1), yet the difference between the two trials was statistically non-significant (p = 0.11) (43).


 Sub-section conclusion:

Increased ambient temperature or local warming of the injection site accelerates insulin absorption.






The Impact of Acute Physical Exercise on Insulin Absorption

Muscular exercise induces rapid changes in the physiological systems of the person with type 1 diabetes to supply working muscles with oxygen and nutrients. The exercise pressor reflex (i.e. a peripheral neural reflex arising from skeletal muscle contraction) prompts cardiovascular changes, namely: an increase in cardiac output, blood pressure, and a shunting of blood away from the viscera towards the working muscles, aided by increased concentrations of adrenaline, noradrenaline, and cortisol (44, 45). After rapid adaptation to the exercise intensity, sympatho-adrenal activity is well-regulated relative to the power output during sustained aerobic activities. To maintain normoglycemia, pancreatic insulin secretion decreases and glucagon secretion increases to better match hepatic glucose release to the raised muscular glucose uptake (46).

For the individual with T1D, the physiological changes induced by exercise pose a problem for maintaining glucose control. The synergistic effect of relative hyperinsulinemia (from the previous exogenous injection) and exercise-induced insulin-independent pathways cause the uptake of glucose into myocytes to exceed hepatic glucose release and a decline in blood glucose during continuous steady-state exercise (47). What may further exacerbate the imbalance between glucose uptake and glucose input to the circulation is an exercise-induced acceleration of insulin absorption from the injection site into the blood.

Table 2 overviews the randomized controlled trials that have compared the rate of insulin absorption in individuals during acute exercise compared to rest. There is considerable variation in the findings that can be broadly separated into studies investigating short- and intermediate-acting insulins and studies on long-acting insulins. The agreement that basal insulin glargine U100 does not produce a rise in absorption during exercise opposes the findings that bolus insulins, such as actrapid, become significantly elevated (Table 2). Interestingly, it was found that neutral protamine Hagedorn (NPH), an intermediate-acting insulin, was greatly elevated during exercise compared to resting conditions (24); a rise even more marked than those exhibited by some short-acting insulins in the literature (19, 21, 23, 48). This may, in part, be explained by the longer needle length of 12.7 mm being used, likely creating an insulin depot that is closer to the capillary-dense muscle tissue (see 2.1 Needle Length section). In contrast, Kemmer et al. (20) demonstrated no change in insulin absorption rate during continuous exercise using actrapid, a short-acting insulin. It is initially unclear what caused Kemmer and colleagues’ investigation to evidence no change in insulin mobilization during exercise, but it is noteworthy that the methods employed in the study detailed a large (20 U) volume of injected insulin. Larger insulin volumes may result in altered absorption times due to a smaller surface area: volume ratio and slower diffusion rate (49). The reasons for the overall discrepancy between the effects of exercise on short- and intermediate-acting insulin against long-acting insulins are still unclear and warrant further investigation. However, it should be noted that many of the articles included in this review are >30 years old, during which time new insulin analogs have been developed. This is somewhat reflected by the wide use of 125I-labeled insulin disappearance measurements. While there is evidence iodo-radioactively labeling insulin analogs slows absorption kinetics, its use is valid when comparing absorption rates within studies (50).


Table 2 | Randomized controlled trials investigating the effect of exercise compared to rest on insulin absorption in people with type 1 diabetes or healthy individuals.



Increasing exercise workload to a high intensity, such as heavy weightlifting in resistance exercise, is associated with large increases in adrenaline and noradrenaline levels, in addition to high rates of H+ generation and efflux from muscle cells. In people with T1D, elevations in catecholamine concentrations stimulate hepatic glucose release to a degree which exceeds muscular glucose uptake, contributing to an increase in blood glucose that contrasts the decline typically observed at lower intensities. Turner and colleagues conducted two studies from which point-concentrations of plasma insulin can be compared between resistance exercise protocols and a rested control session (26, 27). It can be assumed from these studies that the total insulin measurements obtained reflected glargine concentrations, as participants were c-peptide negative and omitted their prior bolus insulin dose on the morning of the trial. Both studies found no exercise-induced change in insulin concentrations (Table 2). This finding is pertinent to the basal insulin glargine (U100) being measured, as its long-acting profile is dependent on its precipitation at the higher pH (~7.4) of human subcutis compared to marketed formulation (pH ~4.0) (51). Despite a resistance exercise-induced nadir in venous blood pH of ~7.2, the pharmacokinetics of insulin glargine were unaltered compared to control group.


 Sub-section conclusion:

Physical exercise increases the rate of insulin absorption in intermediate-, short-, and rapid-acting insulins but not in older long-acting insulins. There remains a dearth in the literature studying this effect in modern insulins and with exercise modalities other than sub-maximal endurance activities.



