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paired, pyramid-shaped organs

located on the upper poles of each kidney

averaging 3-5 cm in length, weigh 1.5-2.5 gr

The Adrenal Glands

 the outer cortex (derived 

from mesodermal tissue, 

account for ~90% of the 

weight of the adrenals)

 the inner medulla (derived 

from a subpopulation of 

neural crest)



The Adrenal Glands

maintaining homeostasis  role in the regulation:

– of the body’s adaptive response to stress

– in the maintenance of body water, Na and K balance

– in the control of blood pressure

the main hormones:

1) the steroid hormones (glucocorticoids, 

mineralocorticoids, androgens)

2) the catecholamines (norepinephrine, epinephrine)

The AG has 2 different embryologic origins, which 

influence the mechanisms that control hormone 

production by each of the 2 components.



The Adrenal Cortex



The Adrenal Cortex (cont.)



Functional Anatomy and Zonation

The adrenal cortex contains three histologically distinct 

zones (from outside to inside): 

– the zona glomerulosa

– zona fasciculata

– zona reticularis

Hormones secreted by the adrenal cortex include:

– glucocorticoids

– aldosterone

– adrenal androgens



The glucocorticoids 

cortisol and 

corticosterone, and the 

androgen 

dehydroepiandrosterone, 

are synthesized in the 

zona fasciculata and 

zona reticularis of the 

adrenal cortex.

The mineralocorticoid 

aldosterone is 

synthesized in the zona

glomerulosa of the 

adrenal cortex.

Molina PE: Endocrine Physiology, 3rd ed.

Zonation



Adrenal steroid hormones are synthesized from cholesterol, 

by four CYP enzymes (cytochrome P450 enzymes = a large 

family of oxidative enzymes with a 450 nm absorbance 

maximum when complexed with carbon monoxide).

Cholesterol for the synthesis of the adrenal cortical 

hormones comes from cholesterol esters stored in the cells. 

Stored cholesterol is derived mainly from LDL particles 

circulating in the blood, but it can also be synthesized de 

novo from acetate within the AG.

The conversion of cholesterol to pregnenolone in 

mitochondria is the common first step in the synthesis of all 

adrenal steroids and occurs in all three zones of the cortex.

Synthesis of the adrenal cortical hormones



Steroidogenic Enzymes





Genetic Defects in Adrenal 

Steroidogenesis

can cause relative or absolute deficiencies in the enzymes 

involved in the steroid hormone biosynthetic pathways

The immediate consequences of these defects are changes 

in the types and amounts of steroid hormones secreted by 

the adrenal cortex. The end result is disease.

Most of the genetic defects affecting the steroidogenic

enzymes impair the formation of cortisol. 

A drop in cortisol concentration in the blood stimulates the 

secretion of ACTH which exerts a growth-promoting effect 

on the adrenal cortex  adrenal hypertrophy / congenital 

adrenal hyperplasia.



Transport of Adrenal Steroids in 

Blood

Steroid hormones are not stored to any extent by cells of 

the adrenal cortex but are continually synthesized and 

secreted.

A large fraction of the adrenal steroids that enter the 

bloodstream become bound to certain plasma proteins:

 corticosteroid-binding globulin, a glycoprotein produced 

by the liver, binds glucocorticoids and aldosterone, but 

has a greater affinity for the glucocorticoids

 serum albumin - has a high capacity for binding steroids, 

but its interaction with steroids is weak



The binding of a steroid hormone to a circulating protein 

molecule prevents it from being taken up by cells or 

being excreted in the urine.

Circulating steroid hormone molecules not bound to 

plasma proteins are free to interact with receptors on 

cells and, therefore, are cleared from the blood. 

Bound hormone dissociates from its binding protein and 

replenishes the circulating pool of free hormone. 

 adrenal steroid hormones have long half-lives in the body (from 

many minutes to hours).

Transport of Adrenal Steroids in 

Blood



Metabolism of adrenal steroids

Adrenal steroid hormones are eliminated from the body 

primarily by excretion in the urine after they have been 

structurally modified to destroy their hormone activity 

and increase their water solubility (primarily in the liver).

The liver is the main site for the metabolism of adrenal 

steroids, which are conjugated to glucuronic acid and 

excreted in the urine.



