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Endocrine, Adrenal Cortex: Structure, Function and CAH
Structure
-

-

The adrenal gland sits atop the superior pole of the kidney, outside of the renal capsule
but beneath Gerota fascia.
o The adrenal gland is usually removed with the kidney in a radical nephrectomy,
which is usually performed for a renal neoplasm
The adrenal gland is two separate, unrelated organs:
A. Cortex: an endocrine organ formed from mesothelial cells
B. Medulla: part of the sympathetic nervous system, it is neuroectodermal and
provides a systemic signal from the nucleus tractus solitarius (NTS).
- The cortex has three regions that produce three different
hormones from cholesterol.
1
1. Zona glomerulosa (L. “ball of yarn”): lacks 17α-hydroxylase
and so produces aldosterone. It is under regulation by AT-II
and potassium.
2. Zona fasciculata (L. “bundle”): produces cortisol under
2
regulation by ACTH.
3. Zona reticularis (L. “small net”): produces DHEA, a weak
androgen precursor. DHEA is pleiotropic (i.e. affects many
different cells), including skin (converted to testosterone),
3
vagina (converted to estrogen) and the CNS (many complex
effects).
Medulla

Steroid hormone synthesis

1
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Steroid synthesis: enzyme nomenclature
This is a very difficult area, with many legacy and vernacular names. Use this table as a Rosetta stone
for different articles and references, but do not learn it. Note these 3 enzymes:
1. CAH: 90% are due to 21-hydroxylase deficiency. The CAH deficiencies are not worth the
effort.
2. The cells of the zona glomerulosa lack 17-hydroxylase, and cannot make cortisol or DHEA
3. The cells of the zona reticularis lack 3β-HSD and so cannot make aldosterone or cortisol.

Understanding the biochemistry of steroid synthesis:
-

2

Start with the zona fasciculata and cortisol synthesis.
1. Dehydrogenase……..removes a hydrogen
2. Hydroxylase…………..adds a hydroxyl group
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The cells of the zona glomerulosa do not have 17 hydroxylase
and so cannot make 17-0H progesterone
• Aldosterone is progesterone with 21 hydroxylation and
11 hydroxylation followed by aldosterone synthase
oxidation of the C18 hydroxyl group.
Aldosterone

3
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The cells of the zona reticularis do not have 3β hydroxysteroid dehydrogenase (3β HSD)
• DHEA is pregnenolone without 21
hydroxylation and 11 hydroxylation.
• A small amount of androstenedione is
produced by transitional cell that overlap the
zona fasciculata and zona reticularis. These
have 3β HSD
• DHEA and androstenedione are converted to
DHEA
testosterone in the peripheral tissues that do
have 3β HSD.

Steroid synthesis:

1. The steroid hormones are made from the substrate of cholesterol. While the cells can
make cholesterol de novo, most is derived from LDL.
a. The LDL is taken in from pinocytosis of the LDL / LDL receptor complex

4
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2. Aldosterone is regulated by angiotensin II (ATII), from the juxtaglomerular apparatus of
the kidney and potassium.
• Glomerulosa cells are hyperpolarized through K+ leak channels. When these are
inhibited, voltage-gated Ca+2 channels open and calcium becomes the signal.
• The ATII receptor is Gq. It inhibits the K+ channel and the IP3 effects the release
of Ca+2 from the endoplasmic reticulum. Note that this is similar to the use of K+
channel inhibition in the β cell of the pancreas to release insulin.
• Increased K+ in the serum / interstitial fluid decreases the polarity of the cell
membrane, which activates the voltage-gated Ca+2 channels.
• Aldosterone synthesis is increased acutely by increasing the transfer of
cholesterol into the mitochondria through StAR transporter and chronically by
increasing aldosterone synthetase (aka 11β2)
3. ACTH receptor is a Gsα with ↑CAMP and PKA phosphorylation cascades.
4. As with all steroidogenesis, the rate limiting step is the transfer of cholesterol into the
mitochondria through the StAR transporter.
5. 3β hydroxylase is mostly absent from reticularis cells. This means that the 17OHpregnenolone cannot be converted into aldosterone or cortisol.
6. The cells of the zona glomerulosa lack 17-OH and therefore cannot convert
pregnenolone or progesterone into their 17-OH derivatives in the cortisol or DHEA
pathways.
7. 21β hydroxylase deficiency causes >90% of congenital adrenal hyperplasias.
8. Aldosterone synthase (AKA 11β2) is only found in the zona glomerulosa and is
responsible for the sequential 3 hydroxylation needed to make aldosterone.
9. DHEA is only mildly androgenic. It is considered to be a prohormone as there are no
receptors in the peripheral body. In females, it is converted in peripheral tissue to
testosterone and this to estrogen by aromatase. In males, it is converted to
testosterone.