The protracted mechanism of action of intermediate- and long-acting insulins is primarily dependent on the slowed movement and delayed dissociation of insulin oligomers into monomeric form to cross the endothelial layer into systemic circulation. Exercise has limited influence on the rate of insulin dissociation, and consequent availability for absorption, as its initial location is confined to the subcutaneous interstitium (48). Hence, the molecular structure of insulin oligomers is the initial rate-limiting factor in its translocation across the capillary membrane, preceding any influence of exercise. Furthermore, the influence of exercise on insulin absorption is likely negatively correlated with the specific insulin analog duration of action (i.e. a lesser effect on long-acting insulins). For example, a bout of exercise lasting for a guideline-recommended time of 30 min (52), overlaps with, and accelerates the rate of absorption during, a greater segment of insulin action in a rapid-acting insulin (e.g. insulin aspart: time until peak onset of action = 31–70 min, time of duration of action = 3–5 h (53)) compared to a long-acting insulin (e.g. insulin degludec: peakless, time of duration of action > 24 h (54)). The more rapid shift to monomer units in short-acting insulins transfers the rate limitation of insulin absorption to other influencing factors, such as blood flow and diffusion distance to the vasculature, which are more readily influenced by acute exercise (55).

The decision to inject into a specific injection site around exercise may be hampered by logistical reasons (e.g. a rugby player removing their pump prior to a match, or an endurance cyclist unable to inject into the thigh during a ride) and also by a lack of knowledge as to any potential effects that are consequent of choosing one location over another. Few studies have compared the use of different injection sites during exercise. One study demonstrated the rate of absorption increased when injecting 125I-labeled actrapid into the exercising limb (thigh) compared to a non-exercising limb (arm) in people with T1D performing bouts of moderate-intensity bicycle exercise (20). However, this increase was only after exercise had ceased. Consistent with this finding, another study reported a greater average increase for the first 60 min of insulin absorption from the thigh (exercise 1.12 ± 0.12 vs rest 0.68 ± 0.15%.min−1; p < 0.05) than from the abdomen (exercise 0.87 ± 0.18 vs rest 0.75 ± 0.17%.min−1; p > 0.05) when healthy participants completed 20 min exercise on a cycle ergometer (19). The results of these studies, however, contrast those of another study using healthy participants in which significantly lower plasma insulin concentrations have been noted following 15 min of cycling after insulin actrapid injection into the thigh compared to the abdomen (25). However, the lack of data on statistical reporting, and the small (n = 4) sample size hinders the interpretation and applicability of this study. There is little data to confirm conclusions pertaining to injecting into the exercising limb and its effect on insulin pharmacokinetics. While injecting insulin into a site local to exercising muscle has been shown to accelerate absorption, injecting into a non-local site may also be subject to increased absorption (22).

The distribution of blood flow to the periphery for the purposes of thermoregulatory heat dissipation has been suggested as the underlying mechanism that explains the influence of temperature (40–43), and exercise (13, 22, 49, 56, 57), on the rise of the rate of insulin absorption. While this may apply to the rested individual, there is debate whether a temperature-induced increase in subcutaneous adipose tissue blood flow can solely account for the elevated rates induced by exercise. Upon starting exercise, blood flow is initially unchanged or shifted away from the skin towards the working muscles until thermoregulatory requirements stimulate the need for increased heat dissipation, due to elevated muscular metabolism, and blood flow to the skin begins to increase (58). As skin blood flow does not increase at the start (or, in hyperthermia, for its full duration (23)) of muscular activity, it is likely other factors contribute to the increased insulin absorption rate, which starts concurrently with the onset of exercise. Indeed, some authors detail an increase in insulin absorption despite no alterations in subcutaneous blood flow (19, 48). As the movement of blood through a section of subcutaneous-based capillary vessel interacts minimally with monomer movement in the interstitial fluid (due to the capillary membrane separating the interstitium and blood compartments), it is likely that blood flow per se does not directly impact the rate of insulin absorption. More probable, the rate-limiting step (after hexamer dissociation) is the ‘access’ insulin monomers have to capillary blood flow, gauged primarily by the diffusion distance from the depot to capillary endothelia. Vasodilation of terminal arterioles in subcutaneous tissue has been demonstrated to increase capillary recruitment, effectively increasing endothelial exchange surface area and potentially reducing monomer diffusion distance (59). However, this phenomenon is not yet fully elucidated in an exercise setting. While the zinc-hexamer association state has been shown to have higher thermic stability than the monomer state (60), to the authors’ best knowledge no studies have investigated the potential effects of temperature, separate to the concomitant effects of blood flow, on insulin absorption in vivo.

Diffusion of insulin into the circulation is dependent on the concentration gradient (i.e. a smaller concentration in the blood than the depot); hence, greater blood flow that transports insulin away from the vasculature, local to the depot, may indirectly promote the diffusion of insulin monomers away from the injection site by enabling a higher concentration gradient (55). Additionally, monomer movement may be influenced by a flushing effect of plasma volume movement into the local interstitium, or a massage effect from the underlying contracting muscle (61, 62). People with T1D should be aware that inter-individual differences may exist when injecting into exercising limbs, alongside the potential for increased rates of absorption.


