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Figure 1. The 
anatomical location of 
the adrenal glands. 

As you know, glucose is the main carbohydrate nutrient in the body, and is the 
predominant carbohydrate used for energy catabolism in skeletal muscle.  We cannot 
exercise at a moderate or high intensity without adequate muscle and liver glucose 
(glycogen) stores.  Of course, you only have to walk through a grocery store, a health 
food store, or an outdoor recreation store to see the diverse array of carbohydrate food 
products touted to provide a “special” formulation of carbohydrate, 
and the latest research driven marketing bonanza pertains to 
carbohydrate and protein (or amino acid) mixes to improve 
glucose uptake into skeletal muscle during and after exercise.  
This Topic presents the hormonal regulation of blood glucose, 
with of course special emphasis to the interactions between 
exercise and such hormonal regulation.  As you read this, ask 
yourself about carbohydrate nutrition during exercise for 
individuals who are currently overweight (I hate that term, as 
weight is not the issue – excess fat is!) or obese (I also hate that 
term, as tipping the over-fat scale into obesity does not 
miraculously change your health status from acceptable to unacceptable).  Anyway, 
more of that when I eventually add a Body Composition Section in the next edition!  
What I am trying to get you to think about here is what type of individual should worry 
about carbohydrate nutrition during exercise, along with all of the associated calories, if 
body fat loss is a main goal for exercise – which it should be for more than 75% of adult 
Australians?  Is carbohydrate nutrition during exercise a topic just for the competitive 
athlete?  Is it ethical for sports drink companies to market their products to all people 
when such marketing gives a false or exaggerated “need” for their product when the 
75% of adult Australians need to reduce not increase simple carbohydrate intake? 

 
Exercise and starvation are both tremendous challenges to 
blood glucose regulation.  Starvation is typically characterized 
by a deficit in carbohydrate intake, and cells of the body must 
rely on liver gluconeogenesis to produce glucose from 
carbon skeletons from lactate and amino acids to maintain 
blood glucose (see Topic on “Gluconeogenesis”).  Remember 
that blood cells and nerves can only catabolize glucose for the 
free energy need to complete cell work.  Exercise can be 
similar to starvation in that it has the potential to deplete the 
body’s carbohydrate stores, though for exercise this may only 
take as little as 90 min (depending on fitness status and pre-
exercise nutrition).  In addition, the dramatic increase in blood 
glucose uptake by contracting skeletal muscle demands intricate regulation of blood 
glucose through hormonal regulation glucose metabolism by the catecholamine 
hormones, cortisol, growth hormone, and glucagon.  The key glands involved in blood 
glucose regulation are therefore the adrenal medulla (Figure 1), anterior pituitary 
(Figure 2) and the pancreas (Figure 3). 
 
I will discuss each aspect of regulation based on each individual hormone response, 
starting with the most important gland for this regulation; the pancreas. 
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Figure 2. The anatomical location of 
the anterior pituitary gland. 

 
Figure 3. The anatomical location of the pancreas. 

 
Figure 4. The opposing function of insulin and glucagon in regulating blood glucose. 

 
 
Pancreatic Regulation 
The normal blood glucose concentration (normoglycemia) approximates 4 to 5 
mmol/L.  Concentrations above this are termed hyperglycemia, and concentrations 
below this are termed hypoglycemia.  A normoglycemic state occurs from a dynamic 
balance between the release of both glucagon and insulin from the pancreas. 

Figure 4 reveals the interactions between glucagon and insulin in the regulation of blood 
glucose.  Insulin release and blood concentrations increase during hyperglycermia, 
such as after a meal, favoring cellular carbohydrate catabolism and storage of excess 
glucose as glycogen in a wide range of tissue including muscle and the liver.  During 
hypoglycemia, glucagon is released from the pancreas and increases in the blood, 
stimulating liver glycogenolysis and gluconeogenesis, inhibiting peripheral blood 
glucose uptake, and in combination with cortisol and growth hormone, favoring 
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Figure 5. The conversion of pro-insulin to biological 
active insulin through the removal of the c-peptide 
and retention of the three disulphide bonds. 

 
Figure 6. An overview of ketone body production in the liver 

during hypoglycemia. 

peripheral tissue catabolism of fatty acids and amino acids.  Such responses allow for 
sparing of blood glucose for the nervous system and blood cells. 
 
