ENDOCRINOLOGY AND METABOLISM / WEEK 4

PHYSIOLOGY OF THE ADRENAL CORTEX

Dr. Morris Pudek

Objectives 

1. Describe the physiological functions of cortisol, aldosterone, and adrenal androgens. 

2. Outline the biosynthetic pathway from cholesterol to cortisol, aldosterone, and the adrenal androgens. 

3. Describe factors regulating the secretion of cortisol, aldosterone, and adrenal androgens. 

4. Understand in general terms the metabolic fate of the adrenal steroids. 

Anatomy of the Adrenal Gland 


The adrenal glands are situated at the upper pole of each kidney. In the adult the adrenal cortex, which constitutes 90% of the gland volume, is made up of three distinct layers. The outer layer is called the zona glomerulosa. The wide middle layer and the inner layer are called the zona fasciculata and the zona reticularis respectively. These three layers secrete steroid hormones that may have mineralocorticoid, glucocorticoid, or androgen functions. The gland is highly vascular with a complex venous circulation that is believed to playa role in regulating steroid hormone synthesis. 


The adrenal medulla consists of sheets of irregular cells with small nuclei called chromaffm cells. These cells synthesize and secrete the catecholamines. 
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Structure of Adrenal Steroid Hormones 


All adrenal steroids secreted by the adrenal cortex (adrenocorticosteroids) have the same basic cyclopentanoperhydrophenanthrane nucleus consisting of three 6-carbon hexane rings and one 5-carbon ring. The steroid molecules with 21 carbon atoms and a hydroxyl group at the carbon-17 position are termed 17 -hydroxysteroids. The steroid structures with 19 carbon atoms with a ketone group at C-1 7 are termed ketosteroids. The adrenal androgens contain 19 carbon atoms. 


There are three major functional groups of steroids secreted by the adrenal cortex. These are the mineralocorticoids secreted by the zona glomerulosa and the glucocorticoids and androgens secreted by the zona reticularis and zona fasciculata. Relatively minor differences in the chemical structure result in major differences in the physiological function of the steroid molecules. 


The adrenal medulla secretes the catecholamines. These molecules are not related in structure to the adrenal steroids and have very different physiological functions. 
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Function of Glucocorticoids (Cortisol)


The glucocorticoids (primarily cortisol in humans) are synthesized and secreted by the zona fasciculata and the zona reticularis. These steroid molecules are involved in the regulation of carbohydrate, protein, and lipid metabolism. Cortisol at high concentrations also demonstrates mineralocorticoid activity. These hormones are essential for life, especially when the human body is subjected to a stress such as surgery, major illness, or severe trauma. Cortisol concentrations increase greatly during these stresses, with the output of cortisol from the adrenal glands increasing from 25 mg/day to as high as 300 mg/day. Stress induces the release of numerous mediator substances such as catecholamines and kinins that can affect cardiovascular function, and, if unchecked, can lead to cardiovascular collapse. The glucocorticoids block mediator production and action and prevent them from becoming life threatening. 


Intermediary metabolism:


The overall metabolic action of glucocorticoids is catabolic, promoting protein and lipid breakdown and inhibiting protein synthesis in muscle, connective tissue, adipose tissue, and lymphoid cells. Wound healing is inhibited, and osteoporosis is promoted. Glucocorticoids, however, have an anabolic effect on liver metabolism. The effects of cortisol are antagonistic to those of insulin, increasing the concentration of glucose by stimulating gluconeogenesis. The amino acids and glycerol released by the catabolic action of cortisol on protein and fat are used as gluconeogenic substrates. Cortisol increases the synthesis and activity of numerous enzymes in the liver that are involved in amino acid and glucose 

metabolism. Cortisol also decreases glucose utilization by muscle and promotes lipolysis in adipose tissue. The net effect is increased production and conservation of glucose for use by essential tissues, such as the brain and red blood cells, at the expense of "less essential" tissues during times of stress or starvation. 