 Sub-section conclusion:

The exercise-induced increased rate of insulin absorption is likely due to a combination of factors relevant to the changes at injection site during exercise. The dissociation of insulin oligomers into biologically active units remains the initial rate-limiting step.





Conclusion

Insulin absorption rate into circulation is influenced by different factors both at rest and during exercise. Compared to the same individual at rest, the exercise-induced increased appearance of insulin in the blood leads to a greater reduction in blood glucose. This phenomenon is often over-looked by individuals performing spontaneous bouts of activity or planning insulin adjustments around structured exercise. There is some evidence to suggest that the choice of location and depth of injection causes additional variability to absorption rates, whereby injections that are deeper and local to the working muscles are susceptible to even higher rates of insulin absorption. Overall, the cause of the increase in absorption during exercise is likely due to a myriad of factors including capillary recruitment, massage-effect, blood flow, temperature, and flushing effect; however, further studies are required to clarify their relative importance. Furthermore, the studies that have investigated the effects of exercise on absorption are now dated, using insulin types that are becoming increasingly less common among the T1D population. Studies using modern ultra-rapid and ultra-long acting insulins are required to determine whether the exercise-induced increase in the rate of absorption is still applicable. Patients and healthcare providers should be aware that the insulin pharmacokinetics around exercise may differ to resting profiles, enabling proactive avoidance of low blood glucose concentrations.



Author Contributions

JP—Main investigator. Led literature search, draft composure, and draft review. OM—Aided literature search, draft composure, and draft review. TH-J—Aided draft composure, provided expert knowledge, and draft review. BW—Aided literature search, draft composure, and draft review. RB—Aided literature search, draft composure, and draft review and provided expert knowledge. All authors contributed to the article and approved the submitted version.



References

1. Leuenberger Jockel, JP, Roebrock, P, and Shergold, OA. Insulin depot formation in subcutaneous tissue. J Diabetes Sci Technol (2013) 7(1):227–37. doi: 10.1177/193229681300700128

2. Battelino, T, Danne, T, Bergenstal, RM, Amiel, S, Beck, R, Biester, T, et al. Clinical Targets for Continuous Glucose Monitoring Data Interpretation: Recommendations From the International Consensus on Time in Range. Diabetes Care (2019) 42(8):1–11. doi: 10.2337/dci19-0028

3. Peter, R, Luzio, SD, Dunseath, G, Miles, A, Hare, B, Backx, K, et al. Effects of exercise on the absorption of insulin glargine in patients with type 1 diabetes. Diabetes Care (2005) 28(3):560–5. doi: 10.2337/diacare.28.3.560

4. Brems, DN, Alter, LA, Beckage, MJ, Chance, RE, Dimarchi, RD, Green, KL, et al. Altering the association properties of insulin by amino acid replacement. Protein Eng Des Sel (1992) 5(6):527–33. doi: 10.1093/protein/5.6.527

5. Pettus, J, Cavaiola, T, Tamborlane, W, and Edelman, S. The past, present, and future of basal insulins. Diabetes Metab Res Rev (2015) 32(11):478–96. doi: 10.1002/dmrr

6. Kildegaard, J, Buckley, ST, Nielsen, RH, Povlsen, GR, Seested, T, Ribel, U, et al. Elucidating the Mechanism of Absorption of Fast-Acting Insulin Aspart: The Role of Niacinamide. Pharm Res (2019) 36(3):1–14. doi: 10.1007/s11095-019-2578-7

7. Ansari, M. Role of protease inhibitors in insulin therapy of diabetes..are these beneficial? Bull Environ Pharmacol Life Sci (2015) 4(11):1–8.


8. Garg, SK, Buse, JB, Skyler, JS, Vaughn, DE, and Muchmore, DB. Subcutaneous injection of hyaluronidase with recombinant human insulin compared with insulin lispro in type 1 diabetes. Diabetes Obes Metab (2014) 16(11):1065–9. doi: 10.1111/dom.12315

9. Hövelmann, U, Heise, T, Nosek, L, Sassenfeld, B, Thomsen, KMD, and Haahr, H. Pharmacokinetic Properties of Fast-Acting Insulin Aspart Administered in Different Subcutaneous Injection Regions. Clin Drug Investig (2017) 37(5):503–9. doi: 10.1007/s40261-017-0499-y

10. Leohr, J, Dellva, MA, Coutant, DE, LaBell, E, Heise, T, Andersen, G, et al. Pharmacokinetics and Glucodynamics of Ultra Rapid Lispro (URLi) versus Humalog® (Lispro) in Patients with Type 2 Diabetes Mellitus: A Phase I Randomised, Crossover Study. Clin Pharmacokinet (2020). doi: 10.1007/s40262-020-00901-2

11. Howey, DC, Bowsher, RR, Brunelle, RL, and Woodworth, JR. [Lys(B28), Pro(B29)]-human insulin: A rapidly absorbed analogue of human insulin. Diabetes (1994) 43(3):396–402. doi: 10.2337/diab.43.3.396

