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The Adrenal Glands

The adrenal glands are two small structures situated one atop each kidney. 

Both in anatomy and in function, they consist of two distinct regions: 

· an outer layer, the adrenal cortex, which surrounds 

· the adrenal medulla.

	Link to graphic showing the location and structure of the adrenal glands (92K).


The Adrenal Cortex

The cells of the adrenal cortex secrete a variety of steroid hormones. These fall into three classes: 

· glucocorticoids (e.g., cortisol) 

· mineralocorticoids (e.g., aldosterone) 

· androgens (e.g., testosterone)

Production of all three classes is triggered by the secretion of ACTH from the anterior lobe of the pituitary. 

All these hormones achieve their effects by: 

· diffusing from the blood into all cells 

· binding to their receptor - a protein present in the cytoplasm and/or nucleus of "target" cells 

· The hormone-receptor complex binds to a second to form a dimer. 

· The hormone-receptor complex migrates into the nucleus (if it did not form there). 

· The hormone-receptor complex binds to specific hormone response elements in DNA 

· These are specific DNA sequences in the promoter of genes that will be turned on (sometimes off) by the interaction. 

· Other transcription factors are recruited to the promoter and gene transcription begins.

	Select this link for a stereo view of a steroid receptor (the glucocorticoid receptor) dimer bound to the DNA of its response element.


Glucocorticoids

The glucocorticoids get their name from their effect of raising the level of blood sugar (glucose). One way they do this is by stimulating gluconeogenesis in the liver: the conversion of fat and protein into intermediate metabolites that are ultimately converted into glucose.

The most abundant glucocorticoid is cortisol (also called hydrocortisone). 

Cortisol and the other glucocorticoids also have a potent anti-inflammatory effect on the body. They depress the immune response, especially cell-mediated immune responses. 

For this reason glucocorticoids are widely used in therapy: 
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to reduce the inflammatory destruction of rheumatoid arthritis and other autoimmune diseases 

· to prevent the rejection of transplanted organs 

· to control asthma 

Mineralocorticoids

The mineralocorticoids get their name from their effect on mineral metabolism. The most important of them is the steroid aldosterone.
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Aldosterone acts on the kidney promoting the reabsorption of sodium ions (Na+) into the blood. Water follows the salt and this helps maintain normal blood pressure. 

	Link to discussion.


Aldosterone also 

· acts on sweat glands to reduce the loss of sodium in perspiration 

· acts on taste cells to increase the sensitivity of the taste buds to sources of sodium.

The secretion of aldosterone is stimulated by: 

· a drop in the level of sodium ions in the blood 

· a rise in the level of potassium ions in the blood 

· angiotensin II 

· ACTH (as is that of cortisol) 

Androgens

The adrenal cortex secretes precursors to androgens such as testosterone. 

In sexually-mature males, this source is so much lower than that of the testes that it is probably of little physiological significance. However, excessive production of adrenal androgens can cause premature puberty in young boys.

In females, the adrenal cortex is a major source of androgens. Their hypersecretion may cause some masculinization in adult females, producing a masculine pattern of body hair and cessation of menstruation. 

Addison's Disease: Hyposecretion of the adrenal cortices 

Addison's disease has many causes, such as 

· destruction of the adrenal glands by infection 

· their destruction by an autoimmune attack 

· an inherited mutation in the ACTH receptor on adrenal cells

The essential role of the adrenal hormones means that a deficiency can be life-threatening. Fortunately, replacement therapy with glucocorticoids and mineralocorticoids can permit a normal life. 

Cushing's Syndrome: Excessive levels of glucocorticoids 

In Cushing's syndrome, the level of adrenal hormones, especially of the glucocorticoids, is too high. It can be caused by: 

· excessive production of ACTH by the anterior lobe of the pituitary. 

· excessive production of adrenal hormones themselves (e.g., because of a tumor), or (quite commonly) 

· as a result of glucocorticoid therapy for some other disorder such as 

· rheumatoid arthritis or 

· preventing the rejection of an organ transplant
The Adrenal Medulla

The adrenal medulla consists of masses of neurons that are part of the sympathetic branch of the autonomic nervous system. Instead of releasing their neurotransmitters at a synapse, these neurons release them into the blood. Thus, although part of the nervous system, the adrenal medulla functions as an endocrine gland.

The adrenal medulla releases: 

· adrenaline (also called epinephrine) and 

· noradrenaline (also called norepinephrine)

Both are derived from the amino acid tyrosine.