A useful marker of increased 
insulin secretion has been the 
concentration of the C-peptide, 
which is a large protein segment 
removed from pro-insulin to confer 
biological activity of insulin (Figure 
5).  Interestingly, even when 
glucose is ingested during 
exercise, and blood glucose is 
increased, insulin does not 
increase due to sympathetic 

innervation of 2 receptors of the 
pancreas to decrease insulin 
release.  This is fortunate, as the 
increased glucose disposal from 
increased muscle glucose uptake 

during exercise would 
combine with increased 
insulin to rapidly lower 
blood glucose causing a 
bout of hypoglycemia.  
This often happens in 
athletes, or “weekend 
warriors”, who ingest too 
much simple 
carbohydrate more than 
15 min prior to exercise, 
causing insulin release 
before the onset of 
exercise.  The start of 
exercise then stimulates 
increased peripheral 
glucose disposal.  The 
insulin plus exercise-
mediated glucose disposal combine to lower blood glucose, and this response has been 
referred to as rebound hypoglycemia. 
 
Note that excess and prolonged periods of hypoglycemia induce protein catabolism as 
well as the production of ketone bodies by the liver.  Figure 6 depicts the production of 
ketone bodies from excess acetyl CoA production from fatty acid oxidation.  During 
carbohydrate depletion, the TCA cycle is low in TCA intermediates due to loss in 
support of gluconeogenesis, and cannot support the high volume of acetyl CoA resulting 

from the –oxidation of fatty acids.  During such conditions, the excess acetyl CoA is 
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converted to acetoacetate, -hydroxybutarate and acetone (all ketone bodies).  
These reactions are presented below. 
 
 

2

2

2

COAcetoneteAcetoaceta

NADarateHydroxybutHNADHteAcetoaceta

CoAAcetylteAcetoacetaCoAHMG

SHCoACoAHMGOHCoAAcetylCoAlAcetoacety

SHCoACoAlAcetoacetyCoAAcetyl

asedecarboxylteAcetoaceta

asedehydrogenarateHydroxybut

lyaseCoAHMG

synthaseCoAHMG

Thiolase























 
 
The increased blood ketone body concentration (ketosis) can decrease blood pH 
because of the increased CO2 production.  Severe ketosis can also be detected by the 
smell of acetone in expired air, which is the only means of acetone removal from the 
body. 
 
Catecholamine Regulation 
Increased concentrations of epinephrine in blood affect blood glucose because of 

stimulation to the liver to increase glycogenolysis.  Epinephrine binds to 2 receptors 
and stimulates an increase in cAMP via the adenylate cyclase G-protein mechanism 
(Figure 7).  Increased cAMP allosterically activates the enzyme cAMP-dependent 
protein kinase (also known as protein kinase A), which in turn catalyzes the 
phosphorylation of phosphorylase kinase-b causing increased activity.  The now 
active phosphorylase kinase-b then phosphorylates phosphorylase-b to convert it to 
the more active –a form, and phosphorylase-a increases glycogenolysis, releasing 
glucose-1-phosphate (G1P).  In the liver, G1P is converted to G6P, which is then 
converted to glucose via the enzyme glucose-6-phopshatase. 
 
An increase in blood glucose is a consistent finding in research of intense exercise.  
However, the previous cellular regulation cascade is not complete without explaining the 
opposing regulation of glycogen synthase. 
 
Cortisol and Growth Hormone 
During periods of hypoglycermia, there also needs to be regulation that decreases the 
use of glucose in peripheral tissues.  This is the role of both cortisol and growth 
hormone.  Let me begin with cortisol. 
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Figure 7. An example of the G-protein regulation of hormone (epinephrine) binding to a 
receptor on the cytosolic side of a cell membrane, and subsequent changes in enzymatic 

activity and metabolic regulation. 

 
Figure 8. The events leading to cortisol release from the adrenal cortex. 

During hypoglycermia, or times of increased physical and emotional stress, the 
hypothalamus stimulates the release of adrenocorticotropic hormone (ACTH) from 
the anterior pituitary (Figure 8).  ACTH circulates to the adrenal cortex, where it 
stimulates the release of cortisol, a steroid hormone that has multiple functions (Figure 
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Figure 9. The chemical structure of cortisol, 
a steroid, and a summary of its role in 

regulating blood glucose. 