12. Danne, T, Becker, RHA, Heise, T, Bittner, C, Frick, AD, and Rave, K. Pharmacokinetics, prandial glucose control, and safety of insulin glulisine in children and adolescents with type 1 diabetes. Diabetes Care (2005) 28(9):2100–5. doi: 10.2337/diacare.28.9.2100

13. Plank, J, Wutte, A, Brunner, G, Siebenhofer, A, Semlitsch, B, Sommer, R, et al. A direct comparison of insulin aspart and insulin lispro in patients with type 1 diabetes. Diabetes Care (2002) 25(11):2053–7. doi: 10.2337/diacare.25.11.2053

14. Mortensen, HB, Lindholm, A, Olsen, BS, and Hylleberg, B. Rapid appearance and onset of action of insulin aspart in paediatric subjects with type 1 diabetes. Eur J Pediatr (2000) 159(7):483–8. doi: 10.1007/s004310051315

15. Lepore, M, Pampanelli, S, Fanelli, C, Porcellati, F, Bartocci, L, Vincenzo, AD, et al. Pharmacokinetics and Pharmacodynamics of Subcutaneous Injection of Long-Acting Human Insulin Analog Glargine, NPH Insulin, and Ultralente Human Insulin and Continuous Subcutaneous Infusion of Insulin Lispro. Diabetes (2000) 49(12):2142–8. doi: 10.2337/diabetes.49.12.2142

16. Porcellati, F, Rossetti, P, Bolli, GB, and Fanelli, CG. Comparison of pharmacokinetics and dynamics of the long-acting insulin analogs glargine and detemir at steady state in type 1 diabetes: A double-blind, randomized, crossover study. Diabetes Care (2007) 30(3):2447–52. doi: 10.2337/dc07-2234

17. Haahr, H, and Heise, T. Heise T. A Review of the Pharmacological Properties of Insulin Degludec and Their Clinical Relevance. Clin Pharmacokinet (2014) 53(9):787–800. doi: 10.1007/s40262-014-0165-y

18. Becker, RHA, Dahmen, R, Bergmann, K, Lehmann, A, Jax, T, and Heise, T. New insulin glargine 300 units/mL provides a more even activity profile and prolonged glycemic control at steady state compared with insulin Glargine 100 units/mL. Diabetes Care (2015) 38(4):637–43. doi: 10.2337/dc14-0006

19. Ferrannini, E, Linde, B, and Faber, O. Effect of bicycle exercise on insulin absorption and subcutaneous blood flow in the normal subject. Clin Physiol (1982) 2(1):59–70. doi: 10.1111/j.1475-097X.1982.tb00007.x

20. Kemmer, F, Berchtold, P, Berger, M, Starke, A, Cupper, HJ, Gries, FA, et al. Exercise-induced Fall of Blood Glucose in Insulin-treated Diabetics unrelated to Alteration of Insulin Mobilization. Diabetes (1979) 28(12):1131–7. doi: 10.2337/diab.28.12.1131

21. Kolendorf, K, Bojsen, J, and Nielsen, SL. Adipose tissue blood flow and insulin disappearance from subcutaneous tissue. Clin Pharmacol Theapeut (1979) 25(5):598–603. doi: 10.1002/cpt1979255part1598

22. McAuley, SA, Horsburgh, JC, Ward, GM, La Gerche, A, Gooley, JL, Jenkins, AL, et al. Insulin pump basal adjustment for exercise in type 1 diabetes: a randomised crossover study. Diabetologia (2016) 59(8):1636–44. doi: 10.1007/s00125-016-3981-9

23. Ronnemaa, T, and Koivisto, VA. Combined effect of exercise and ambient temperature on insulin absorption and postprandial glycemia in type I patients. Diabetes Care (1988) 11(10):769–73. doi: 10.2337/diacare.11.10.769

24. Thow, JC, Johnson, AB, Antsiferov, M, and Home, PD. Exercise Augments the Absorption of Isophane (NPH) Insulin. Diabetes Med (1989) 6:342–5. doi: 10.1111/j.1464-5491.1989.tb01177.x

25. Süsstrunk, H, Morell, B, Ziegler, WH, and Froesch, ER. Insulin absorption from the abdomen and the thigh in healthy subjects during rest and exercise: Blood glucose, plasma insulin, growth hormone, adrenaline and noradrenaline levels. Diabetologia (1982) 22(3):171–4. doi: 10.1007/BF00283747

26. Turner, D, Luzio, S, Kilduff, LP, Gray, BJ, Dunseath, G, Bain, SC, et al. Reductions in resistance exercise-induced hyperglycaemic episodes are associated with circulating interleukin-6 in Type 1 diabetes. Diabetes Med (2014) 31(8):1009–13. doi: 10.1111/dme.12462

27. Turner, D, Luzio, S, Gray, BJ, Dunseath, G, Rees, ED, Kilduff, LP, et al. Impact of single and multiple sets of resistance exercise in type 1 diabetes. Scand J Med Sci Sports (2015) 25(1):404–12. doi: 10.1111/sms.12202

