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Evil:  Pronunciation  [ee - vuh l] ðadjective  

1.  Considered morally wrong or unaccepted; immoral; wicked  

Genius :  Pronunciation  [jeen - yuh s] ðnoun   

1.  An exceptional natural capacity of intellect, especially as shown in creative and original work in science, art, 

music, etc.:  
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Insulin: The Science Stuff 
 
 
Definition  
 
Insulin (from Latin insula, "island", as it is produced in the Islets of Langerhans in the pancreas) is an 
anabolic polypeptide hormone that reregulates blood plasma glucose levels and the availability and 
entry of macro nutrients to the cellular mitochondria. Insulin is composed of 51 amino acid residues and 
has a molecular weight of 5808. Insulin's structure varies slightly between animal species. Apart from 
being the primary agent in carbohydrate homeostasis, it has effects on amino acid & fat metabolism as 
well as changes the liver's activity in storing or releasing glucose and in processing blood lipids. Insulin 
exerts a strong effect on other tissues such as fat and muscle. The amount of insulin in circulation has 
extremely widespread effects throughout the body. 
. 
Discovery 
In 1869 Paul Langerhans, a medical student in Berlin was studying the structure of the pancreas (the 
jelly-like gland behind the stomach) under a microscope when he identified some previously un-noticed 
tissue clumps scattered throughout the bulk of the pancreas. The function of the "little heaps of cells," 
later known as the Islets of Langerhans, was unknown.  Edouard Laguesse later suggested that they 
might produce secretions that play a regulatory role in digestion.  
 
In 1889, the Polish-German physician Oscar Minkowski in collaboration with Joseph von Mehring 
removed the pancreas from a healthy dog to test its assumed role in digestion. Several days after the 
dog's pancreas was removed, Minkowski's animal keeper noticed a swarm of flies feeding on the dog's 
urine. On testing the urine they found that there was sugar in the dog's urine, establishing for the first 
time a relationship between the pancreas and diabetes. In 1901, another major step was taken by 
Eugene Opie, when he clearly established the link between the Islets of Langerhans and diabetes: 
Diabetes mellitus ... is caused by destruction of the islets of Langerhans and occurs only when these 
bodies are in part or wholly destroyed. Before his work, the link between the pancreas and diabetes was 
clear, but not the specific role of the islets. 
 
Timeline 
 

 мусф tŀǳƭ [ŀƴƎŜǊƘŀƴǎ ƛŘŜƴǘƛŦƛŜǎ ǘƘŜ άƛǎƭŜǘǎ ƻŦ ǘƘŜ [ŀƴƎŜǊƘŀƴǎέ 
 1889 Minkowski  & von Mehring identify sugar in the urine of a diabetic dog 
 1922 Banting, Best, Collip use bovine insulin extract in human  
 1923 Eli Lilly produces commercial quantities of much purer bovine insulin than Banting had 

used  
 1923 Hagedorn founds the Nordisk Insulinlaboratorium in Denmark -- forerunner of Novo 

Nordisk  
 1926 Nordisk receives a Danish charter to produce insulin as a non profit  
 1936 Canadians D.M. Scott, A.M. Fisher formulate a zinc insulin mixture and license it to 

Novo  
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 1936 Hagedorn discovers that adding protamine to insulin prolongs the duration of action of 
1946 Nordisk formulates Isophane porcine insulin aka Neutral Protamine Hagedorn or NPH 
insulin  

 1946 Nordisk crystallizes a protamine and insulin mixture  
 1950 Nordisk markets NPH insulin  
 1953 Novo formulates Lente porcine and bovine insulins by adding zinc for longer lasting 

insulin  
 1955 Frederick Sanger determines the amino acid sequence of insulin  
 1969 Dorothy Crowfoot Hodgkin solves the crystal structure of insulin by x-ray 

crystallography  
 1973 Purified monocomponent (MC) insulin is introduced  
 1978 Genentech produces human insulin in Escheria coli bacteria using recombinant DNA 

techniques.  
 1981 Novo Nordisk chemically and enzymatically converts bovine to human insulin  
 1982 Genentech human insulin  
 1983 Eli Lilly produces recombinant human insulin, Humulin  
 1985 Axel Ullrich sequences a human cell membrane insulin receptor  
 1988 Novo Nordisk produces recombinant human insulin  
 1996 Lilly Humalog "lyspro" insulin analogue approved  
 2004 Aventis Lantus "glargine" insulin analogue approved for clinical use 
 2006 Novo Nordisk Levemir "detemir" insulin analogue approved for clinical use in the US 

