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Abstract

The mineralocorticoid hormone, aldosterone, classically acts via the
Mineralocorticoid Receptor (MR) to promote sodium transport in
aldosterone target tissues, such as the kidney, thereby controlling long-term
electrolyte homeostasis and blood pressure (BP). Aldosterone biosynthesis
by the adrenal gland is regulated by a negative feedback loop called the
Renin Angiotensin Aldosterone System (RAAS). The glucocorticoid cortisol
(corticosterone in rodents), which has a very similar structure to aldosterone,
shares with aldosterone an equal affinity for the MR. Typically, plasma
cortisol levels are approximately 1000-fold higher than plasma aldosterone,
and so the ligand specificity for aldosterone must be imposed on MR by
other, non-structural, means. This specificity is important in order to retain
electrolyte and BP balance within the control of the RAAS.

The co-localisation of the enzyme 11(3-Hydroxysteroid Dehydrogenase Type
2 (11B-HSD2) with the MR in aldosterone target tissues provides the MR
with the aldosterone specificity it inherently lacks. 113-HSD2 achieves this
by converting active cortisol to its inactive 11-keto metabolite, cortisone
(dehydrocorticosterone in rodents). In humans with the monogenetic
Syndrome of Apparent Mineralocorticoid Excess (SAME), inactivating
mutations in the HSD11B2 gene allows cortisol unregulated access to the MR.
Resultant symptoms include severe hypertension and life-threatening
hypokalemia. Individuals heterozygous for SAME display no overt
phenotypes. However, some studies have associated SAME heterozygosity
and loss-of-function polymorphisms within the HSD11B2 gene with essential
and/or salt-sensitive hypertension in the general population.

Targeted disruption of the Hsd11b2 gene in mice (Hsd11b27) faithfully

reproduces with all the major phenotypes of SAME patients. Mice
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heterozygote for the targeted gene (Hsd11b2*") have no phenotype and
display a normal BP. In the present study, Hsd11b2*- mice were used to
explore the relationship between reduced 113-HSD2 enzyme activity and
salt-sensitive hypertension. On a high salt diet, Hsd11b2*- mice were found to
have increased BP and impaired natriuresis, compared to wild-type controls
(Hsd11b2*"). Further studies used pharmacological blockade of the Epithelial
Sodium Channel (ENaC) and MR to ascertain the contributions of these
pathways towards the observed phenotypes. These identified a deregulation
of ENaC activity pertaining to an inability to regulate sodium appropriately.
Investigations into the contributions of the RAAS and the Hypothalamus
Pituitary Adrenal (HPA) axis have revealed valuable insights into their roles
in this model. There is an implication that the RAAS has increased
sensitivity in Hsd11b2*-, further exacerbated by increased dietary sodium,
and that the regulation of corticosteroids may also be altered. Novel
observations have suggested that oxidative stress in response to a high salt
diet could also be involved, as a study administering an antioxidant drug in
conjunction with a high salt diet prevented the manifestation of a phenotype
in Hsd11b2*-.

Finally, the generation of a floxed Hsd11b2 targeting construct for tissue-
specific deletion of 113-HSD2 will allow future studies into the contributions
of specific 113-HSD2 expression sites (such as the kidney) towards the

phenotypes of both homozygous and heterozygous mice
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Introduction
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1.1 Hypertension

Hypertension is a complex disorder that affects approximately one quarter of
the Western population and is a major risk factor for many different causes
of mortality and morbidity, such as myocardial infarction, stroke, and renal
failure (Kannel, 2000). Hypertension is defined as an abnormally high blood
pressure (BP) that is sustained over a long period of time; a systolic and/or
diastolic pressure taken at rest that averages 140/90 mmHg or above. In
some cases, a hypertensive phenotype can be attributed to a heritable genetic
condition (Mendelian hypertension) (Lifton et al.,, 2001). However, in the
vast majority of patients diagnosed with hypertension no single underlying
cause can be identified; this is termed essential hypertension. Although
essential hypertension has no single identifiable cause, lifestyle factors such
as obesity, lack of exercise, and a high dietary salt intake can all contribute

towards the condition (Kunes and Zicha, 2009).

