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In 2021, the 100th anniversary of the isolation of insulin and the rescue of a child with type 1 diabetes from death

will be marked. In this review, we highlight advances since the ingenious work of the four discoverers, Frederick

Grant Banting, John James Rickard Macleod, James Bertram Collip and Charles Herbert Best. Macleoad closed

his Nobel Lecture speech by raising the question of the mechanism of insulin action in the body. This challenge

attracted many investigators, and the question remained unanswered until the third part of the 20th century. We

summarize what has been learned, from the discovery of cell surface receptors, insulin action, and clearance, to

network and precision medicine

insulin  hundredth anniversary

1. Introduction

The purification of insulin by the Toronto “Fab Four”, leading to the rescue of humans dying from diabetes, is one of

the most dramatic examples of translational research, providing inspiration for us all. Banting, a practicing surgeon

in Toronto, was inspired in October 1920 by reading an article related to pancreatic lithiasis, the islets of

Langerhans and diabetes , and he explained his idea to Macleod in November 1920. After reviewing the

experimental protocol and bypassing the pancreatic duct ligation step to preserve the islets, they started

experiments with a student, Charles Best, in Macleod’s lab in May 1921. After several wrong turns, they invited

Collip, a young professor from the University of Alberta on sabbatical leave in the laboratory of Macleod, who

brought with him a new technique called chromatography, to join the group. Within weeks, Collip and Best

developed a robust purification protocol to purify insulin from crude extracts. They successfully delivered purified

insulin to the first patient, Leonard Thompson, on 23 January 1922, 15 months after the initial idea and 8 months

from the onset of experiments . They were awarded the Nobel Prize in October 1923 (Figure 1). In medical

research, the ultimate goal is to have a practical application introduced rapidly after the relevant basic science

discovery. Albeit unachievable now—that was translation!
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Figure 1. The Nobel Prize certificate to Banting and Macleod signed by the 21 members of the Nobel Prize

committee. From the Nobel Foundation. In his 1925 Nobel Lecture, Macleod closed by raising the question—what

is the mechanism of insulin action in the body

Approximately 40% of the variance in T2D is due to genetics , with an association between parental history

deriving from inherited traits but also environmental factors . The genetic analysis of large cohorts, mainly

originating from genome wide association (GWAS) data, complemented by analyses of exome- and genome

sequence data, has raised questions concerning the “missing heritability” and the biological space occupied by

numerous common variants, with a small causality dispersed throughout the human genome and many of them

located in regulatory intronic areas . Because all cellular processes involve scale-free networks, their

study at a network level has been an important recent focus in cell biology and medicine and can be used to

understand the genotype/phenotype relationship . In 2007, the first diseasome constructed by the

mathematician Albert Barabasi from the Online Mendelian Inheritance in Man database (OMIM) showed that T2D

occupies a central hub . In 2018, the first T2D physical protein–protein interactions network (PPIN), constructed

from validated variants, termed diabetes protomodule, displayed the proteins’ hepatic nuclear factors HNF4A and
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HNF1A as central nodes  (Figure 2). The HNF1A variant identified by whole-exome sequencing in a

homogeneous Latino cohort is an example of a rare variant with a high causality at a population level .

 

Figure 2. Diabetes-associated genes form a protomodule. 184 genes at risk of T2D are here validated in a single

component proteins–proteins interaction network of 309 iterations called protomodule.  (Adapted from Boutchueng

et al. PLoS ONE 2018, 13, e0205180).

2. The Insulin Receptor-Tyrosine Kinase (IR)

Macleod closed his Nobel Lecture speech by referring to the “perplexing problem of the mechanism of insulin

action in the body” . The answer was provided 50 years later. Instead of asking “what is the mechanism of

insulin action?” the advent of radio-assays allowed researchers to ask the question, “how does the cell know that

insulin is there?” The concept of cell surface receptors having the capacity to detect a faint signal in a high

background was introduced . Insulin without its receptor cannot perform any functions . Soon after the

discovery of tyrosine phosphorylation , it was demonstrated that the mature IR is a tyrosine kinase . The

Kadowaki variants, which are located in the IR tyrosine kinase domain and have resulted in severe insulin

resistance in a child with Leprechaunism syndrome , are examples of rare variants with a high causality. The

structure of the mature, full-length IR in complex with insulin was recently resolved by cryo-electron microscopy

and allowed for a revision of the IR activation model . Notably, following the binding of two insulin molecules to

the inversed V-shaped extracellular alpha-subunits, two hinge motions were confirmed. The first one involves a
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large conformational change between the cysteine rich (CR) and leucin rich-2 (L2) domains, where the loop that

connects the two domains acts as the hinge. The second one occurs around the linker between the L2 and

fibronectin (FnIII-1) domains, resulting in a new interdomain interaction between specific residues of L2 and FnIII-1.