Release of adrenaline and noradrenaline is triggered by nervous stimulation in response to physical or mental stress. The hormones bind to adrenergic receptors - transmembrane proteins in the plasma membrane of many cell types.

Some of the effects are: 

· increase in the rate and strength of the heartbeat resulting in increased blood pressure 

· blood shunted from the skin and viscera to the skeletal muscles, coronary arteries, liver, and brain 

· rise in blood sugar 

· increased metabolic rate 

· bronchi dilate 

· pupils dilate 

· hair stands on end ("gooseflesh" in humans) 

· clotting time of the blood is reduced 

· increased ACTH secretion from the anterior lobe of the pituitary. 

All of these effects prepare the body to take immediate and vigorous act


Steroid Hormone Receptors and their Response Elements

Steroid hormone receptors are proteins that have a binding site for a particular steroid molecule. Their response elements are DNA sequences that are bound by the complex of the steroid bound to its receptor. 

The response element is part of the promoter of a gene. Binding by the receptor activates or represses, as the case may be, the gene controlled by that promoter. 

It is through this mechanism that steroid hormones turn genes on (or off). 

	Link to general discussion of eukaryotic promoters and the transcription factors that control them.


[image: image13.png]


This image (courtesy of P. B. Sigler) shows a stereoscopic view of the glucocorticoid response element (DNA, the double helix shown in yellow at the left of each panel) with the glucocorticoid receptor (a protein homodimer, right portion of each panel) bound to it. 

The DNA sequence of the glucocorticoid response element is
5' AGAACAnnnTGTTCT 3'
3' TCTTGTnnnACAAGA 5'
where n represents any nucleotide. (Note the inverted repeats.) 

The glucocorticoid receptor, like all steroid hormone receptors, is a zinc-finger transcription factor; the zinc atoms are the four yellow spheres. Each is attached to four cysteines (shown in dark green). 

For a steroid hormone to turn gene transcription on, its receptor must: 

· bind to the hormone 

· bind to a second copy of itself to form a homodimer 

· be in the nucleus, moving from the cytosol if necessary 

· bind to its response element 

· activate other transcription factors to start transcription 

Each of these functions depend upon a particular region of the protein (e.g., the zinc fingers for binding DNA). Mutations in any one region may upset the function of that region without necessarily interfering with other functions of the receptor. 

Visual Evidence of Hormone Binding
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This autoradiograph (courtesy of Madhabananda Sar and Walter E. Stumpf) shows the endometrial cells from the uterus of a guinea pig 15 minutes after an injection of radioactive progesterone. The radioactivity has concentrated within the nuclei of the endometrial cells as shown by the dark grains superimposed on the images of the nuclei. The same effect is seen when radioactive estrogens are administered.

The cells of the endometrium are target cells for both progesterone and estrogens, preparing the uterus for possible pregnancy. [Link to discussion] 

Nontarget cells (e.g. liver cells or lymphocytes) show no accumulation of female sex hormones. Although their DNA contains the response elements, their cells do not have the protein receptors needed.

The Steroid Hormone Receptor Superfamily

The zinc-finger proteins that serve as receptors for glucocorticoids and progesterone are members of a large family of similar proteins that serve as receptors for 

· other steroid hormones like 

· the mineralocoid aldosterone 

· estrogens
· the thyroid hormone, T3 

· calcitriol, the active form of vitamin D 

· relatives of vitamin A 

In every case, the receptors consists of at least three functional modules or domains. From N-terminal to C-terminal, these are: 

· a domain needed for the receptor to activate the promoters of the genes being controlled 

· the zinc-finger domain needed for DNA binding (to the response element) 

· the domain responsible for binding the particular hormone as well as the second unit of the dimer.

The Thyroid and Parathyroids
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The thyroid gland is a double-lobed structure located in the neck. Embedded in its rear surface are the four parathyroid glands. 

	Link to graphic showing the location of the thyroid, parathyroids, and other endocrine glands (92K).


The Thyroid Gland

The thyroid gland synthesizes and secretes: 

· thyroxine (T4) 

· triiodothyronine (T3) 

· calcitonin
T4 and T3
T4 and T3 are derivatives of the amino acid tyrosine with three (T3) or four (T4) atoms of iodine. These two hormones have many effects on the body. Among the most prominent of these are: 

· an increase in metabolic rate (seen by a rise in the uptake of oxygen) 

· an increase in the rate and strength of the heart beat

The cells responsible for the synthesis and release of T4 and T3 take up circulating iodine from the blood. This action as well as the synthesis of the hormones is stimulated by the interaction of TSH on transmembrane receptors at the cell surface. 