 
Insulin's Role in Macro-Nutrient Metabolism  
  
Insulin exerts its most pronounced effects on protein and carbohydrate metabolism at the skeletal 
muscle and hepatic levels. The hormone facilitates uptake of glucose and amino acids into skeletal 
muscle and the liver, thus promoting glycogenesis. Simultaneously, it inhibits hepatic glucose release 
(glycogenolysis) and production (gluconeogenesis) . Insulin appears to demonstrate its most immediate 
and powerful influence in suppressing glycogenolysis, as more insulin is required to inhibit 
gluconeogenesis than glycogenolysis in non-diabetic subjects.  
  
Insulin also plays crucial roles in fat metabolism, regulating both lipolysis and lipogenesis. Lipolysis, the 
hydrolysis of triglycerides, is a requisite step in fat oxidation, as it liberates fatty acids for transport to 
mitochondria for oxidation. Numerous studies have demonstrated that insulin markedly blunts lipolysis 
at rest. Likewise, via facilitation of glucose uptake in liver and adipose tissue, insulin stimulates 
lipogenesis as well. Glycolytic conversion of glucose to acetyl-CoA is the precursor to fatty acid 
synthesis.  
  
In terms of protein metabolism, insulin's foremost role is reduction of protein degradation (catabolism). 
Although the hormone does play a role in promoting protein synthesis (anabolism), this effect is largely 
dependent on amino acid availability. Some studies have noted that insulin elevations without 
concurrent increases in amino acid availability actually decrease protein synthesis as a result of low 
plasma amino acid concentrations.  
 
 
 
 
 

http://en.wikipedia.org/wiki/Lantus
http://en.wikipedia.org/wiki/Levemir
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The actions of insulin on cells include 
 

 translocation of Glut-4 transporter to the plasma membrane and influx of glucose, glycogen 
synthesis, glycolysis  and fatty acid synthesis  

 Control of cellular intake of substrates, most prominently glucose in muscle and adipose 
tissue. 

 Increase of DNA replication and protein synthesis via control of amino acid uptake.  
 Modification of the activity of numerous enzymes (allosteric effect).  
 Increased glycogen synthesis ς insulin facilitates the entry of glucose to the liver (and 

muscle) cells; lowered levels of insulin cause liver cells to convert glycogen to glucose and 
excrete it into the blood. 

 Increased fatty acid synthesis ς insulin facilitates the entry of blood lipids to adipose tissue 
which can then be converted to triglycerides; lack of insulin causes the reverse.  

 Decreased proteinolysis ς forces reduction of protein degradation; lack of insulin increases 
protein degradation.  

 Decreased lipolysis ς forces reduction in conversion of fat cell lipid stores into plasma fatty 
acids; lack of insulin causes the reverse.  

 Decreased gluconeogenesis ς decreases production of glucose from various substrates in 
liver; lack of insulin causes glucose production from assorted substrates in the liver and 
elsewhere.  

 Increased amino acid uptake ς facilitates the absorption of circulating amino acids; lack of 
insulin inhibits absorption.  

 Increased potassium uptake ς forces cells to absorb serum potassium; lack of insulin inhibits 
absorption.  

 Arterial muscle tone ς forces arterial wall muscle to relax, increasing blood flow, especially 
in micro arteries; lack of insulin reduces flow by allowing these muscles to contract.  

 
Hormonal Regulation of Plasma Glucose  
  
The Other Players 
Maintenance of plasma glucose concentrations is of paramount importance to optimal functioning of 
muscles and the central nervous system. Blood glucose regulation involves interactions of carbohydrate, 
fat, and protein metabolism; these interactions are even more readily apparent during exercise. While 
insulin is certainly a powerful modulator of plasma glucose levels, one must also consider several other 
hormones that exert the opposite physiological effects as insulin. Knowledge of these hormones - 
glucagon, growth hormone, cortisol, and the catecholamines epinephrine and nor epinephrine - is an 
important prerequisite to comprehending the insulin response to exercise.  
  