The combination of these two hinge motions makes each of the IR promoters adopt an inverted “J” shape. Two J-

shaped promoters constitute the “T”-shape active tetrameric IR. Following the formation of the T-shaped IR, the

membrane-proximal regions of the two IR promoters are brought together by an interaction between the two FnIII-2

domains. These large mechanical movements, similar to the epidermal growth factor (EGF)receptor model,

promote the transmembrane TM–TM interaction and enable the trans-autophosphorylation of the intracellular

tyrosine kinase domains, leading to the active IR . Of further interest, the IR seems to have two different

conformations at low and saturating insulin concentrations, promoting different activities and suggesting that the IR

may act as a sensor of circulating insulin concentration. The different conformational states induced by low or high

levels of circulating insulin would generate various signaling outputs (metabolic versus mitogenic responses),

implying that insulin levels should be finely regulated. With a single conformational change (two insulin versus four

molecules bound by a receptor), the IR can generate a regulated response, and the local membrane

microenvironment seems to also be important . The IR has two isoforms (IR-B and IR-A) . The vast

majority of studies involved in the mechanisms of regulation of endocytosis and sorting of the receptor were

performed before the identification of the IR-A isoform, and mostly in adipocytes, which preferentially express the

IR-B isoform .

3. IR Endocytosis and Insulin Clearance

Following insulin binding on the cell surface of hepatocytes, the IR insulin complexes are internalized and insulin is

degraded . Najjar and colleagues identified the molecular mechanisms by which CEACAM1 regulates insulin

internalization and degradation through the IR-A isoform in the liver . On the other hand, Mirsky and Broh-

Kahn first described the existence of an insulin-degrading enzyme (IDE) that inactivated insulin in rat tissue

extracts from the liver . Roth and colleagues purified to homogeneity this protease, characterizing its

biochemical properties and identifying that insulin can bind to IDE . Duckworth and colleagues identified a

peptide bonds cleavage by IDE in vitro and in cultured cells and postulated a model in which IDE played a major

role for cellular handling and the degradation of insulin .

Endosomal apparatus is a topologically versatile tubulo-vesicular compartment controlling signaling events and

metabolism  (Figure 3). Recent findings promote a re-examination of the mechanisms of IR endocytosis and

its relationship with insulin resistance, as well as clearance and its connection with pancreatic secretion. A specific

internalization pathway involving subunits of the mitotic check point complex (MCC) was described . After insulin

stimulations, the mitosis arrest deficiency 2 (MAD2) and budding uninhibited by benomyl 1-related 1 (BUBR1), as

well as the clathrin adaptor protein AP2, assemble at the IR-beta subunit, triggering the internalization of the active

IR complexes and stopping insulin signaling at the plasma membrane . The MAD2-binding protein p31comet

(P31 ) prevents the conformational activation of MAD2 and plays a critical role in insulin signaling. MAD2

directly binds to the C-terminal MAD2 interacting motif (MIM) of the IR and recruits AP2 to IR through BUBR1.
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P31  prevents IR endocytosis by blocking the interaction of BUBR1-AP2 with IR-bound MAD2. Adult liver-

specific P31  knock out mice exhibit premature IR endocytosis in the liver and whole-body insulin resistance

. Conversely, BUBR1 deficiency delays IR endocytosis and enhances insulin sensitivity in mice, and a reduction

of IR on the cell surface in liver samples of T2D patients was reported . In addition to MAD2, BUBR1, and

P31 , it was shown that a cell division cycle of 20 proteins (cdc20) is required for IR endocytosis. Feedback

regulation of IR endocytosis through a regulation switch on an insulin receptor substrate 1/2 (IRS½) that is

dependent on a SH2 domain-containing protein tyrosine phosphatase (PTP), SHP2, and the MAPK pathway was

identified. In addition to the MIM motif, the IR juxta-membrane Y960 motif, required to bind IRS1/2, in turn recruits