1.1.1 Salt-Sensitive Hypertension

In general, the underlying causes of essential hypertension can be difficult to
elucidate. However, numerous studies into human hypertension have found
a positive correlation between hypertensive populations and a diet high in
salt content (Elliott and Stamler, 2002; Group, 1988; Khaw et al., 2004; Page et
al., 1981). Current epidemiological evidence shows that the relationship
between dietary salt and BP varies between the absence of hypertension in
populations whose intake is less than 3g per day of salt, to the high incidence
of hypertension in populations that consume more than 15g of salt per day
(Meneton et al, 2005). For example, the Yanomamo Indians of Brazil

consume a diet very low in salt content (typically 0.46g per day; equivalent to
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20mmol of sodium) and have no incidences of age-related increases in BP,
whereas populations in Northern Japan consume in excess of 13.8g of salt per
day (equivalent to 600mmol sodium) and have the highest rate of age-related
hypertension in the world (Franco and Oparil, 2006). In support of these
observations, reductions of dietary salt intake during controlled studies
involving hypertensive populations has consistently resulted in reductions in
BP (Forte et al., 1989; Sacks et al., 2001; Swift et al., 2005; Tian et al., 1995).
Salt-sensitivity is defined as the response of BP to an acute change in salt
intake; some individuals can effectively excrete an increased salt load
without an associated increase in BP?, whereas those deemed to be SS cannot
(Cowley, 1997). A seminal study by Weinberger and colleagues
demonstrated a SS BP response (defined as a 10 mmHg change in BP) to a
four hour infusion of saline, when compared to BP measured after one day
on a 10 mmol diet plus furosemide administration, in 51% of hypertensive
and 26% of normotensive study participants, thus highlighting the prevelnce
of SS BP in humans (Weinberger et al., 1986).The observations made in
humans highlighting a link between high salt intake and hypertension has
been further corroborated by studies investigating SS hypertension in animal
models. One such example is the Dahl SS rat (Dahl et al., 1962), and
extensive studies on the mechanism underlying the SS BP of this strain has
culminated in thorough genetic analysis in attempts to identify candidate
genes for essential hypertension (Deng, 1998; Kato, 1999). It must be pointed
out that salt excess is not the cause of all essential hypertension, as the BP

response of individuals to dietary salt content is heterogeneous.

1.1.1.1 The Kidney and Salt-Sensitive Hypertension

Epidemiological, migration, medical intervention, and genetic studies in

humans and animals have provided insights into the relationships that exist
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between dietary salt, renal salt handling, and BP, and they highlight an
important link between high salt intake and hypertension (Meneton et al.,
2005). The evidence suggests that salt handling by the kidneys is an
important mechanism for the regulation of BP, and that genetic mutations
affecting this can account for at least some of the molecular causes of
essential hypertension.

This theory is further verified by investigations into the molecular
mechanisms of SS hypertension. The pathophysiological link between salt
intake and BP is predictable from the relationship between salt and vascular
volume homeostasis (Lifton et al., 2001). Experimental evidence reinforcing
this link comes from kidney cross transplantations carried out between Dahl
SS and salt-resistant (SR) rats (Churchill et al., 1992; Dahl and Heine, 1975).
Dahl et al found that renal homografts from SR rats to hypertensive SS rats
led to a sharp fall in the recipients BP. The reverse happened when the
transplant was in the opposite direction, so that the SS recipient rats became
uncharacteristically hypertensive. Churchill et al built upon this further by
conducting a study into kidney transplants where SR and SS rats had both a
native kidney and a transplanted kidney of the opposite genotype. Renal
clearance studies showed differences between the two different kidneys in
the same rat, thus concluding that the differences were determined by the

kidneys genotype, and not the recipients.

1.1.2 Renal Sodium and Water Handling

In order to maintain BP homeostasis the body must be able to appropriately
match the intake of water and electrolytes (including sodium) with their
excretion. This requires the kidneys to be able to respond to fluctuating

dietary intakes of both and adapt excretion appropriately. The kidneys
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achieve this by balancing water and sodium excretion in response to
hormonal signals such as Anti diuretic hormone (ADH; also known as
vasopressin) and aldosterone. This involves a fine balance of reabsorption
and excretion of the luminal fluid along the nephron (Figure 1.1), and de-

regulation of this system can result in a sustained elevation in BP.