28. Richter, WF, Bhansali, SG, and Morris, ME. Mechanistic determinants of biotherapeutics absorption following SC administration. AAPS J (2012) 14(3):559–70. doi: 10.1208/s12248-012-9367-0

29. Frid, A, Gunnarsson, R, Guntner, P, and Linde, B. Effects of accidental intramuscular injection on insulin absorption in IDDM. Diabetes Care (1988) 11(1):41–5. doi: 10.2337/diacare.11.1.41

30. Spraul, M, Chantelau, E, Koumoulidou, J, and Berger, M. Subcutaneous or Nonsubcutaneous Injection of Insulin. Diabetes Care (1988) 11(9):733–6. doi: 10.1080/02699050500110314

31. Vaag, A, Handberg, A, Lauritzen, M, Henriksen, JE, Damgaard Pedersen, K, and Beck-Nielsen, H. Variation in absorption of NPH insulin due to intramuscular injection. Diabetes Care (1990) 13(1):74–6. doi: 10.2337/diacare.13.1.74

32. Frid, A, Ostman, J, and Linde, B. Hypoglycemia Risk During Exercise After Intramuscular Injection of Insulin in Thigh in IDDM. Diabetes Care (1990) 13(5):473–7. doi: 10.2337/diacare.13.5.473

33. Gibney, MA, Arce, CE, Byron, KJ, and Hirsch, LJ. Adult skin and subcutaneous insulin injection site thickness in diabetes. Curr Med Res Opin (2010) 26(6):1519–30. doi: 10.1185/03007995.2010.481203

34. Frid, A, Kreugel, G, Grassi, G, Halimi, S, Hicks, D, Hirsch, LJ, et al. New Insulin Delivery Recommendations. Mayo Clin Proc (2016) 91(9):1231–55. doi: 10.1016/j.mayocp.2016.06.010

35. Sindelka, G, Heinemann, L, Berger, M, Frenck, W, and Chantelau, E. Effect of insulin concentration, subcutaneous fat thickness and skin temperature on subcutaneous insulin absorption in healthy subjects. Diabetologia (1994) 37(4):377–80. doi: 10.1007/BF00408474

36. De Galan, BE, Engwerda, EEC, Abbink, EJ, and Tack, CJ. Body mass index and the efficacy of needle-free jet injection for the administration of rapid-acting insulin analogs, a post hoc analysis. Diabetes Obes Metab (2013) 15(1):84–6. doi: 10.1111/j.1463-1326.2012.01666.x

37. Vora, JP, Peters, JR, Burch, A, and Owens, D. Relationship Between Absorption of Radiolabeled Soluble Insulin Subcutaneous Blood Flow and Anthropometry. Diabetes Care (1992) 15(11):1484–93. doi: 10.2337/diacare.15.11.1484

38. Vora, JP, Burch, A, Peters, JR, and Owens, DR. Absorption of Radiolabelled Soluble Insulin in Type 1 (Insulin-dependent) Diabetes: Influence of Subcutaneous Blood Flow and Anthropometry. Diabetes Med (1993) 10:736–43. doi: 10.1111/j.1464-5491.1993.tb00157.x

39. Haggendal, E, Steen, B, and Svanborg, A. Blood flow in subcutaneous fat tissue in patients with diabetes mellitus. Acta Med Scand (1970) 187:49–53. doi: 10.1111/j.0954-6820.1970.tb02905.x

40. Koivisto, VA. Sauna-induced acceleration in insulin absorption. Br Med J (1980) 280:1411–3. doi: 10.1136/bmj.281.6240.621-a

41. Raz, I, Weiss, R, Yegorchikov, Y, Bitton, G, Nagar, R, and Pesach, B. Effect of a local heating device on insulin and glucose pharmacokinetic profiles in an open-label, randomized, two-period, one-way crossover study in patients with type 1 diabetes using continuous subcutaneous insulin infusion. Clin Ther (2009) 31(5):980–7. doi: 10.1016/j.clinthera.2009.05.010

42. Cengiz, E, Weinzimer, SA, Sherr, JL, Tichy, EM, Carria, L, Cappiello, D, et al. Faster in and faster out: Accelerating insulin absorption and action by insulin infusion site warming. Diabetes Technol Ther (2014) 16(1):20–5. doi: 10.1089/dia.2013.0187

43. Bitton, G, Rom, V, Hadelsberg, U, Raz, I, Cengiz, E, Weinzimer, S, et al. Effect of Injection Site Cooling and Warming on Insulin Glargine Pharmacokinetics and Pharmacodynamics. J Diabetes Sci Technol (2019) 13(6):1123–8. doi: 10.1177/1932296819842151

44. Saltin, B, Boushel, R, Secher, N, and Mitchell, J. Exercise and Circulation in Health and Disease. Champaign, IL: Human Kinetics (2000).