Blood pressure: 


Cortisol also contributes to the maintenance of normal blood pressure through several mechanisms. Cortisol increases urine flow by stimulating glomerular filtration rate and decreasing water resorption. At high concentrations, however, cortisol can act like a mineralocorticoid promoting sodium and water retention and causing hypokalemia. Cortisol  interacts avidly with the mineralocorticoid receptor. In fact, free serum cortisol levels are 150- fold higher than free serum aldosterone levels; therefore the mineralocorticoid receptor is saturated by cortisol in most tissues except the kidney. Renal cells rapidly convert cortisol to cortisone, allowing aldosterone to be the predominant regulator of renal sodium resorption and potassium excretion. Also in high concentration, cortisol may increase angiotensinogen (renin substrate) synthesis by the liver, increases the vascular reactivity to vasoconstrictors, is required for the activity of the enzyme responsible for converting norepinephrine to epinephrine in the adrenal edulla, which can affect cardiac output, decreases the activity of the vasodilatory kinin and prostaglandin systems, and can promote movement of sodium from the cellular compartment to the vascular compartment resulting in ECFV expansion (see Fig. 10-6, p.369 in your text).


Immune function: 


The hematologic effects of cortisol are multiple, causing leukocytosis through decreasing the movement of PMNs out of the vascular compartment, neutrophilia, lymphocytopenia, monocytopenia, and eosinopenia. Glucocorticoids also suppress the inflammatory and immune response by stabilizing lysosomes, interfering with leukocyte migration to sites of inflammation, and inhibiting phagocytosis. Some of the glucocorticoid action is mediated through its effects on the production and actions of mediators such as the interleukins and interferons. For more information on cortisol effects see pp. 326 - 329 of your text. 

Function of Mineralocorticoids (Aldosterone) 


Aldosterone is the primary product of the zona glomerulosa with approximately 200 μg produced per day, roughly one hundredth the amount of cortisol synthesized daily. The major physiological functions of aldosterone are (1) regulation of extracellular fluid volume and (2) regulation of potassium metabolism. Its actions are mediated through a high-affinity mineralocorticoid receptor found in a variety of tissues. Its most important action is in the cells of the renal distal convoluted tubule where it promotes sodium resorption in exchange for excretion of potassium. Water passively follows the transported sodium. Cortisol and other corticosteroids such as corticosterone and deoxycorticosterone have some mineralocorticoid activity that can become clinically significant when serum levels of these compounds are elevated. This can occur with the high cortisol levels seen in Cushing's syndrome. Aldosterone in turn has weak glucocorticoid activity, but its concentration is too low to have any physiological effect. 

Function of Adrenal Androgens 


The predominant androgens secreted by the adrenal cortex are dehydroepiandrosterone sulfate (DHEA-S), dehydroepiandrosterone (DHEA), and androstenedione. Small amounts of testosterone (T) dihydoxestosterone (DHT) are also secreted. The average daily production rate of DHEA-S is approximately 30 mg in young men and 20 mg in young women. The half-life of DHEA-S is between 8 and 11 hours, whereas it is only 30 to 60 minutes for the unconjugated androgens. Adrenal androgen production reaches a peak between 20 and 30 years of age and then gradually falls with age to about 20% of peak levels after 70 years. This is in contrast to cortisol production, which does not change with age. 


The biological effects of the adrenal androgens are either direct or indirect. These steroids can be converted by peripheral tissues to the primary sex hormones testosterone, DHT, and estradiol. Adrenal androgens are the major source of testosterone in females. Some direct effects of DHEA have been determined. It can inhibit the enzyme glucose-6-phosphate dehydrogenase, an important factor controlling the synthesis of NADPH, which is required for many important biological reactions including lipogenesis. DHEA may also have important effects on immune regulation. There is also some evidence that low DHEAS levels is associated with cardiovascular disease and also increased risk of osteoporosis.
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Biosynthesis of Adrenocorticosteroids 

All adrenal steroid synthesis begins with cholesterol. Cholesterol in the adrenal tissue may be synthesized in situ from acetate or may come from cholesterol made in the liver and transported to the adrenal glands by low-density lipoprotein. 