1.1.2.1 Long-term BP Regulation by the Kidney - Guyton’s Model

Guyton and Coleman’s computer model of circulatory control was
fundamental in demonstrating that cardiac output and the peripheral
resistance of the vasculature have a combined effect upon BP regulation via
pressure natriuresis (Guyton et al., 1972). An imbalance between sodium
intake and sodium excretion can lead to an increase in vascular system
volume (VSV), thus causing parallel increases in arterial BP
(Bongartz et al., 2005). In turn, these changes in BP can directly alter sodium
excretion so as to normalise VSV and BP via pressure natriuresis; this
demonstrates the overriding importance of renal sodium handling in long-
term BP regulation (Figure 1.2). Guyton explains this as a “kidney-fluid
mechanism for controlling arterial BP involving an infinite feedback gain
property”; that is, the kidneys adjust to an elevated BP by increasing their
excretion of sodium and water so as to reduce VSV, and will decrease
sodium and water excretion in response to a BP fall to increase VSV and BP
(Guyton, 1990). Thus, the renal excretion of both sodium and water is
carefully regulated so as to maintain a balance for regulation of an

appropriate BP.
1.1.2.2 Sodium Reabsorption

Urinary excretion of any given substance is the determined by the balance

between filtration at the glomerulus and tubular handling (either
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Renal Tubular Reabsorption and Excretion of Sodium and Water

65% 65%
Distal

Convoluted 72

Tubule
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Figure 1.1. Representation of sodium and water reabsorbed in different segments of the
nephron as a % of the total amount entering the tubule by filtration at the glomerulus.
Sodium is represented by purple text, water by pink text, reabsorption by green arrows and

final excretion by a red arrow.

reabsorption or secretion) (Guyton, 1990). Varying amounts of sodium are
filtered from circulating plasma at the glomerulus (depending upon
dietary intake), with the vast majority being reabsorbed back into the
circulation, and generally a fraction of less than 1% excreted in the urine (see
Figure 1.1). The final urinary excretion of sodium can be increased or
decreased depending upon dietary load. The reabsorption of sodium is

mainly an active transcellular process driven by the sodium-potassium
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Guyton’s Model of Blood Pressure Regulation

Volume expansion

\

Increased cardiac output

\

Increased peripheral resistance

\

Increased blood pressure

\

Pressure natriuresis

Figure 1.2 Guyton’s model of long-term blood pressure regulation by the kidney. An
increase in extracellular fluid volume causes a volume expansion, which in turn leads to an
increased cardiac output. This results in an increase in peripheral resistance, causing a rise
in mean arterial blood pressure. The kidney adapts to this by increasing its excretion of
sodium (known as pressure natriuresis), acting to reduce extracellular volume, and this
ultimately causes a reduction in mean arterial blood pressure. Adapted from (Bongartz et
al., 2005).

ATPase (Na-K-ATPase) pump. The Na-K-ATPase pump is an example of
primary active transport, as it moves sodium against its electrochemical
gradient across the basolateral membrane of tubular lumen cells and into the
interstitial fluid; the energy for this process comes from the hydrolysis of
ATP.

The Na-K-ATPase is responsible for the active reabsorption of sodium into
the interstitial fluid in most parts of the nephron. However, this can only
occur if sodium is reabsorbed from the tubular lumen into cells of the
nephron at their apical membrane. This is regulated differently in separate
segments of the nephron. In the proximal tubule (the major site of sodium

reabsorption in the nephron), sodium entry is coupled with hydrogen
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secretion via the NHE-3 antiporter, or in symport with glucose, amino acids
and/or phosphate; there is also additional sodium transport across the
basolateral membrane in symport with bicarbonate (Figure 1.3a). No sodium
is reabsorbed in the thin limbs of Henle. The thick ascending limb of Henle
reabsorbs sodium via the sodium-potassium-chloride symporter (NKCC) as
well as paracellularly due to a favourable electrochemical gradient between
the lumen and the interstitium (Figure 1.3b). In the distal convoluted tubule,
sodium crosses the apical membrane either by the sodium-chloride
symporter (NCC) or via the epithelial sodium channel (ENaC) (Figure 1.3c).
The last point of sodium reabsorption in the nephron occurs in the principal
cells of the cortical collecting duct via ENaC (Figure 1.3d). Although the
amount of sodium reabsorbed in the collecting duct is relatively small
compared to other nephron segments, it has been shown that this final “fine
tuning” of sodium reabsorption is paramount in sodium balance
homeostasis, and is actively regulated by the renin angiotensin aldosterone
system (RAAS) via mineralocorticoid receptor (MR) regulation of ENaC
(discussed in more detail later in this chapter).