45. Ball, D. Metabolic and endocrine response to exercise: Sympathoadrenal integration with skeletal muscle. J Endocrinol (2015) 224(2):R79–95. doi: 10.1530/JOE-14-0408

46. Camacho, RC, Galassetti, P, Davis, SN, and Wasserman, DH. Glucoregulation during and after exercise in health and insulin-dependent diabetes. Exerc Sport Sci Rev (2005) 33(1):17–23.


47. DeFronzo, RA, Ferrannini, E, Sato, Y, Felig, P, and Wahren, J. Synergistic interaction between exercise and insulin on peripheral glucose uptake. J Clin Invest (1981) 68(6):1468–74. doi: 10.1172/JCI110399

48. Fernqvist, E, Linde, B, Ostman, J, and Gunnarsson, R. Effects of physical exercise on insulin absorption in inuslin-dependent diabetics. A comparison between human and porcine insulin. Clin Physiol (1986) 6:489–98. doi: 10.1111/j.1475-097X.1986.tb00782.x

49. Søeborg, T, Rasmussen, CH, Mosekilde, E, and Colding-Jørgensen, M. Absorption kinetics of insulin after subcutaneous administration. Eur J Pharm Sci (2009) 36(1):78–90. doi: 10.1016/j.ejps.2008.10.018

50. Sohoel, A, Plum, A, Frokjaer, S, and Thygesen, P. 125I used for labelling of proteins in an absorption model changes the absorption rate of insulin aspart. Int J Pharm (2007) 330(1-2):114–20. doi: 10.1016/j.ijpharm.2006.09.004

51. Heinemann, L, Linkeschova, R, Rave, K, Hompesch, B, Sedlak, M, and Heise, T. Time-Action Profile of the Long-Acting Insulin Analog Insulin Glargine (HOE901 ) in Comparison With Those of NPH Insulin and Placebo. Diabetes Care (2000) 23(5):644–9. doi: 10.2337/diacare.23.5.644

52. Colberg, SR, Sigal, RJ, Yardley, JE, Riddell, MC, Dunstan, DW, Dempsey, PC, et al. Physical activity/exercise and diabetes: A position statement of the American Diabetes Association. Diabetes Care (2016) 39(11):2065–79. doi: 10.2337/dc16-1728

53. Lindholm, A, and Jacobsen, L. Clinical Pharmacokinetics and Pharmacodynamics of Insulin Aspart. Clin Pharmacokinet (2001) 40(9):641–59. doi: 10.2165/00003088-199937020-00002

54. Nasrallah, SN, and Reynolds, LR. Insulin Degludec, The New Generation Basal Insulin or Just another Basal Insulin? Clin Med Insights Endocrinol Diabetes (2012) 5:31–7. doi: 10.4137/CMED.S9494

55. Hildebrandt, P, Sejrsen, P, Nielsen, SL, Birch, K, and Sestoft, L. Diffusion and polymerization determines the insulin absorption from subcutaneous tissue in diabetic patients. Scand J Clin Lab Invest (1985) 45(8):685–90. doi: 10.1080/00365518509155280

56. Gradel, AKJ, Porsgaard, T, Lykkesfeldt, J, Seested, T, Gram-Nielsen, S, Kristensen, NR, et al. Factors Affecting the Absorption of Subcutaneously Administered Insulin: Effect on Variability. J Diabetes Res (2018) 2018:1–17. doi: 10.1155/2018/1205121

57. Heinemann, L. Variability of Insulin Action: Does It Matter? Insulin (2008) 3(1):37–45. doi: 10.1016/S1557-0843(08)80010-3

58. González-alonso, J, Crandall, CG, and Johnson, JM. The cardiovascular challenge of exercising in the heat. J Physiol (2008) 586(1):45–53. doi: 10.1113/jphysiol.2007.142158

59. Tobin, L, Simonsen, L, and Bülow, J. Real-time contrast-enhanced ultrasound determination of microvascular blood volume in abdominal subcutaneous adipose tissue in man. Evidence for adipose tissue capillary recruitment. Clin Physiol Funct Imag (2010) 30(6):447–52. doi: 10.1111/j.1475-097X.2010.00964.x

60. Huus, K, Havelund, S, Olsen, HB, Van De Weert, M, and Frokjaer, S. Thermal dissociation and unfolding of insulin. Biochemistry (2005) 44(33):11171–7. doi: 10.1021/bi0507940

61. Berger, M, Cüppers, HJ, Hegner, H, Jörgens, V, and Berchtold, P. Absorption kinetics and biologic effects of subcutaneously injected insulin preparations. Diabetes Care (1982) 5(2):77–91. doi: 10.2337/diacare.5.2.77

62. Linde, B. Dissociation of insulin absorption and blood flow during massage of subcutaneous site. Diabetes Care (1986) 9(6):570–4. doi: 10.2337/diacare.9.6.570



Conflict of Interest: TH-J is an employee of Novo Nordisk A/S.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Pitt, McCarthy, Hoeg-Jensen, Wellman and Bracken. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2020.573275_cover.jpg
, frontlers
n Endocrinology