AP2 through YXX Φ motifs collaborating with the MAD2-cdc20-BUBR1 module and leading to efficient formation of

the clathrin cage . It was also confirmed that MAD2 disappears from the rat liver plasma membrane within

seconds following injections of insulin at fixed time points, further supporting the idea that MCC components, which

control the fidelity of chromosome segregation during mitosis, are repurposed in the interphase for early events of

IR endocytosis . In addition, there is no concomitant appearance of MAD2 in endosomes, indicating that MAD2

complexes rapidly dissociate as expected for clathrin coats . This supports the view that dysregulation in

endocytosis is related to insulin resistance. Of further interest, BUBR1 insufficiency causes premature aging ,

raising the question of whether IR might reciprocally act on MCC and spindle assembly checkpoint (SAC) signaling

during mitosis.

Figure 3. The endosomal apparatus is a topologically versatile tubulo-vesicular compartment controlling signaling

events and metabolism. Following insulin binding, the tyrosine kinase-activated insulin-IR complexes are

immediately internalized as endosomes. At this locus, a decision is made to recycle the insulin free-IR back to the

cell surface or to transport the active tyrosine kinase-activated complexes towards late compartments for late
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signaling, recycling or degradation. Some proteins present in the T2D disease module and involved in these

mechanisms are represented.

As for the EGFR, IR tyrosine kinase activity appears to be the crucial regulator selecting ligand-dependent

movements and signaling in endosomes . Sorting is achieved with tubulovesicular compartments whose

contents are modified by the entry and exits of 70–80 nm vesicles according to the conversion model .

Proteins involved in these processes have multiple YR-tyrosine phosphorylation regulatory motifs, including Rab5c

and vATPase subunits . For example, the lumenal dissociation/degradation sequence of insulin occurring at an

acidic pH generated by the proton pumping activity of the vacuolar ATPase (vATPase) would be affected . The

liver parenchyma is a major site for insulin clearance, and defects in this process can cause hyperinsulinemia and

secondary resistance . Liver-specific knockout of IR in mice and mice deleted of CEACAM1 develop

hyperinsulinemia , implying that insulin action and production are essential endosomal responses that limit

anabolic processes to nutrient oversupply.

References

1. Barron, M. The relation of the islets of Langerhans with special reference to cases of pancreates
lithiasis. Sur. Gynecol. Obstet. 1920, 31, 437–448.

2. MacLeod, J.J.R. Insulin and the steps taken to secure an effective preparation. Can. Med. Assoc.
J. 1922, 12, 899–900.

3. Noble, R.L. Memories of james bertram collip. Can. Med. Assoc. J. 1965, 93, 1356–1364.

4. Bliss, M. Resurrections in Toronto: The emergence of insulin. Horm. Res. Paediatr. 2005, 64, 98–
102.

5. Bliss, M. The eclipse and rehabilitation of JJR Macleod, Scotland’s insulin laureate. J. R. Coll.
Physicians Edinb. 2013, 43, 366–373.

6. Kaprio, J.; Tuomilehto, J.; Koskenvuo, M.; Romanov, K.; Reunanen, A.; Eriksson, J.; Stengård, J.;
Kesäniemi, Y.A. Concordance for Type 1 (insulin-dependent) and Type 2 (non-insulin-dependent)
diabetes mellitus in a population-based cohort of twins in Finland. Diabetologia 1992, 35, 1060–
1067.

7. Poulsen, P.; Kyvik, K.O.; Vaag, A.; Beck-Nielsen, H. Heritability of Type II (non-insulin-dependent)
diabetes mellitus and abnormal glucose tolerance—A population-based twin study. Diabetologia
1999, 42, 139–145.

8. Cornelis, M.C.; Zaitlen, N.; Hu, F.B.; Kraft, P.; Price, A.L. Genetic and environmental components
of family history in type 2 diabetes. Qual. Life Res. 2014, 134, 259–267.

[48][49][50]

[51][52]

[17]

[17]

[53][54][55]

[55]



Insulin’s Discovery | Encyclopedia.pub

https://encyclopedia.pub/entry/7683 7/10

9. Fuchsberger, C.; Flannick, J.; Teslovich, T.M.; Mahajan, A.; Agarwala, V.; Gaulton, K.J.; Ma, C.;
Fontanillas, P.; Moutsianas, L.; McCarthy, D.J.; et al. The genetic architecture of type 2 diabetes.
Nat. Cell Biol. 2016, 536, 41–47.