Overall, the reabsorption of sodium from the tubular lumen back into blood
involves movement across the apical membrane of nephron cells from the
lumen (by the variety of processes described above), followed by active
transport out across the basolateral membrane into interstitial fluid by the
Na-K-ATPase, and finally reabsorbtion from interstitial fluid into peritubular

capillaries, which occurs passively due to osmotic pressure gradients.
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Figure 1.3. Mechanisms of transport for sodium and water reabsorption in different

segments of the nephron. a) In the proximal tubule sodium can be moved across the apical
membrane by the sodium-hydrogen exchanger (NHE3, purple) or the sodium symporter
(green). Sodium is transported across the basolateral membrane by the sodium-potassium-
ATPase (Na-K-ATPase; red; main source of sodium movement across the basolateral
membrane in all nephron cell-types) or the sodium-bicarbonate symporter (Na HCO3; aqua
blue). Water is moved across both membranes by the water channel aquaporin 1 (AQP1,;
blue), and can also move paracellularly through leaky tight junctions. b) In the thick
ascending limb sodium is moved across the apical membrane by the sodium-chloride-
potassium co-transporter (NKCC; orange); sodium can also move paracellularly. The thick
ascending limb is impermeable to water. ¢) Sodium moves across the apical membrane of
the distal convoluted tubule by either the sodium-chloride co-transporter (NCC; teal) or the
epithelial sodium channel (ENaC; pink); this segment is impermeable to water. d) In the
principal cells of the collecting duct sodium is moved across the apical membrane by ENaC,
and water is transported via AQP2. At the basolateral membrane, water moves via AQP3
and 4.

1.1.2.3 Water Reabsorption

The water content of urine in relation to other solutes can be varied by the
kidneys according to the volume of water intake; dilute urine will be

produced during large intakes of water, and concentrated urine during
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periods of reduced water ingestion. The kidney reabsorbs water by osmosis
only, never active transport, and this is secondary to the reabsorption of
solutes, principally sodium. Different parts of the nephron are responsible
for the reabsorption of different volumes of water (see Figure 1.1 for
overview).

Water can be reabsorbed from tubular cells in several different ways
including diffusion through the lipid bilayer of the cell membrane, in-
between the tight junctions between cells, and across the cell membrane via
specialised water channels called aquaporins (AQPs). The presence of AQP3
and 4 in the basolateral membranes of renal cells ensures that the cytosolic
osmolality is similar to that of the interstitium. Although the basolateral
membranes are always water permeable, the permeability of the apical
membranes and the tight junctions vary depending upon nephron section.
As with sodium reabsorption, water is reabsorbed in different quantities
along the nephron. In the proximal tubule, water is reabsorbed to the same
extent as sodium (Figure 1.3a). The proximal tubule is the major site of water
reabsorption, and this occurs both paracellularly (by osmotic gradient
between leaky tight junctions) and transcellularly (via AQP1 expression in
the apical membrane). The descending limb of Henle reabsorbs water as it is
relatively water permeable (Figure 1.3b). No water is reabsorbed in the thin
and thick ascending limbs, as their apical membranes are impermeable to
water (Figure 1.3c). As a result of this, the nephron will always reabsorb
more solute than water before tubular fluid reaches the cortical collecting
duct, resulting in the tubular fluid entering the collecting duct being
relatively dilute.  The distal convoluted tubule can alter its water
permeability to produce either concentrated or dilute urine, depending upon

hormonal signals. ADH is secreted by the pituitary gland in response to
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water homeostasis and acts to promote AQP2 insertion at the apical cell
membrane of collecting duct principal cells (Figure 1.3d). This permits the
collecting duct to vary its reabsorption of water by AQP2; AQP2 is the only
AQP regulated in this way (for review of AQP2 regulation, see (Noda and
Sasaki, 2006).

Overall, the final dilution of urine depends upon both the medullary osmotic
gradient produced by the impermeability of the loop of Henle to water
compared to solute reabsorption, and to the variable water permeability of

the collecting duct due to hormonal regulation.