Factors Influencing Insulin
Absorption Around Exercise
in Type 1 Diabetes





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Factors Influencing Insulin Absorption Around Exercise in Type 1 Diabetes

      

        		

          Introduction

        



        		

          Exogenous Insulin

        



        		

          Physical and Physiological Factors Affecting the Delivery of Insulin

        

          		

            Subcutaneous Tissue

          



          		

            Injection Depth

          



          		

            Subcutaneous Tissue Properties

          



          		

            Local and Ambient Temperature

          



        



        



        		

          The Impact of Acute Physical Exercise on Insulin Absorption

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-11-573275-g002.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Authors and.
date arrow
dicating
exorcise-
induced change
insulin
absorpton)

Investigated ~Site of
insulin (units _injection
nocted)

Insulin absorption
measurement

Short- and intermediate-acting insulins investigated

Feramniniot . Actrapd BU) Thigh and

19 abdomen
Iy
Cermeceta.  Actapd  Legand
@) U am
> (undeiec)
Koendor et al.  Actrapd ) Thgh
(1979 1)
Py
Mchuey et Aspart (pump) Abdomen
2 (00055 +
Iy 010
Usg™day™)
Romemsa & Actrapid(5+ Thigh
koniso @) 1U)
Iy
NPH(025  Thgh
Usg™)
Sussiunk et al - Actrap (0,12 Abdomen
25) Ukg)  orMign
(ndenec)
Iy

Long-acting insulins invostigated

Peereta. ()  Glagne(27.2 Trgh
> :01y

Tuneretal (26) Glargne 27.5 NOR
> 3y

Tuner tal (27) Glargne 27.5 NOR
> 31y

" iaboed
actrapd
radioaciviy couny

iiabaied
actapd
radoactity couny

isboed
actrapid insuin
radiosciviy couny
Venous bood

radommuncassay)

Venous bood

(adommmuncassay)

Vencus bood
(radommuncassay)
Venous tood

(adommuncassay)

riaboed
o

Venous bood
samples
(mmunometric
assay)
Venous bood
samples
(memunometric
assay)

Exercise methodology

Heality partspants (1 = 8; undefned M) pertored
20 min of moderato-ntensiy contnuous exercise
onding in 170 bom HR) on cycte ergometer

Partcipants wiih TID (v=0; M & 1) porored
10 min bouts separated by § mn est, for 30 mi total
execisng, conieous low-to-modatle itensty
exercise (125 = 5 bpm) on cycle egometer

Paricioents win TID (1= 5; ndafinad MJF) performe
four 10:mi periods vith 400-sec ntevals, o
moderate iensi contiuious exercise(120.+ 10bp)
oncyc ergometer

Partcpants wit type 1 dabotes (0= 14: M 7/F 7)
performsd 30 min,inckxing a  min warn up, of

modeato-intensity contuous exerdso (65-70% age-
predicted maximl heart rata 0n  cy Grgomete)

Partciparts with type 1 dabotes (C-pepid nagaive)
(0= 9:M9/F 0)pertomed trvee 15-min periods, wih
5 est intervals, of moderate-tensity continuous
exercise (3-min v, then 12:m1 3 60%
VOana) 00 Gy ergometer, n ither coid (10°C)ox
warm (30°C) ambient temparatures

Healty particpants (v=7: M 7/F 0) pedormed 60 min
lowt0-moderate-tensity continuous exercss

(5 k™ a1 5° gracient) o teacknil

Hoalthy volueers (1 = & undefinod M) perormed
e 15-mn bouts exercie, separeted by S-mn est
periods, of Gontinuous exercie at ow-to-moderate-
intensty (50% maxinum power capaciy) on a cyce
ergometer

Partcparts with type 1 dabotes (n = 13; M 12F 1)
pertormad 30 min of moderat-tensty contuous.
xercise (65% VO, 0n Gyl exgomeer
Partcipants with type 1 dabetes (1= 8 M7/ 1)
peformad eiher contol es, 1, 2, o 3 sets of
moderalo o high infensty (67 + 3% 1RM) resstanco

Partcpants with type 1 dabetes (1= 8 M7/ 1)
petormed efher control e, 1, 2, o 3 sets of
moderate-to-tigh nensiy (50-70% 1RM)resistance
exercse

Insulin absorption outcome

Increased RIA during exercse 1 leg

creased A aftrexcriso g Fcton
comparediosame ime perodatrest
ncitoed, statsicaly sgnicant; poveve,
Pochange dungexecse. Nochangein
RiAatany tmepont nam necton
comparedorest

Increasec RIA durig exerciss compered
forest recsn0.71 =0.18vs Rest 041 =
0.15%mer";p<008)

Sgnifcantncreass of mean free nsuin
conceniraton dring exercisa by 6 + 2
pmolL"* compared o rest o < 0.001)

Sgnifcant dference i plasma reo insuin
(average dferenco over wholo exercse
out) betwen execcise and rest i 10°C,
27mUL™ (0 < 001) and 90C, 37
ML (o <005)

Increasad serum insuln concentraton
from pre-enercss rest 1o average peak i
oo (137 £ 1215273 £32
ML NSR)