Congenital Adrenal Hyperplasia: 21-Hydroxylase deficiency
-

-
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There are 2 key ideas to keep in mind in this disease:
1. Female newborns have ambiguous genitalia; males are phenotypically
normal.
2. The immediate risk to the newborn infant is lack of aldosterone, seen in 2/3
of cases. These babies suffer cardiovascular collapse within 1-2 weeks of
delivery from hyponatremia and hypovolemia.
Epidemiology:
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This is a common enough disease that it is now screened for at birth with 17OHprogesterone (≈ 1/15,000 births)
• Autosomal recessive with significant ethnic variation (e.g. ↑ Ashkenazy Jews)
• There is a wide spectrum of disease.
Pathophysiology:
• The enzyme defect results in
 ↓cortisol production with ↑ACTH to compensate in partial defects
 Overabundance production of DHEA with peripheral conversion to
testosterone and masculinization of female fetuses
 In 2/3 of cases, there is ↓aldosterone production with possible vasomotor
collapse from ↓Na+, ↑K+ and hypovolemia.
•

-

-
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Presentation
• The genotype does not correlate precisely with the phenotype, suggesting that
other factors are involved.
• “Classic” presentation means that it presents at birth. “Non-classic” presentation
occurs later in life, such as as early puberty in school age children or abnormal
menses in young women.
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Females:
 Severe (salt-wasting):
• Ambiguous genitalia
• Hypotension from
hypovolemia, ↓Na+ & ↑K+,
1-2 weeks post-delivery
 Mild (simple virilizing)
• Ambiguous genitalia
• Males
 Severe: salt-wasting
 Mild : early puberty
Diagnosis
• 17-hydroxyprogesterone is the
usual screening test.
• It has surprisingly poor sensitivity and other tests are often used to confirm the
diagnosis
• Ultrasound shows enlarged adrenal glands
Treatment
• Inhibition of CRH / ACTH with cortisol
 ACTH increases all parts of synthesis, including the rate-limiting step of
cholesterol transport into the mitochondria through the StAR (Steroid Acute
regulatory protein).
 The deficiency in 21-OH leads to a shift of synthesis to DHEA, which has
peripheral conversion to testosterone.
• Aldosterone if there is severe deficiency
•

-

-

Mineralocorticoids (aldosterone)
-
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Regulation
2. Angiotensin II (ATII)
• Renin is produced by specialized cells in the mesangium of the juxtaglomerular
apparatus (JGA) of the glomerulus under regulation of the macula densa
(prostaglandins) and sympathetic nervous system. Renin cleaves
angiotensinogen to angiotensin I, which converted to angiotensin II by
angiotensin converting enzyme (ACE), produced by endothelial cells in the lung
and in local tissues, especially the kidney.
• ATII stimulates the ATII-R of the cells of the zona glomerulosa.
• The ATII receptor is Gq. It inhibits the K+ channel and the IP3 effects the release
of Ca+2 from the endoplasmic reticulum.
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Glomerulosa cells are hyperpolarized through K+ leak channels. When these
are inhibited, voltage-gated Ca+2 channels open and calcium becomes the
signal.
 Note that this is similar to the use of K+ channel inhibition in the β cell of the
pancreas to release insulin.
2. Serum potassium (K+)
• Increased K+ in the serum / interstitial fluid decreases the polarity of the cell
membrane, which activates the voltage-gated Ca+2 channels.


-

Aldosterone synthesis is increased acutely by increasing the transfer of cholesterol into
the mitochondria through StAR transporter and chronically by increasing aldosterone
synthetase (aka 11β2)

Physiologic Actions of Steroids

Mineralocorticoids (Aldosterone)
•
•
•
•

8

Aldosterone regulates sodium reabsorption in the kidney, colon, sweat gland and
salivary glands.
It diffuses across the cell membrane, binds to a cytoplasmic mineralocorticoid
receptor and the complex is transported into the nucleus.
In the nucleus, the complex binds to response elements that increase and
decrease the activity of transcription factors.
In the collecting tubule of the kidney, it increases the activity of the Na/K ATPase
and upregulates the ENaC. This results in:
 ↑Na+ resorption
 ↑H2O resorption
 ↑K+ excretion
 ↑H+ excretion
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Collecting tubule: Principle cell