9).  These functions are as follows; 
1) Stimulates increased protein catabolism.  The resulting amino acids circulate to 

the liver as fuel for gluconeogenesis. 
2) Stimulates lipolysis in adipose tissue, raising blood concentrations of free fatty 

acids as fuel for peripheral tissue, such a muscle. 
3) Inhibits muscle glucose uptake and intracellular carbohydrate oxidation. 
4) Supports both glucagons and growth hormone in their effects. 

 
In being an anterior pituitary hormone, 
growth hormone release is also under 
hypothalamic control.  Growth hormone 
release is increased during times of stress, 
and its acute role is not to stimulate growth, 
as the name implies, but rather to help 
conserve blood glucose.  This is especially 
true during prolonged exercise.  As with 
cortisol, growth hormone impairs glucose 
uptake by peripheral tissue, and in 
addition, facilitates amino acid transport 
into the liver.  As such, each of glucagon, 
cortisol and growth hormone function 
together to spare blood glucose and 
increase catabolism of fats and amino 
acids. 
 
 

Glossary Words 
 
gluconeogenesis is the metabolic pathway in the liver responsible for producing 
glucose from non-carbohydrate precursors, such as lactate and amino acids. 
 
adrenal medulla is the inner region of the adrenal gland responsible for the production 
and secretion of epinephrine and norepinephrine. 
 
anterior pituitary is the anterior region of the pituitary gland, which secretes numerous 
hormones and releasing hormones that regulate a variety of physiological systems. 
 
pancreas is the gland responsible for the production and secretion of insulin and 
glucagon. 
 
normoglycemia refers to a state of normal blood glucose concentration. 
 
glucagon is the hormone released from the pancreas in response to hypoglycemia. 
 
insulin is the hormone released from the pancreas in response to hyperglycemia. 
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hyperglycermia is the condition of the body where blood glucose is elevated above 
normal. 
 
glycogenolysis consists of reactions that collectively break down glycogen to free 
glucose-1-phosphate molecules. 
 
C-peptide is the remnant protein chain cleaved from pro-insulin to form biologically 
active insulin. 
 

2 receptors are a special sub-type of catecholamine receptors, causing a tissue-
specific response. 
 
rebound hypoglycemia is the fall in blood glucose resulting from excessive insulin 
release, or insulin release plus the added glucose disposal from muscle contraction. 
 

ketone bodies consist of acetoacetate, -hydroxybutarate and acetone, and are 
produced by the liver when glucose stores in the body decline, which also coincides 
with a hypoglycemia. 
 
acetoacetate is one of the ketone bodies produced by the liver during hypoglycemia. 
 

-hydroxybutarate is one of the ketone bodies produced by the liver during 
hypoglycemia. 
 
acetone is one of the ketone bodies produced by the liver during hypoglycemia. 
 
ketosis refers to the acidosis caused by excess ketone body production by the liver. 
 

2 receptors are a special sub-type of catecholamine receptors, causing a tissue-
specific response. 
 
cAMP is a second messenger within cells that increases in response to the binding of a 
catecholamine hormone to a cell receptor, causing a tissue-specific biological response. 
 
phosphorylase kinase is the main enzyme involved in glyogenolysis. 
 
phosphorylase-b is the less active form of phosphorylase, requiring AMP binding for 
increased activity. 
 
phosphorylase-a is the more active form of phosphorylase, and is independent of AMP 
activation for increased activity. 
 
glucose-6-phopshataseis a liver enzyme that converts glucose-6-phosphate (G6P) to 
glucose. 
 
cortisol is a steroid hormone that is produced in the adrenal cortex, and is released in 
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response to a variety of stimuli that coincide with emotional or metabolic stress. 
 
growth hormone is an anabolic hormone, as well as a gluco-regulatory hormone that is 
released from the anterior pituitary during exercise, as well as during sleep. 
 
adrenocorticotropic hormone (ACTH) is the main regulatory hormone released from 
the anterior pituitary gland in response to emotional or metabolic stress, which in turn 
stimulates the adrenal cortex to synthesize and release more cortisol. 
 
adrenal cortex is the outer region of the adrenal gland responsible for the release of 
cortisol. 
 
lipolysis refers to the breakdown of triacylglyercols to fatty acids and glycerol. 
 
free fatty acids are the fatty acid after release from the glycerol backbone of a 
triacylglycerol. 
 

 
 