Glucagon 
Glucagon responds to the same stimuli as insulin, but has the exact opposite effects on blood glucose 
concentrations. These effects are, on the whole, catabolic and anti-anabolic. They include stimulation of 
glycogenolysis, gluconeogenesis, and protein degradation with concurrent inhibition of protein 
synthesis. Some studies have noted that glucagon has a stimulatory effect on lipolysis in human adipose 
tissue in vitro. However, there is insufficient evidence to suggest that normal human hyperglucagonemia 
can directly induce lipolysis in vivo. While hypoglycemia is the most potent stimuli for glucagon release 
from the pancreas, high concentrations of insulin during hypoglycemia have been shown to suppress the 
glucagon response.  
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Growth hormone (STH) 
Growth hormone (somatropic hormone) serves as a counter-regulatory hormone to insulin in 
carbohydrate and fat metabolism, but works synergistically with insulin in establishing an anabolic 
protein metabolism environment. Growth hormone's insulin-antagonistic effects include increased 
lipolysis, decreased tissue glucose uptake, and enhanced hepatic gluconeogenesis. Meanwhile, growth 
hormone has an anabolic effect via enhanced protein synthesis and retention enhanced PTOR (protein 
turn over rate).  
  
Cortisol 
Cortisol opposes insulin action in several regards. This glucocorticoid is likely most well known for its 
catabolic properties, which include stimulation of lipolysis in adipose tissue, protein degradation (the 
hormone also inhibits protein synthesis), and hepatic gluconeogenesis. Additionally, in terms of insulin 
resistance, cortisol not only directly inhibits glucose entry to cells, but also delays insulin action via a 
post-insulin receptor block.  
  
Catecholamines 
The catecholamines epinephrine and nor epinephrine work in opposition to insulin in the regulation of 
the plasma glucose concentration. Epinephrine provides a strong stimulus to hepatic glucose 
mobilization via glycogenolysis and gluconeogenesis, although there is a lower threshold for 
glycogenolysis to occur. These catecholamines also stimulate lipolysis in adipose tissue and interfere 
with glucose clearance by insulin. While the catecholamines have a catabolic effect on both liver and 
skeletal muscle glycogen, there is considerable evidence that they have anti-catabolic effects on muscle 
protein.  
  
Thyroxin 
Thyroxin is a much less recognized regulator of plasma glucose. While the hormone itself has no direct 
effect on substrate mobilization at rest or during exercise, it does serve a permissive role for the 
hormones that are directly involved in glucose regulation. Thyroxin acts by either increasing receptor 
quantity at the target tissues or by increasing receptor affinity for the aforementioned hormones; during 
exercise, these effects are more pronounced, as there is an increase in free thyroxine concentrations. 
Hypothyroidism (and the related thyroxine deficiency) has been shown to interfere with fuel 
mobilization and ultimately body fat and lean mass.  
  
Hormonal Response to Exercise  
  
Insulin 
Insulin is the only glucoregulatory hormone that decreases with exercise under normal physiologic 
conditions. Galbo (1975) found that insulin decreased both during prolonged treadmill running at 
76%VO2max and with incremental treadmill exercise at 47% and 77% VO2max (no significant difference 
was noted at 100% VO2max). Numerous other studies have observed similar decreases; these decreases 
are more prominent in longer duration exercise at lower intensities than in short duration, high intensity 
exercise.  
  
Glucagon 
As a hormone working in direct opposition to insulin, glucagon increases in response to exercise. This 
effect has been demonstrated in both incremental and prolonged endurance exercise. In the 
aforementioned study by Galbo (1975), the investigators found that glucagon increased more in the 
longer duration scenario (threefold increase over the resting value) than in incremental exercise (an 
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increase of 35% from rest to VO2max). Others have also noted that glucagon's effects are clearly more 
prominent in longer duration scenarios.  
  