Diseases of the thyroid

1. hypothyroid diseases; caused by inadequate secretion of thyroid hormones

· cretinism: hypothyroidism in infancy and childhood leads to stunted growth and intelligence. Can be corrected by giving thyroxine if started early enough. 

· myxedema: hypothyroidism in adults leads to lowered metabolic rate and vigor. Corrected by giving thyroxine. 

· goiter: enlargement of the thyroid gland. Often caused by inadequate iodine in the diet with resulting low levels of T4 and T3. Why should a hypothyroid disease produce an enlarged gland? The activity of the thyroid is under negative feedback control: 

· the synthesis and release of TRH and TSH is normally inhibited as the levels of T4 and T3 rise in the blood. 

· When the iodine supply is inadequate, T4 and T3 levels fall 

· this stimulates the hypothalamus and pituitary to increased TRH and TSH activity respectively. This stimulates the thyroid gland to enlarge (fruitlessly).

The symptoms of hypothyroidism can also result from inherited mutations in the genes encoding: 

· the receptor for TSH (present on the surface of thyroid cells) or 

· the receptor for T3 (present in the nucleus of almost all cells)

The T3 receptor is a protein located within the nucleus. When it binds its ligand, T3, it becomes a transcription factor binding to the thyroid response element in the promoters of the many genes whose expression is influenced by thyroid hormones. 

	Link to a discussion of the family of hormone receptors to which the T3 receptor belongs. Includes a stereo view of a similar receptor binding to its response element.


2. hyperthyroid diseases; caused by excessive secretion of thyroid hormones

Graves´ disease. Autoantibodies against the TSH receptor bind to the receptor mimicking the effect of TSH binding. Result: excessive production of thyroid hormones. Graves´ disease is an example of an autoimmune disease. 



Calcitonin

Calcitonin is a polypeptide of 32 amino acids. The thyroid cells in which it is synthesized have receptors that bind calcium ions (Ca2+) circulating in the blood. These cells monitor the level of circulating Ca2+. A rise in its level stimulates the cells to release calcitonin. 

· bone cells respond by removing Ca2+ from the blood and storing it in the bone 

· kidney cells respond by increasing the excretion of Ca2+
Both types of cells have surface receptors for calcitonin. 

Because it promotes the transfer of Ca2+ to bones, calcitonin has been examined as a possible treatment for osteoporosis, a weakening of the bones that is a leading cause of hip and other bone fractures in the elderly. Being a polypeptide, calcitonin cannot be given by mouth (it would be digested), and giving by injection is not appealing. However, inhaling calcitonin appears to be an effective way to get therapeutic levels of the hormone into the blood. A synthetic version of calcitonin (trade name = Miacalcin) is now available as a nasal spray. 



The Parathyroid Glands

The parathyroid glands are 4 tiny structures embedded in the rear surface of the thyroid gland. They secrete parathyroid hormone (PTH) a polypeptide of 84 amino acids. PTH has three functions, all of which increase the concentration of Ca2+ in the blood. PTH promotes 

· release of Ca2+ from the huge reservoir in the bones. (99% of the calcium in the body is incorporated in our bones.) 

· reabsorption of Ca2+ from the fluid in the tubules in the kidneys 

· absorption of Ca2+ from the contents of the intestine (this action is mediated by calcitriol, the active form of vitamin D.) 

Control of the Parathyroids: the calcium receptor

The cells of the parathyroid glands have surface receptors that bind Ca2+ (the same type of receptor is found on the calcitonin-secreting cells of the thyroid and on the calcium absorbing cells of the kidneys). Binding of Ca2+ to this receptor depresses the secretion of PTH and thus leads to a lowering of the concentration of Ca2+ in the blood. Two classes of inherited disorders involving mutant genes encoding the Ca2+ receptor occur: 

· loss-of-function mutations with the mutant receptor always "off". Patients with this disorder have high levels of Ca2+ in their blood and excrete small amounts of Ca2+ in their urine. This causes hyperparathyroidism. 

· gain-of-function mutations with the mutant receptor always "on" (as though it had bound Ca2+). People with this disorder have low levels of Ca2+ in their blood and excrete large amounts of Ca2+ in their urine. This causes hypoparathyroidism.

Hyperparathyroidism

Tumors in the parathyroids elevate the level of PTH causing a rise in the level of blood Ca2+ at the expense of calcium stores in the bones. So much calcium may be withdrawn from the bones that they become brittle and break.