The biosynthetic pathway leading to the three major groups of adrenal steroids is outlined in the attached figure. Several of the reactions in steroidogenesis involve cytochrome P-450 enzymes. The rate-limiting step in the synthesis of all steroids is the conversion of cholesterol to pregnenolone. This step is stimulated by ACTH in the zona fasciculata and zona reticularis and by angiotensin II and III in the zona glomerulosa. The pathway leading to progesterone is common to both aldosterone and cortisol synthesis. In the zona reticularis and zona fasciculata, progesterone is hydroxylated at the 17, 21, and 11 positions to form cortisol. Under normal circumstances, 10 to 30 mg of cortisol is synthesized per day. The zona glomerulosa does not contain 17-hydroxylase activity. Instead, hydroxylation occurs at positions 21, 11, and 18; finally a dehydrogenase reaction forms aldosterone. 


The androgens are derived from the major pathways of steroid biosynthesis after cleavage of the side chain attached to carbon 17 in ring D. The adrenal gland production of androgens is significant, indirectly generating 50% of the circulating testosterone in females, mainly through peripheral tissue conversion of testosterone precursors. Androstenedione is the immediate precursor to testosterone. This is not an important source of testosterone in males. 

Transport and Catabolism of Adrenocorticosteroids 


In plasma, aldosterone and cortisol are bound to plasma proteins to different degrees. Aldosterone exists approximately 40% in the free state, whereas 4% of cortisol is free in solution. Albumin and corticosteroid-binding globulin (CBG, transcortin, cortisol-binding globulin) account for most of the binding of these two steroids. CBG is a high-affinity, low-capacity steroid binder, binding 90% of the cortisol under normal circumstances, whereas albumin is a low-affinity, high-capacity binding protein. The proportion of cortisol in the free state greatly increases as the concentration of cortisol exceeds the binding capacity of CBG (approximately 550 nmol/L). The binding affinity of CBG for cortisol is reduced in areas of inflammation. This increases the concentration of free cortisol, therefore increasing its effectiveness at that site. CBG levels are increase in hyper estrogenic states such as those found in pregnant women and in women taking estrogen-containing birth control pills. The free cortisol levels remain normal under these circumstances because of a compensatory increase in total cortisol. Aldosterone is much less affected by these hormonally induced changes. Steroid catabolism is quite complex, and only a brief discussion of it is necessary for the understanding of the pathogenesis and laboratory investigation of adrenal disorders. Most steroids are catabolized by the liver and the kidneys. Examples of the types of reactions that are carried out include further hydroxylation of the steroid nucleus, conjugation with glucuronic acid, and reduction of the double bond in ring A. These transformations increase the water solubility of the steroids, allowing for their excretion into the urine. Only a small portion of aldosterone and cortisol is excreted unmetabolized into the urine. 


The amount of cortisol directly secreted into the urine is related to the proportion of cortisol that circulates in the free from. CBG is saturated at high physiological concentrations of cortisol. Therefore any increase in cortisol above this level will result in a pronounced increase in the amount of cortisol excreted into the urine, making urinary free cortisol a valuable test in the investigation of Crushing's syndrome.