Growth Hormone 
Describing plasma growth hormone changes during exercise proves to be a complex task, as numerous 
physical, psychological, chemical, and exercise modality (both aerobic and resistance training) factors. In 
a broad sense, plasma growth hormone concentrations increase as exercise intensity increases; plasma 
GH may increase 25-fold over resting concentrations at VO2max. In fact, recent research by Wideman 
(2003) noted a linear relationship between GH secretion and exercise intensity. Bunt (1986) found that 
plasma GH increased by 500-600% in both runners and non-runners (runners had a higher response) 
during one hour of treadmill running at 60% VO2max, implying a duration effect for GH secretion as 
well. The growth hormone response to resistance training is a product of the work-rest intervals, loads, 
and volume utilized, with one minute rest periods, 10-repetition maximums, and high volumes proving 
most beneficial in enhancing GH secretion.  
  
Cortisol 
Cortisol increases in response to exercise are related to intensity and duration. A study by Davies and 
Few (1973) demonstrated the presence of an intensity threshold that must be reached for cortisol 
increases to occur. In separate exercise sessions, subjects were tested for 60 minutes at 40%, 60%, 80%, 
and 100% VO2max. Plasma cortisol actually decreased at 40% VO2max over the course of the test, 
whereas cortisol increased whenever the intensity exceeded 60% VO2max. Apparently, light exercise 
facilitates plasma cortisol removal to the point that it exceeds secretion by the adrenal cortex in 
response to exercise. At greater intensities, secretion predominated over removal, which had increased 
even more. There also appears to be a duration threshold; Bonen (1973) observed that urinary excretion 
of cortisol did not change with 10 minutes of exercise at 76% VO2max. However, when the duration 
increased to 30 minutes, this excretion value doubled. 
  
Catecholamines 
Numerous studies have found that epinephrine and nor epinephrine secretions increase as exercise 
intensity increases. However, Kraemer (1985) found that graded exercise did not increase plasma 
epinephrine above baseline at 54% VO2 max, implying an intensity threshold for catecholamine 
secretion. Several investigators have observed increasing plasma catecholamine concentrations as 
exercise duration increased. Galbo (1975) demonstrated that intensity is more influential than duration 
in the catecholamine response to exercise, as plasma epinephrine increased steadily with prolonged 
treadmill exercise to exhaustion at 76% VO2 max, but graded exercise in the same subjects at 44, 77, 
and 100% of VO2 max yielded greater increases.  
  
Glucose Uptake and Transport during Exercise  
During exercise, muscle glucose uptake may increase 30-50 fold over resting values. There is only a 
limited supply of muscle glycogen, and it can virtually be depleted with just one hour of exercise at 70-
75% VO2max; therefore, it is of no surprise that muscle glucose uptake increases so dramatically. Given 
insulin's key role in promoting glucose uptake in skeletal muscle, it seems counterintuitive that the 
hormone would actually decrease with exercise. However, numerous physiological factors interact to 
ensure that plasma glucose is maintained while skeletal muscles receive adequate fuel for the 
continuation of exercise.  
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First, and perhaps most logically, muscular contractions promote blood flow to skeletal muscles. With 
blood flow comes more glucose and insulin, so in spite of the fact that insulin is actually decreasing, 
there is still a higher opportunity for glucose uptake than at rest. Meanwhile, a gradient for more rapid 
glucose diffusion into the cell via increased membrane permeability is created because the muscles are 
utilizing glucose at a faster rate. Like insulin, exercise also leads to glucose transporter changes at the 
sarcolemmal level. In both scenarios, membrane transport capability increases due to translocation of 
insulin-stimulated GLUT4 transporters to the sarcolemma and transverse tubules from intracellular 
sites.  
  
GLUT4 
GLUT4 is the insulin-regulated glucose transporter found in adipose tissues and striated muscle (skeletal 
and cardiac) that is responsible for insulin-regulated glucose disposal. In the absence of insulin, GLUT4 is 
sequestered in the interior of muscle and fat cells. Insulin induces the redistribution of GLUT4 from 
intracellular storage sites to the plasma membrane. Once at the cell surface, GLUT4 facilitates the 
passive diffusion of circulating glucose down its concentration gradient into muscle and fat cells. 
Once inside cells, glucose is rapidly phosphorylated by hexokinase to form glucose-6-phosphate, which 
then enters glycolysis.Glucose-6-phosphate cannot diffuse back out of cells, which also serves to 
maintain the concentration gradient for glucose to passively enter cells. 
 