Until recently, treatment has been the removal of most - but not all - of the parathyroid tissue (i.e. the goal is the removal of 3 1/2 glands). Now clinical trials have begun on a drug (designated R-568) that mimics the action of calcium on the parathyroids, resulting in a drop in PTH and blood Ca2+ and sparing the calcium stores in the bone.

Hypoparathyroidism

Causes: 

· accidental removal of or damage to the parathyroids during neck surgery 

· inherited mutations in the PTH gene 

· inherited predisposition to an autoimmune attack against the parathyroids (and other glands) 

· inherited defect in the embryonic development of the parathyroids (DiGeorge syndrome) 

Treatment: 

· give calcium supplements 

· give calcitriol 1,25[OH]2 Vitamin D3 

· a synthetic version of PTH (containing only the 34 amino acids at the N-terminal) works but is not yet available for general use. 

Stem Cells

Stem cells are cells that display two properties: when they divide by mitosis the daughter cells can either 

· enter a path leading to a fully-differentiated cell or 

· remain a stem cell thus ensuring that the pool of stem cells is not "used up". 

Several adjectives are used to describe the developmental potential of stem cells; that is, the number of different kinds of differentiated cell that they can become. 

1. Totipotent cells. In mammals, totipotent cells have the potential to become 

· any type in the adult body; 

· any cell of the extraembryonic membranes (e.g.,placenta).

The only totipotent cells are the fertilized egg and the first 4 or so cells produced by its cleavage (as shown by the ability of mammals to produce identical twins, triplets, etc.). 

In mammals, the expression totipotent stem cells is a misnomer: these cells fail to meet the second criterion - they cannot make more of themselves. 
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make any differentiated cell in the body, but cannot contribute to making the extraembryonic membranes (which are derived from the trophoblast). 

Three types of pluripotent stem cells have been found 

· Embryonic Stem (ES) Cells. These can be isolated from the inner cell mass (ICM) of the blastocyst - the stage of embryonic development when implantation occurs. 

· Embryonic Germ (EG) Cells. These can be isolated from the precursor to the gonads in aborted fetuses. 

· Embryonic Carcinoma (EC) Cells. These can be isolated from teratocarcinomas, a tumor that occasionally occurs in a gonad of a fetus. Unlike the other two, they are usually aneuploid. 

All three of these types of pluripotent stem cells 

· can only be isolated from embryonic or fetal tissue; 

· can be grown in culture, but only with special methods to prevent them from differentiating. 

3. Multipotent stem cells. These are true stem cells but can only differentiate into a limited number of types. For example, the bone marrow contains multipotent stem cells that give rise to all the cells of the blood but not to other types of cells. [Discussion] 

Multipotent stem cells are found in adult animals; perhaps every organ in the body (brain, liver) contains them where they can replace dead or damaged cells. 

Using Stem Cells for Human Therapy - The Dream

Many medical problems arise from damage to differentiated cells. 

Examples: 

· Insulin-dependent diabetes mellitus (IDDM) where the beta cells of the pancreas have been destroyed by an autoimmune attack; 

· Parkinson's disease; where dopamine-secreting cells of the brain have been destroyed; 

· spinal cord injuries leading to paralysis of the skeletal muscles; [View] 

· ischemic stroke where a blood clot in the brain has caused neurons to die from oxygen starvation; 

· multiple sclerosis with its loss of myelin sheaths around axons. 

The great developmental potential of stem cells has created intense research into enlisting them to aid in replacing the lost cells of such disorders. 

While some success has been achieved with laboratory animals, not much has yet been achieved with humans. 

Using Stem Cells for Human Therapy - The Problems

One major problem that must be solved before human stem cell therapy becomes a reality is the threat of rejection of the transplanted cells by the host's immune system. 

	Link to discussions of 

· the problems 

· the immunological basis of them

	


Adrenal Gland & GAS

Adrenal gland - outer cortex & inner medulla 

1. Cortex secretes steroid hormones derived from cholesterol 

2. Attached to transport proteins in blood & degraded in liver 

3. Essential for life 

	Cholesterol
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Adrenal androgens 

small amounts, promote protein synthesis & growth, excess produces masculinizing effects, dependent on age 