Regulation of the Synthesis of 

Adrenal Steroids



Regulation of the Synthesis of 

Adrenal Steroids

ACTH increases glucocorticoid and androgen synthesis 

in adrenal cortical cells in the zona fasciculata and zona

reticularis by increasing intracellular cAMP (cAMP

activates protein kinase A, which phosphorylates 

proteins that regulate steroidogenesis).

ACTH also has a trophic effect on these cells.

Angiotensin II stimulates aldosterone synthesis in the 

cells of the zona glomerulosa by increasing cytosolic 

calcium and activating protein kinase C.

hypoNaemia, hyperKaemia stimulate, ANP inhibits 

aldosterone secretion



The main actions of ACTH 

on steroidogenesis

ACTH binds to plasma 

membrane receptors, which are 

coupled to adenylyl cyclase 

(AC) by stimulatory G proteins 

(Gs). 

cAMP rises in the cells and 

activates protein kinase A 

(PKA), which then 

phosphorylates certain proteins 

(PProteins).

These proteins presumably 

initiate steroidogenesis and 

stimulate the expression of 

genes for steroidogenic

enzymes.



The action of angiotensin II on 

aldosterone synthesis

Angiotensin II (AII) binds to 

receptors on the plasma 

membrane of zona

glomerulosa cells. This 

activates phospholipase C 

(PLC), which is coupled to 

the angiotensin II receptor 

by G proteins (Gq). 

PLC hydrolyzes 

phosphatidylinositol 4,5 

bisphosphate (PIP2) in the 

plasma membrane, 

producing inositol 

trisphosphate (IP3) and 

diacylglycerol (DAG). 



The action of angiotensin II on 

aldosterone synthesis

IP3 mobilizes intracellularly

bound Ca2. 

The rise in Ca2 and DAG 

activates protein kinase C 

(PKC) and 

calmodulindependent

protein kinase (CMK). 

These enzymes 

phosphorylate proteins (P-

Proteins) involved in 

initiating aldosterone 

synthesis.



Mechanism of Action

Glucocorticoids bind to glucocorticoid receptors in the 

cytosol of target cells. 

The glucocorticoid-bound receptor translocates to the 

nucleus and then binds to glucocorticoid response 

elements in the DNA to increase or decrease the 

transcription of specific genes.

Glucocorticoids are essential to the adaptation of the 

body to fasting, injury, and stress.



Glucocorticoids

Cortisol (very potent, accounts for about 95 percent of all

glucocorticoid activity) 

Corticosterone (provides about 4 percent of total

glucocorticoid activity, but much less potent than cortisol) 

Cortisone (almost as potent as cortisol)

Prednisone (synthetic, four times as potent as cortisol)

Methylprednisone (synthetic, five times as potent as 

cortisol) 

Dexamethasone (synthetic, 30 times as potent as 

cortisol) 



Effects of Glucocorticoides

Metabolic effects: 

– catabolic, antianabolic, diabetogenic effects

The Anti-inflammatory Action of Glucocorticoids

Effects on the Immune System

Maintenance of the Vascular Response to 

Norepinephrine

Glucocorticoids and Stress

Regulation of Glucocorticoid Secretion

 Glucocorticoids Play a Role in the Reactions to Fasting, 

Injury, and Stress



Effects of Cortisol on 

Carbohydrate Metabolism

Stimulation of Gluconeogenesis

– Cortisol increases the enzymes required to convert

amino acids into glucose in the liver cells

– Cortisol causes mobilization of amino acids from the

extrahepatic tissues mainly from muscle

Decreased Glucose Utilization by Cells

Elevated Blood Glucose Concentration and “Adrenal

Diabetes.” 