10. Scott, R.A.; Scott, L.J.; Mägi, R.; Marullo, L.; Gaulton, K.J.; Kaakinen, M.; Pervjakova, N.; Pers,
T.H.; Johnson, A.D.; Eicher, J.D.; et al. An expanded genome-wide association study of Type 2
diabetes in Europeans. Diabetes 2017, 66, 2888–2902.

11. Mahajan, A.; Wessel, J.; Willems, S.M.; Zhao, W.; Robertson, N.R.; Chu, A.Y.; Gan, W.; Kitajima,
H.; Taliun, D.; Rayner, N.; et al. Refining the accuracy of validated target identification through
coding variant fine-mapping in type 2 diabetes. Nat. Genet. 2018, 50, 559–571.

12. Visscher, P.M.; Wray, N.R.; Zhang, Q.; Sklar, P.; McCarthy, M.I.; Brown, M.A.; Yang, J. 10 years of
GWAS discovery: Biology, function, and translation. Am. J. Hum. Genet. 2017, 101, 5–22.

13. Landry, C.R.; Levy, E.D.; Abd-Rabbo, D.; Tarassov, K.; Michnick, S.W. Extracting insight from
noisy cellular networks. Cell 2013, 155, 983–989.

14. Choobdar, S.; Ahsen, M.E.; Crawford, J.; Tomasoni, M.; Fang, T.; Lamparter, D.; Lin, J.; Hescott,
B.; Hu, X.; Mercer, J.; et al. Assessment of network module identification across complex
diseases. Nat. Methods 2019, 16, 843–852.

15. Cafarelli, T.; Desbuleux, A.; Wang, Y.; Choi, S.G.; De Ridder, D.; Vidal, M. Mapping, modeling, and
characterization of protein–protein interactions on a proteomic scale. Curr. Opin. Struct. Biol.
2017, 44, 201–210.

16. Goh, K.-I.; Cusick, M.E.; Valle, D.; Childs, B.; Vidal, M.; Barabási, A.-L. The human disease
network. Proc. Natl. Acad. Sci. USA 2007, 104, 8685–8690.

17. Boutchueng-Djidjou, M.; Belleau, P.; Bilodeau, N.; Fortier, S.; Bourassa, S.; Droit, A.; Elowe, S.;
Faure, R.L. A type 2 diabetes disease module with a high collective influence for Cdk2 and
PTPLAD1 is localized in endosomes. PLoS ONE 2018, 13, e0205180.

18. Estrada, K.; Aukrust, I.; Bjørkhaug, L.; Burtt, N.P.; Mercader, J.M.; García-Ortiz, H.; Huerta-
Chagoya, A.; Moreno-Macías, H.; Walford, G.; Flannick, J.; et al. Association of a low-frequency
variant inHNF1AWith Type 2 diabetes in a latino population. JAMA 2014, 311, 2305–2314.

19. MacLeod, J.J.R. The problem of the fundamental action of insulin. Can. Med. Assoc. J. 1925, 15,
476–478.

20. Lefkowitz, R.J.; Roth, J.; Pastan, I. Radioreceptor assay of adrenocorticotropic hormone: New
approach to assay of polypeptide hormones in plasma. Science 1970, 170, 633–635.

21. Freychet, P.; Roth, J.; Neville, D.M. Insulin receptors in the liver: Specific binding of [125I]insulin
to the plasma membrane and its relation to insulin bioactivity. Proc. Natl. Acad. Sci. USA 1971,
68, 1833–1837.



Insulin’s Discovery | Encyclopedia.pub

https://encyclopedia.pub/entry/7683 8/10

22. Hunter, T.; Sefton, B.M. Transforming gene product of rous sarcoma virus phosphorylates
tyrosine. Proc. Natl. Acad. Sci. USA 1980, 77, 1311–1315.

23. Kasuga, M.; Zick, Y.; Blithe, D.L.; Crettaz, M.; Kahn, C.R. Insulin stimulates tyrosine
phosphorylation of the insulin receptor in a cell-free system. Nat. Cell Biol. 1982, 298, 667–669.

24. Ebina, Y.; Ellis, L.; Jarnagin, K.; Edery, M.; Graf, L.; Clauser, E.; Ou, J.-H.; Masiarz, F.; Kan, Y.;
Goldfine, I.; et al. The human insulin receptor cDNA: The structural basis for hormone-activated
transmembrane signalling. Cell 1985, 40, 747–758.