The pathway in which GLUT4 is expressed on the plasma membrane begins with insulin binding to the 
receptor in its dimer form. The receptor phosphorylates and subsequently activates IRS-1, which 
converts PIP2 to PIP3. PIP3 is bound to PKB (protein kinase B), signaling for PDK1 to phosphorylate PKB. 
Once phosphorylated, PKB is in its active form and phosphorylates other targets that stimulate GLUT4 to 
be expressed on the plasma membrane.Contraction also stimulates the cell to translocate GLUT4 
receptors to the surface. This is especially true in cardiac muscle, where continuous contraction can be 
relied upon; but is observed to a lesser extent in skeletal muscle 
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Kennedy (1999) demonstrated that 45-60 minutes of bicycling at 60-75% VO2max resulted in acute 
mean increases of 71-74% in sarcolemmal GLUT4 content in both normal and type 2 diabetic subjects. 
Others have verified this increase in plasma membrane GLUT4 content with exercise. The mechanism by 
which muscle contraction facilitates GLUT4 translocation to the plasma membrane is yet to be 
definitively elucidated; however, the most likely answer is high intramuscular calcium concentrations 
during exercise.  
  
Henriksen (1990) observed that GLUT4 protein concentration is closely associated with maximal glucose 
transport capability; it logically follows that the overall quantity of glucose transporters in the plasma 
membrane during exercise is proportional to muscle GLUT4 content. However, there is evidence to 
suggest that GLUT4 transporters are more associated with fast-twitch oxidative-glycolytic fibers, while 
GLUT1 transporters are associated with slow-twitch oxidative fibers. Additionally, there is evidence to 
suggest that GLUT1 transporter increases are achieved through several weeks of endurance training, 
whereas GLUT4 transporters are more responsive to individual exercise bouts. Therefore, variations in 
fiber-type may interfere with the previous mentioned assumption.  
  
Summarily, with more glucose transporters (both insulin-stimulated and non-insulin-stimulated) present 
due to exercise adaptations, less insulin is necessary to have the same physiological effect. On a related 
note, Ivy (1997) asserted that increased concentrations a proliferation of enzymes responsible for the 
phosphorylation, storage, and oxidation of glucose are also responsible for the improved insulin action.  
  
Closing: 
 While both insulin and exercise favorably influence glucose uptake, they do so by different pathways.  
As exercise progresses, skeletal muscle glycogen depletion occurs and the muscles must look to plasma 
glucose as a fuel source. Assuming no provision of exogenous carbohydrate during exercise, plasma 
glucose must come from hepatic gluconeogenesis or glycogenolysis. These physiological occurrences are 
stimulated by the presence of the glucagon, epinephrine, and norepinephrine at the onset of exercise, 
and growth hormone and cortisol as exercise duration increases. As counter regulators to insulin, these 
five hormones can only be present in sufficient quantities to elicit the desirable effects on plasma 
glucose maintenance if the plasma insulin concentration is low, or declining.  
  
While the counter regulatory hormones take care of maintaining plasma glucose, there must be 
additional physiological adaptations to promote muscle glucose uptake in spite of the decrease in 
plasma insulin concentrations that occur with exercise. These exercise-induced physiological 
adaptations include increased skeletal muscle blood flow (and, in turn, glucose and insulin delivery), 
increased membrane permeability to glucose, translocation of GLUT4 proteins to the sarcolemma and 
transverse tubules as well as increased cellular concentrations of key enzymes involved in glucose 
utilization. 
  
It is important to also note that glucagon, growth hormone, cortisol, and the catecholamines have 
effects that extend beyond plasma glucose regulation. All five hormones are involved in lipolysis, and 
thus serve as powerful regulators of fat metabolism (which is also dependent on insulin-related 
lipogenesis). This increased lipolysis favors the increased reliance on free fatty acids with longer 
durations, lower intensities, and situations of muscle glycogen depletion. Likewise, some of these 
hormones - glucagon, the catecholamines, and most notably, cortisol - continue to oppose insulin in 
protein metabolism by promoting proteolysis and inhibiting protein synthesis. Meanwhile Insulin and 
Growth hormone work synergistically promote overall systemic anabolism. The stated anabolic effect is 
clearly due to doth elevated protein synthesis as well as reduced protein degradation. 