Rt ofinsuin absorpson was higher upon
rfectngintothe abdomen 0.039 Usin”)
thaninio he 1igh (0027 Unin';p<0.05).
80t stes expernced margnal
entancements of A undor xxcsing
ondtons compared o rest (NORWNSR)

No signifcant changsin RIA betwreen
xercio and rest il days (NOR:
p=0548)

No sgfcantchange i pasmansuin
oncentatons betweenor it s
(Qrig axerise = NOR, post axercise
=005

No sinifcant changa i plasma nsuln
oncertraions betvieen any exercise s
and contol, at any timepoints afer
exercie (g exercise = NOR)

o, beats por mit: . fmas;HR, heert e M, maes; NOR, o caa reporing: NPH, el protamine Hagedominsuln; SR o sttt eporig: A rateof s ahsorpton
S50 Aosthbn skt TEEX tossl clle chiose L s B laauliel Wus Dbk Al of BB O





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-11-573275-g003.jpg





OEBPS/Images/fendo-11-573275-g001.jpg
ntersiial Sid

Capllry
Tumen

Exrsceluar
spoce

ntrcelular
space

¥ - @ -Ghcose

Rest

sl
analogue type
Neadle length.
Technique:
Region

Subeuts
hickness:.
Temperature.

Basal orpost-
prandial
adipose tissue
blood flo:

sl
senstivity

Acute
exercise

Exercise ype:
Durstion:
lntasiy:

Proxmiy to
working
sl

ocreased
capillry
disibuion and
vasodilation:
Temperaure
Conrctile
masswe-ike
et

ocressed blood
Bow.

Exercise-
induced sl
independent
GLUT4
ransocation.

Chronic
exercise

Reficed
adiposity:
Capillry

angiogencss:
Potenial

eficient
temperanure
response.

Lower cardise
ouput for siven
subuasinal
work

Improved
nsulin






OEBPS/Images/table1.jpg
insulin action  Name.
type.

ULTRARAPID  Fasp
(Fastr-
acing
insuin
aspar)
Lyumier
Utrarapid
spro)

Apica
(Guisne)

(hspan)

SHORT Actapid
INTERMEDIATE  Novo NPH

LonG. Lovemic
(stenin
Lontis:
(Glagne)

ULTRALONG  Degiudc.
(Tresbe)

Gargne
U300
(Touioo)

Manufacturer  Chemical modifications Mechanism
NowoNordsk  Naciamide and Liargnine  Nacnamide excipent destabizes
20000 10 soltion (sl Pexamer in suboutss and may mediate
Structuros thatofinsuln Jocal vasodsation
aspan)
Eillyand  Tioprostnd and Girato addd o Ctato ncreases local vascuke
Company  sokon (nsuin sncture i that  pormoabiy and tepeostinl increases local
ofispro) vasadiaton
Biliyand  Imered s @29)andPo Distoron at the dimerinterface
Company  (828)sequence Gostabizos hexamer
Sano Asn (B9)repiaced with Lys, and_ Lower isosectic poit mproves soubiky
Lys (B29) eplaced win G, at physiclgical pH
Formuaton’s znc e,
NowoNordisk  Pro (826) eplaced with Aspin  Remosing Pro (B28) ntermolecisar
B.ohan conact to Gu (B21) and dswuptng
hyckogen bonds at cmor teraco
Gostabiizos hexamer
NowNordisk  Rogular human nsuin Hoxamer ormaton n storage doys
appearance in crouiation
NowoNordsk  Protamino addod o nsuin  Fonmation of rystals n soufion
soution
NowoNordsk G114 faty acd s bound foLys  Human serum albumia bindng and.
(829)and Thv (830} s removed  dodecamer formation
Sanoh A (A21) eplaced by Gy, and  Isosectic pont 7 leads to precistaton
200G two Aigamnoacds in subcuts
oo te B.chan 831, 832)
NowoNordisk  C16 faty Gacd y-Gluis bound Foanation of muihexarmer uis
t0Lys (829)and T (830)
romoved
Sanofi A (A21) eplaced by Gy, and  Larger precptate than U100 glrgine.

20ng two &g amino acids  dlys Gssokion
o the B-chain 831, 832)

Pharmacokinetic
profile
Duration Onset Paak
ssn 95 a5

mn 60

min

sho 2mn 45

&

ssn 520 45

mn 60

min

ssn 10 a5

mn 6

min

ssn 10 45

mn 60

e w1

mn  25n

10-14h 15h ah

0200 250 Nowe

2026n 150 Now

24420 30-90 None

530n 3090 Noro
min

e A A, it ak At DRI RO L Thiar Lot B ATSL. el St Hasurst P ol The. Boom

References

Hovemann
a0

Leotvetal.
(10

Houey etal
)

Damoctal
2

Pk ot
)

Norensen
et (14)
Lepore tal
9
Porcetai
etal.(16)
Leporotal
9

Haarv s
Hese (17)

Bockert
(8