25. Ullrich, A.; Bell, J.R.; Chen, E.Y.; Herrera, R.; Petruzzelli, L.M.; Dull, T.J.; Gray, A.; Coussens, L.;
Liao, Y.-C.; Tsubokawa, M.; et al. Human insulin receptor and its relationship to the tyrosine
kinase family of oncogenes. Nat. Cell Biol. 1985, 313, 756–761.

26. Kadowaki, T.; Bevins, C.L.; Cama, A.; Ojamaa, K.; Marcus-Samuels, B.; Beitz, L.; McKeon, C.;
Taylor, S.I. Two mutant alleles of the insulin receptor gene in a patient with extreme insulin
resistance. Science 1988, 240, 787–790.

27. Scapin, G.; Dandey, V.P.; Zhang, Z.; Prosise, W.; Hruza, A.; Kelly, T.; Mayhood, T.; Strickland, C.;
Potter, C.S.; Carragher, B. Structure of the insulin receptor–insulin complex by single-particle
cryo-EM analysis. Nat. Cell Biol. 2018, 556, 122–125.

28. Gutmann, T.; Schäfer, I.B.; Poojari, C.; Brankatschk, B.; Vattulainen, I.; Strauss, M.; Coskun, Ü.
Cryo-EM structure of the complete and ligand-saturated insulin receptor ectodomain. J. Cell Biol.
2020, 219, 1.

29. Uchikawa, E.; Choi, E.; Shang, G.; Yu, H.; Bai, X. Activation mechanism of the insulin receptor
revealed by cryo-EM structure of the fully liganded receptor–ligand complex. eLife 2019, 8,
e48630.

30. Frasca, F.; Pandini, G.; Scalia, P.; Sciacca, L.; Mineo, R.; Costantino, A.; Goldfine, I.D.; Belfiore,
A.; Vigneri, R. Insulin receptor isoform a, a newly recognized, high-affinity insulin-like growth
factor ii receptor in fetal and cancer cells. Mol. Cell. Biol. 1999, 19, 3278–3288.

31. McClain, D.A. Mechanism and role of insulin receptor endocytosis. Am. J. Med. Sci. 1992, 304,
192–201.

32. Terris, S.; Steiner, D.F. Binding and degradation of 125I-insulin by rat hepatocytes. J. Biol. Chem.
1975, 250, 8389–8398.

33. Heinrich, G.; Ghadieh, H.E.; Ghanem, S.S.; Muturi, H.T.; Rezaei, K.; Al-Share, Q.Y.; Bowman,
T.A.; Zhang, D.; Garofalo, R.S.; Yin, L.; et al. Loss of hepatic CEACAM1: A unifying mechanism
linking insulin resistance to obesity and non-alcoholic fatty liver disease. Front. Endocrinol. 2017,
8, 8.



Insulin’s Discovery | Encyclopedia.pub

https://encyclopedia.pub/entry/7683 9/10

34. Najjar, S.M. Regulation of insulin action by CEACAM1. Trends Endocrinol. Metab. 2002, 13, 240–
245.

35. Poy, M.N.; Yang, Y.; Rezaei, K.; Fernström, M.A.; Lee, A.D.; Kido, Y.; Erickson, S.K.; Najjar, S.M.
CEACAM1 regulates insulin clearance in liver. Nat. Genet. 2002, 30, 270–276.

36. Mirsky, I.A.; Broh-Kahn, R.H. The inactivation of insulin by tissue extracts; the distribution and
properties of insulin inactivating extracts. Arch. Biochem. 1949, 20, 1–9.

37. Shii, K.; Yokono, K.; Baba, S.; Roth, R.A. Purification and characterization of insulin-degrading
enzyme from human erythrocytes. Diabetes 1986, 35, 675–683.

38. Shii, K.; Baba, S.; Yokono, K.; Roth, R.A. Covalent linkage of 125I-insulin to a cytosolic insulin-
degrading enzyme. J. Biol. Chem. 1985, 260, 6503–6506.

39. Duckworth, W.C.; Bennett, R.G.; Hamel, F.G. Insulin degradation: Progress and potential. Endocr.
Rev. 1998, 19, 608–624.