Effects of Cortisol on Protein 

Metabolism

Reduction in Cellular Protein 

Cortisol Increases Liver and Plasma Proteins

Increased Blood Amino Acids, Diminished Transport of

Amino Acids into Extrahepatic Cells, and Enhanced

Transport into Hepatic Cells



Effects of Cortisol on Fat 

Metabolism

Mobilization of Fatty Acids

Obesity Caused by Excess Cortisol



Cortisol Is Important in Resisting

Stress and Inflammation

Anti-Inflammatory Effects of High Levels of Cortisol

Cortisol Prevents the Development of Inflammation by 

Stabilizing Lysosomes and by Other Effects

Cortisol Causes Resolution of Inflammation

Cortisol Blocks the Inflammatory Response to Allergic

Reactions



Cortisol effects in preventing

inflammation

Cortisol stabilizes the lysosomal membranes

Cortisol decreases the permeability of the capillaries

Cortisol decreases both migration of white blood cells

into the inflamed area and phagocytosis of the dam-

aged cells

Cortisol suppresses the immune system, causing lym-

phocyte reproduction to decrease markedly

Cortisol attenuates fever mainly because it reduces the

release of interleukin-1 from the white blood cells



Mineralocorticoids

Aldosterone (very potent, accounts for about 90 percent

of all mineralocorticoid activity) 

Deoxycorticosterone (1/30 as potent as aldosterone, but 

very small quantities secreted) 

Corticosterone (slight mineralocorticoid activity) 

9α-Fluorocortisol (synthetic, slightly more potent than

aldosterone) 

Cortisol (very slight mineralocorticoid activity, but large

quantity secreted) 

Cortisone (slight mineralocorticoid activity) 



The physiological action of aldosterone is to stimulate 

sodium reabsorption in the kidneys by the distal tubule 

and collecting duct of the nephron and to promote the 

excretion of potassium and hydrogen ions.

Aldosterone secretion is stimulated by an increase in the 

potassium concentration in extracellular fluid, caused by 

a direct effect of potassium on zona glomerulosa cells.

Effects of Mineralocorticoides



Regulation of Aldosterone 

Secretion

Increased potassium ion concentration in the extracellular

fluid greatly increases aldosterone secretion. 

Increased angiotensin II concentration in the extracellular

fluid also greatly increases aldosterone secretion. 

Increased sodium ion concentration in the extracellular

fluid very slightly decreases aldosterone secretion. 

ACTH from the anterior pituitary gland is necessary for

aldosterone secretion but has little effect in controlling the

rate of secretion in most physiological conditions. 



Hypercorticism

causes: ACTH or adrenal tumor 

symptoms: 

– muscle weakness and atrophy

– accumulation and redistribution of fat (facies lunata)

– hyperglycaemia

– immunity disorders

– osteoporosis

– hypertension

– hypokalaemia

– alkalosis



Cushing’s syndrome, Cushing’s disease

hyperadrenalism – hypercortisolism. 

Causes:

adenomas of the anterior pituitary that secrete large

amounts of ACTH, which causes adrenal hyperplasia

and excess cortisol secretion;

abnormal function of the hypothalamus that causes high

levels of CRH, which stimulates excess ACTH release; 

“ectopic secretion” of ACTH by a tumor elsewhere in the

body, such as an abdominal carcinoma; 

adenomas of the adrenal cortex



Signs and symptoms:

mobilization of fat from the lower part of the body, with

concomitant extra deposition of fat in the thoracic and 

upper abdominal regions, giving rise to a buffalo torso. 

an edematous appearance of the face, acne and 

hirsutism (“moon face”)

hypertension, hyperglycemia, severe muscle weakness, 

large purplish striae, severe osteoporosis with

consequent weakness of the bones. 

Cushing’s syndrome, Cushing’s disease



Cushing’s syndrome, Cushing’s disease 

buffalo hump, moon face

striae rubrae



Primary Aldosteronism - Conn’s Syndrome

• hyperadrenalism – hyperaldosteronism. 

Causes:

a small tumor of the zona glomerulosa cells or

hyperplastic adrenal cortices that secrete aldosterone 

rather than cortisol. 

Signs and symptoms:

hypokalemia  occasional periods of muscle paralysis, 

mild metabolic alkalosis, 

hypertension  headaches,

a decreased plasma renin concentration



Adrenogenital Syndrome

An occasional virilizing adrenocortical tumor secretes

excessive quantities of androgens that cause intense 

masculinizing effects throughout the body: 

in a female: virile characteristics, including growth of a 

beard, a much deeper voice, occasionally baldness, 

masculine distribution of hair on the body and the pubis, 

growth of the clitoris to resemble a penis, and deposition

of proteins in the skin and especially in the muscles to 

give typical masculine characteristics. 