Aldosterone 

major mineralocorticoid, acts on kidney, regulates H2O & electrolyte balance 

1. Secretion stimulated by dehydration, low Na+, low ECF volume, or high K+ 

a. increases Na+ kidney tubular reabsorption & prevents Na+ depletion 

b. H2O retained by osmosis, increasing ECF volume & blood pressure 

c. increases retention of Cl- & HCO3- which increases buffering capacity of blood 

d. decreases tubular reabsorption of K+ & increases K+ excretion 

e. promotes excretion of H+ & reduces blood acidity 

2. Secretion stimulated by decrease in blood volume & pressure, stimulates adrenal cortex via renin-angiotensin mechanism to release aldosterone 

3. Adrenal failure - death in 3-5 days 

Glucocorticoids 

regulate metabolism, resistance to stress, help body to adapt to external changes & irregular food intake 

1. Secreted on diurnal cycle associated with activity level 

2. Cortisol (hydrocortisone), corticosterone & cortisone 

3. Increases liver gluconeogenesis from amino acids & lactic acid, increasing blood glucose levels without reducing glycogen stores 

4. Increases protein breakdown in muscle, amino acid transport to liver to synthesize plasma proteins or to other cells for ATP synthesis, reduces stored tissue protein 

5. Increases lipid breakdown in adipose & mobilizes fatty acids for cellular respiration, save glucose for the brain 

6. Stress resistance - above & vasoconstriction to raise blood pressure 

7. Inhibit cellular inflammatory response (mast cells, phagocytes) but also retard wound healing, depresses cartilage & bone formation, good for chronic inflammatory disorders 

8. Depress immune response - high doses in organ transplants 

Adrenal medulla 

cells directly innervated by sympathetic nerves from hypothalamus 

1. secretes epinephrine & norepinephrine 

2. increases heart rate & force, dilates airways, decreases digestion, stimulates cellular metabolism, fight or flight response 

General Adaptation Syndrome (GAS) 

proposed by Hans Selye - prepares body for emergencies 

1. Alarm Reaction - neural reflexes, fight or flight response 

a. initiated by hypothalamic stimulation of sympathetic nerves (ANS) & the adrenal medulla 

b. fast reaction but short term 

c. neural, skeletal muscle, cardiovascular & respiratory activities increased, digestive & U-G shut down 

2. Resistance Reaction - hormonal reflexes 

a. hypothalamus releases CRH, GH-RH & TRH which causes ACTH, hGH & TSH to be released 

b. slower acting but long term 

3. Exhaustion - resources depleted, resistance cannot be sustained, homeostatic failure 

The Adrenal Glands 

Anatomy of the adrenal glands:
Adrenal glands, which are also called suprarenal glands, are small, triangular glands located on top of both kidneys. An adrenal gland is made of two parts: the outer region is called the adrenal cortex and the inner region is called the adrenal medulla.

Function of the adrenal glands:
The adrenal glands work interactively with the hypothalamus and pituitary gland in the following process: 
· the hypothalamus produces corticotropin-releasing hormones, which stimulate the pituitary gland. 
· the pituitary gland, in turn, produces corticotropin hormones, which stimulate the adrenal glands to produce corticosteroid hormones. 
Both parts of the adrenal glands -- the adrenal cortex and the adrenal medulla -- perform very separate functions.

What is the adrenal cortex?
The adrenal cortex, the outer portion of the adrenal gland, is essential to life by secreting hormones that have an effect on the body's metabolism, on chemicals in the blood, and on certain body characteristics. The adrenal cortex secretes corticosteroids and other hormones directly into the bloodstream The hormones produced by the adrenal cortex include: 
· corticosteroid hormones 
· hydrocortisone hormone - this hormone, also known as cortisol, controls the body's use of fats, proteins, and carbohydrates. 
· corticosterone - this hormone, together with hydrocortisone hormones, suppresses inflammatory reactions in the body and also affects the immune system. 
· aldosterone hormone - this hormone inhibits the level of sodium excreted into the urine, maintaining blood volume and blood pressure. 
· androgenic steroids (androgen hormones) - these hormones have minimal effect on the development of male characteristics. 
What is the adrenal medulla?
The adrenal medulla, the inner part of the adrenal gland, is not essential to life, but helps a person in coping with physical and emotional stress. The adrenal medulla secretes the following hormones: 
· epinephrine (also called adrenaline) - this hormone increases the heart rate and force of heart contractions, facilitates blood flow to the muscles and brain, causes relaxation of smooth muscles, helps with conversion of glycogen to glucose in the liver, and other activities
· norepinephrine (also called noradrenaline) - this hormone has little effect on smooth muscle, metabolic processes, and cardiac output, but has strong vasoconstrictive effects, thus increasing blood pressure. 
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