1.1.3 Monogenic Hypertension

Essential hypertension accounts for over 90% of all clinical cases of
hypertension and it is likely that multiple genes with different degrees of
functional polymorphisms are involved (McBride et al.,, 2006). The exact
causes of essential hypertension are difficult to identify, as there are many
different genes involved in the homeostatic control of BP. It is likely that
multiple genes with slight functional mutations contribute towards the total
phenotype of essential hypertension. However, molecular genetic studies
into monogenic forms hypertension (and hypotension) in humans have been
vital in improving the understanding of the molecular and physiological
mechanisms underlying essential hypertension within the general
population.

Eight genes have been identified as causing monogenic hypertension, and
nine that cause monogenic hypotension (Lifton et al., 2001). A crucial
observation from both hyper- and hypotension monogenic conditions is that
in all cases the single gene identified as responsible for the phenotype exert

their BP effects via renal sodium handling pathways (Figure 1.4). Mutations
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Figure 1.4. Monogenic mutations that have been identified as the molecular cause(s) of
Mendelian hypo- and hypertension in humans (black text). Green arrows indicate
hypotensive disorders, red arrows indicate hypertensive disorders, and black text across
arrows highlights molecular mechanisms causing the disorders. Adapted from Meneton,

Jeunemaitre et al. 2005.

that increase sodium reabsorption cause hypertension and those that impair

it lead to hypotension.

1.1.3.1 Hormones and Hormone Receptors

Glucocorticoid-remediable aldosteronism (GRA) and the syndrome of
apparent mineralocorticoid excess (SAME) are both examples of monogenic
hypertension where the mutation affects hormonal regulation of renal
sodium handling. Ultimately, these mutations cause an over activation of the
MR, resulting in inappropriate up regulation of ENaC-mediated sodium

reabsorption out with the control of the RAAS. Both of these conditions will
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be discussed in more detail in context to their disruption of hormonal
regulation later in this chapter.

A mutation in the MR receptor itself that permits compounds that would not
normally activate it to behave as potent agonists has also been identified as a
cause of Mendelian hypertension. The MR-S810L mutation allows both
endogenous hormones, such as progesterone, and pharmacological
antagonists, such as spironolactone, to activate the MR; the hypertensive
phenotype becomes particularly prominent during pregnancy, when

endogenous progesterone levels can increase 100-fold (Geller et al., 2000).

1.1.3.2 Renal lon Channels and Transporters

Monogenic mutations in renal ion channels and transporters have also been
identified as causes of Mendelian hypertension. The importance of ENaC in
sodium homeostasis and BP control has been underlined by the direct
genetic linkage of its genes to genetic hypertension, namely Liddle’s
syndrome (also known as pseudohyperaldosteronism) (Warnock, 2001).
Functional ENaC is comprised of three different subunits; o, B, and vy
(Rossier et al., 1994). Liddle’s syndrome is caused by a mutation in the PY
motif of either the 3 or Y ENaC subunits; the PY motif is recognised by the
neural precursor cell-expressed developmentally down-regulated (Nedd) type 4
ubiquitin-protein ligase that is responsible for the wubiquitination and
degradation of ENaC subunits (Staub et al., 2000). Mutations in the PY motif
prevent Nedd4-mediated retrieval from the apical membrane and
consequent degradation of ENaC, and as a result the channel remains
constitutively active in the distal nephron. This results in a hypertensive
phenotype due to excess salt retention and hypokalemia. A transgenic
mouse that was generated using Cre/loxP-mediated recombination (see

Chapter 6 for details on technique) to delete the c-terminus of the ENaC-3
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subunit displays Liddle’s syndrome-like phenotypes when exposed to a high
sodium diet (Pradervand et al., 1999).