Regulation of Cortisol
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Cortisol released from the adrenal cortex is regulated by the hypothalamic-pituitary-adrenal axis. The hypothalamus synthesizes a 41-amino acid polypeptide; corticotropin-releasing hormone (CRH), which is carried by the circulation to the anterior pituitary gland. There it causes the release of adrenocorticotropic hormone (ACTH), a 39-amino acid polypeptide. The first 18 amino acids are essential for biological activity. ACTH is derived from within the pituitary call from a larger precursor called pro-opiomelanocortin. The ACTH molecule interacts with membrane receptors of the cells of the adrenal cortex and through its second messenger, cyclic AMP, stimulates the rate-limiting step in steroidogenesis (the conversion of cholesterol to pregnenolone) leading to cortisol secretion. The free circulating cortisol acts in a negative-feedback manner to control the release of ACTH from the pituitary gland. Overriding this system of negative-feedback control are the higher centers of the brain, which establish the normal diurnal variation of cortisol. Serum cortisol levels are normally highest in the morning on waking and lowest in the late evening. This pattern is mainly affected by the sleep-wake cycle of the individual. If the sleep-wake cycle is altered, several days are required for the pattern to change. The circadian pattern of ACTH release is controlled by means of CRH secretion from the hypothalamus. Short-term release of cortisol is episodic, following the pattern of ACTH pulses by about 2 to 3 minutes. Stress is another factor that can override the negative feedback of cortisol on ACTH release. Stress stimulates release of neurogenic amines, which in turn stimulates the release of CRH. Eating and excercise can also influence these pulses. The inflammatory cytokines, tumor necrosis factor α, interleukin-l, and interluekin-6, also stimulate the release of ACTH. ACTH levels can increase up to tenfold in times of stress, resulting in high levels of cortisol. Hypoglycemia, which is a form of chemical stress, can also increase CRH release, ultimately leading to an increase in cortisol. This effect is mediated by glucose receptors in the hypothalamus which stimulate the release of CRH. 

Regulation of Aldosterone 
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In normal individuals three main factors control the secretion of aldosterone from the zona glomerulosa; (1) the renin-angiotensin system, (2) potassium, and (3) ACTH. Under normal circumstances, the renin-angiotensin system predominates. Renin is a proteolytic enzyme stored by specialized cells in the wall of the afferent arteriole of the glomerulus. These cells are associated with the macula densa, which is part of the juxtaglomerular apparatus. A drop in blood pressure of serum sodium concentration will result in the release of renin. Renin cleaves a peptide bond in circulating angiotensinogen, a protein secreted by the liver, releasing a decapeptide called angiotensin I. Angiotensin I in turn is cleaved by angiotensin-converting enzyme (ACE), forming an octapeptide called angiotensin II. Angiotensin II is a potent vasoconstrictor that increases blood pressure directly. This peptide also stimulates aldosterone release, which causes sodium retention and potassium loss. Finally, angiotensin II is converted to a heptapeptide, angiotensin ill, by a carboxypeptidase. Angiotensin III still retains the capacity to stimulate aldosterone release but has little pressor activity. 


Potassium stimulates aldosterone secretion directly at the adrenal level. Hyperkalemia stimulates and hypokalemia inhibits renin release. ACTH can also stimulate aldosterone secretion directly, however, this is only an acute phenomenon that is short lived. There is normally a circadian rhythm in plasma aldosterone concentration with highest values occurring in the morning. In addition, there are alterations in aldosterone levels with postural changes. 


Plasma levels range from 50 to 150 ng/L (140 to 420 pmol/L) in healthy individuals when recumbent and from 150 to 300 ng/L (420 to 840 pmol/L) when upright. Approximately 150 to 200 μg of aldosterone is secreted per day under normal circumstances. Dopamine, serotonin, γ- MSH, beta-endorphin, and an unidentified pituitary aldosterone-stimulating factor also participated in aldosterone regulation. 

Regulation of Adrenal Androgens 


Androgen secretion is partially regulated by ACTH but not by gonadotropins. ACTH stimulation is variable, and dexamethasone (a synthetic corticosteroid) administration decreases adrenal androgen production to a dissimilar degree when compared to cortisol. In other instances, as at adrenarche or puberty, or with aging or severe illness, cortisol and androgen production diverge, and such divergence indicates that other factors are playing a role in the regulation of adrenal androgen secretion. These factors may include the arrangement of the blood supply to the adrenal cortex, intrinsic properties of the adrenocortical cells, and other unknown factors exogenous to the adrenal, such as factors from the pituitary. 
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