Corticosteroids (cortisol)
-
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Regulation
• Regulated by the hypothalamus / pituitary / adrenal (HPA) axis
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The paraventricular nucleus (PVN) of the hypothalamus is the master regulator
of the stress response.
o It also has a critical role in regulation of metabolism and diurnal variation.
o There are other systems that respond to stress, including the sympathetic
nervous system (SNS), prolactin, cytokines and gonadal steroids.
o Hypothalamus response is divided into:
 Reactive response: physiologic stress such as hypovolemia or
infection (i.e. homeostasis)
 Anticipatory response: polysensory of a future stressful event
form the environment (i.e. psychosocial)
o There are many different inputs to the hypothalamus, including:
 Nucleus tractus solitarius: inputs from the SNS directly connect to
the paraventricular nucleus
 Neuropeptides from viscerosensory systems such as osmolality,
blood pressure, metabolic imbalance, etc.
 Limbic, hippocampus and prefrontal cortex, responsible for
psychologic stress
 Cytokines from systemic inflammation
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•

•
•
-
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The PVN releases corticotropin releasing hormone, CRH, (aka corticotropin
releasing factor) in a pulsatile rhythm.
o The neurons release CRH into the interstitium of the median eminence
where it diffuses into the fenestrated capillaries.
o CRH travels down the portal system into the anterior pituitary which is
outside of the blood brain barrier.
The corticotropes (or corticotrophs) of the anterior pituitary have a Gs receptor
and release ACTH in a pulsatile fashion into the blood.
o ACTH is a cleavage product of POMC that not only produces ACTH, but
also melanin-stimulating hormone (MSH)
o ACTH in high enough doses can also stimulate the MSH receptors ,
resulting in hyperpigmented skin
 This is seen in adrenal insufficiency, but not Cushing disease.
ACTH stimulates the cells of the zona fasciculata to produce cortisol (see below:
Steroid hormone synthesis)
Cortisol inhibits synthesis of both CRH and ACTH (i.e. negative feedback).

Physiologic action:
• Cortisol has physiologic effects on most cells and affects 10% of all human genes.
• It diffuses across the cell membrane and binds to a cytoplasmic glucocorticoid
receptor and is transported into the nucleus.
• The complex binds to glucocorticoid response elements that regulate
transcription factors.
• Effects of cortisol can be considered in three groups
1. Metabolism: increase nutrient availability
 ↑glucose: antagonize insulin, ↑gluconeogenesis
 ↑amino acids: muscle catabolism
 ↑fatty acids: ↑hormone-sensitive lipase
2. Inflammation: profoundly anti-inflammatory
 Neutrophils: inhibit diapedesis
 Eosinophils: inhibit IL-5, eosinopenia
 Macrophages: ↓interleukin production and ↓eicosanoids
 Trafficking: inhibition of adhesion molecules; see neutrophilia
 B lymphocytes: inhibit IL-4 and ↓isotype switching; ↓IgA and
↓IgG; IgM not affected
 T lymphocytes: inhibit IL-2, lymphopenia
3. CNS
 Given the extensive connections of the hypothalamus to many
regions of the brain in stress regulation, it makes sense that there
are profound effects of increased cortisol on the CNS
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Memory: loss of short term and intermediate term memory
Mood: depression
Cognition: one-half of Cushing syndrome patients have a
psychiatric disorder
Sleep: disruption of REM cycles

Sex steroids (DHEA)
-

-
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Regulation
• There is no known central regulation of DHEA, although it has some response to
ACTH.
Physiologic action:
• Sex steroids produced in the adrenal of uncertain significance in the human.
o They are in involved in puberty
o They have significant affects in the CNS
• DHEA has no known peripheral receptor
• DHEA can be considered to be a prohormone as it is converted to testosterone in
peripheral tissues
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Endocrine, Adrenal Cortex: Structure, Function and CAH
Do You Know It?

1. Why can’t the zona glomerulosa zona reticularis produce cortisol?

2. What is the rate limiting step in steroid metabolism?

3. Describe the regulation and physiologic action of aldosterone.

4. Describe the regulation and physiologic action of cortisol.

5. For 21-OH deficiency, describe:
a. Presentation (male and female)
b. Diagnosis
c. Treatment
• What is the most urgent consideration in the health of a newborn with
ambiguous genitalia?
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