In the prepubertal male: a virilizing adrenal tumor causes

the same characteristics as in the female plus rapid 

development of the male sexual organs.

In the adult male: the virilizing characteristics of

adrenogenital syndrome are usually obscured by the

normal virilizing characteristics of the testosterone 

secreted by the testes. The excretion of 17-ketosteroids 

(derived from androgens) in the urine may be 10 to 15 

times normal. 

Adrenogenital Syndrome



Hypocorticism

causes: ACTH or destruction of AG

symptoms: 

– fatigue

– anorexia

– hypoglycaemia

– natriuresis, dehydratation

– hypotension

– hyperkalaemia, hyponatriaemia

– metabolic acidosis

– hyperpigmentation in primary Addison’s disease



Primary Addison’s disease

Hyperpigmentation of the skin may be seen, as well as 

darkening of the palmar skin creases (e.g., of the hands), 

nipple, and the inside of the cheek (buccal mucosa), old 

scars may darken, sites of friction, the vermilion border of 

the lips, and genital skin. 

This occurs because MSH and ACTH share the same 

precursor molecule, POMC. After production in the anterior 

pituitary gland, POMC gets cleaved into gamma-MSH, ACTH, 

and beta-lipotropin. The subunit ACTH undergoes further 

cleavage to produce alpha-MSH, the most important MSH for 

skin pigmentation. 

In secondary and tertiary forms of adrenal insufficiency, 

skin darkening does not occur, as ACTH is not 

overproduced.



Classic darkening of the skin due 

to increased pigment as seen in 

Addison's disease
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The Adrenal Medulla



The catecholamines epinephrine (adrenaline) and 

norepinephrine (noradrenaline) are synthesized and secreted 

by the chromaffin cells of the adrenal medulla.

Catecholamines interact with four adrenergic receptors 

(alpha 1, 2, beta 1, 2) that mediate the cellular effects of the 

hormones. 

Catecholamines have rapid, widespread effects.

The Adrenal Medulla



Stimuli such as injury, anger, pain, cold, strenuous exercise, 

and hypoglycemia generate impulses in the cholinergic 

preganglionic fibers innervating the chromaffin cells, resulting 

in the secretion of catecholamines.

To counteract hypoglycemia, catecholamines stimulate 

glucose production in the liver, lactate release from muscle, 

and lipolysis in adipose tissue.

The Adrenal Medulla



Catecholamine Physiologic 

Effects



Catecholamine-Mediated 

Responses to Hypoglycemia



Effects of epinephrine vs. 

norepinephrine

effect epinephrine norepinephrine

peripheral resistance - +++

systolic BP ++ +++

diastolic BP 0- +++

cardiac output ++ -

vasodilation - 0

glycogenolysis +++ +

lipolysis +++ +++

bronchodilation ++ 0

- negative inhibitory effect, + positive stimulatory effect, 0 no effect



Hypercatecholamine States

Cause: chromaffin-cell tumors = catecholamine producing 

endocrine neoplasms (e.g., pheochromocytoma)

Symptoms: 

– hypertension (paroxysmal)

– hyperglycaemia

– hypermetabolism



no significant symptoms - compensated by the 

sympathetic NS catecholamine production

Hypocatecholamine States



Glucocorticoid production and release is under ACTH 

regulation.

Mineralocorticoid release is under angiotensin II and K+ 

regulation.

Steroid hormone receptors undergo conformational

changes upon hormone binding that allow them to bind

to DNA and stimulate gene transcription.

Specificity of the mineralocorticoid receptor is conferred

by conversion of glucocorticoids to cortisone by 11beta-

hydroxysteroid dehydrogenase.

The Adrenal Gland - Key Concepts



Glucocorticoids facilitate fuel mobilization, decrease

glucose utilization, and produce immunosupression.

Aldosterone regulates body sodium balance and 

stimulates excretion of potassium.

Catecholamine release is under sympathetic neural

control.

The response to stress by the host relies on close

interaction between steroid hormones and 

catecholamines to ensure adequate fuel mobilization and 

hemodynamic control.

The Adrenal Gland - Key Concepts