40. Duckworth, W.C.; Hamel, F.G.; Peavy, D.E. Hepatic metabolism of insulin. Am. J. Med. 1988, 85,
71–76.

41. Collinet, C.; Stöter, M.; Bradshaw, C.R.; Samusik, N.; Rink, J.C.; Kenski, D.M.; Habermann, B.;
Buchholz, F.; Henschel, R.; Mueller, M.S.; et al. Systems survey of endocytosis by multiparametric
image analysis. Nat. Cell Biol. 2010, 464, 243–249.

42. Zeigerer, A.; Bogorad, R.L.; Sharma, K.; Gilleron, J.; Seifert, S.; Sales, S.; Berndt, N.; Bulik, S.;
Marsico, G.; D’Souza, R.C.J.; et al. Regulation of liver metabolism by the endosomal GTPase
Rab5. Cell Rep. 2015, 11, 884–892.

43. Choi, E.; Zhang, X.; Xing, C.; Yu, H. Mitotic checkpoint regulators control insulin signaling and
metabolic homeostasis. Cell 2016, 166, 567–581.

44. Choi, E.; Yu, H. Spindle checkpoint regulators in insulin signaling. Front. Cell Dev. Biol. 2018, 6,
161.

45. Choi, E.; Kikuchi, S.; Gao, H.; Brodzik, K.; Nassour, I.; Yopp, A.; Singal, A.G.; Zhu, H.; Yu, H.
Mitotic regulators and the SHP2-MAPK pathway promote IR endocytosis and feedback regulation
of insulin signaling. Nat. Commun. 2019, 10, 1–17.

46. Baker, D.J.; Jeganathan, K.B.; Cameron, J.D.; Thompson, M.; Juneja, S.; Kopecka, A.; Kumar, R.;
Jenkins, R.B.; De Groen, P.C.; Roche, P.; et al. BubR1 insufficiency causes early onset of aging-
associated phenotypes and infertility in mice. Nat. Genet. 2004, 36, 744–749.

47. Sieben, C.J.; Jeganathan, K.B.; Nelson, G.G.; Sturmlechner, I.; Zhang, C.; van Deursen, W.H.;
Bakker, B.; Foijer, F.; Li, H.; Baker, D.J.; et al. BubR1 allelic effects drive phenotypic heterogeneity
in mosaic-variegated aneuploidy progeria syndrome. J. Clin. Investig. 2020, 130, 171–188.



Insulin’s Discovery | Encyclopedia.pub

https://encyclopedia.pub/entry/7683 10/10

48. Bergeron, J.J.; Di Guglielmo, G.M.; Dahan, S.; Dominguez, M.; Posner, B.I. Spatial and temporal
regulation of receptor tyrosine kinase activation and intracellular signal transduction. Annu. Rev.
Biochem. 2016, 85, 573–597.

49. Haeusler, R.A.; McGraw, T.E.; Accili, D. Biochemical and cellular properties of insulin receptor
signalling. Nat. Rev. Mol. Cell Biol. 2018, 19, 31–44.

50. Villasenor, R.; Nonaka, H.; Del Conte-Zerial, P.; Kalaidzidis, Y.; Zerial, M. Regulation of EGFR
signal transduction by analogue-to-digital conversion in endosomes. eLife 2015, 4, e06156.

51. Jin, M.; Saucan, L.; Farquhar, M.G.; Palade, G.E. Rab1a and multiple other Rab proteins are
associated with the transcytotic pathway in rat liver. J. Biol. Chem. 1996, 271, 30105–30113.

52. Rink, J.; Ghigo, E.; Kalaidzidis, Y.; Zerial, M. Rab conversion as a mechanism of progression from
early to late endosomes. Cell 2005, 122, 735–749.

53. Shanik, M.H.; Xu, Y.; Škrha, J.; Dankner, R.; Zick, Y.; Roth, J. Insulin resistance and
hyperinsulinemia: Is hyperinsulinemia the cart or the horse? Diabetes Care 2008, 31, S262–S268.

54. Ader, M.; Stefanovski, D.; Kim, S.P.; Richey, J.M.; Ionut, V.; Catalano, K.J.; Hücking, K.; Ellmerer,
M.; Van Citters, G.; Hsu, I.R.; et al. Hepatic insulin clearance is the primary determinant of insulin
sensitivity in the normal dog. Obesity (Silver Spring) 2013, 22, 1238–1245.

55. Najjar, S.M.; Perdomo, G. Hepatic insulin clearance: Mechanism and physiology. Physiology
(Bethesda) 2019, 34, 198–215.

Retrieved from https://encyclopedia.pub/entry/history/show/34616