Recent advances in molecular biology of another form of monogenic
hypertension, Gordon’s syndrome (also known as pseudohypoaldosteronism
type II), has revealed regulatory elements involved in nephron sodium
reabsorbtion that were previously unknown. The molecular etiology of the
disease is attributed to mutations in either with-no-K (lysine) (WNK) 1 or 4
(Kahle et al., 2004). WNKSs are members of the serine-threonine kinase family
and are expressed in the kidney (Yang et al., 2003). WNK4 normally reduces
NCC activity by phosphorylating NCC; this phosphorylation acts as a
molecular tag for degradation. This results in a reduced abundance of NCC
at the apical membrane, where it is normally responsible for sodium
reabsorption (see Figure 1.3c for demonstration of normal NCC role).
Inactivating mutations in WNK4 result in increased NCC activity as it
becomes over expressed at the apical membrane; consequently excess
sodium is reabsorbed (Glover and O'Shaughnessy, 2010). In contrast, WNK1
has no direct effects upon NCC per se, but can act as an inhibitory regulator
of WNK4 action. Two isoforms of WNK1 have been identified; a WNK1
transcript that contains a kinase domain, known as the long isoform (L-
WNKT1), and a shorter isoform that lacks the kinase domain, know as the
kidney-specific isoform (KS-WNK1). L-WNKI1 is expressed in many
different tissues, including along the entire nephron at low levels, whereas
KS-WNKT1 is highly expressed in the aldosterone-sensitive distal nephron
(ASDN) (O'Reilly et al., 2006). Studies have shown that in the presence of L-
WNK1 WNK4 no longer inhibits NCC, suggesting that L-WNK1 is an
upstream inhibitor of WNK4 action upon NCC (Yang et al.,, 2005). KS-
WNK1 is a dominant-negative regulator of L-WNK1; KS-WNKI1 inhibits
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NCC activity indirectly by inhibiting L-WNK1, which will consequently
increase WNK4 activity (Kahle et al., 2008). Therefore, mutations that result
in a gain-of-function for L-WNKT1 or a loss-of-function for KS-WNK1 can
both cause increased NCC activity and lead to an excess of sodium
reabsorption. A transgenic mouse generated using a WNK4 mutation known
to cause Gordon’s syndrome displayed hypertension, hypokalemia and
hyperplasia of the distal nephron (Lalioti et al., 2006). Interestingly, cross-
breeding of this transgenic mouse with another transgenic mouse with a
targeted NCC deficiency rescued the phenotype, further proving that
molecular cause of Gordon’s syndrome is via WNK effects upon NCC
function in the distal nephron.

Overall, characterisations of monogenic forms of hypertension have
provided important insights into the molecular mechanisms that may
contribute towards essential hypertension in the general population. This is
also true of monogenic hypotension, although it has not been discussed here
(for review see(Rosskopf et al., 2007)). The observation that all forms of
Mendelian hyper- and hypotension have a renal origin demonstrates the

paramount importance of the kidney in normal BP regulation.
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1.2 Glucocorticoids and Mineralocorticoids

Glucocorticoids and mineralocorticoids are members of the corticosteroid
hormone family and are synthesised in the adrenal gland from the common
precursor cholesterol via the intermediate pregnenolone (Figure 1.5). The
principal glucocorticoid in humans is cortisol (corticosterone in rodents) and
the principal mineralocorticoid is aldosterone. Sharing a common synthesis
pathway, cortisol and aldosterone are also structurally similar and exhibit a
degree of cross-receptor affinity and function. Nevertheless, small
differences in structure permit important differences in physiological
function. Aldosterone classically acts via the MR to promote sodium
transport in the kidney and gut, thereby regulating long-term electrolyte
homeostasis and BP control. Cortisol, by comparison, exhibits a wide range
of metabolic and stress-related response effects. This section will highlight
the significance of aldosterone and cortisol regulation in BP homeostasis and
cardiovascular disease, discussing examples of human disease and animal

models.

1.2.1 Corticosteroid Synthesis

Corticosteroid synthesis occurs principally in the adrenal gland. The
biosynthetic pathways of cortisol and aldosterone share a number of
common intermediates and enzymes, and only become fully exclusive at 11-
deoxycortisol (DOC; cortisol pathway) and 11-deoxycorticoisterone
(aldosterone pathway) (Figure 1.5a). In rodents, exclusivity occurs at 11-
deoxycorticoisterone (Figure 1.5b). The reason for the difference between the

primary glucocorticoid in humans and rodents (cortisol and corticosterone,
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b) Aldosterone and Corticosterone Synthesis (Rodents)
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Figure 1.5. The biosynthesis pathways of aldosterone and cortisol/corticosterone. In a)
humans the synthesis pathways become exclusive at 11-deoxycortisol and 11-
deoxycorticoisteroid (cortisol and aldosterone, respectively). In b) rodents, the pathways

diverge at 11-deoxycorticoisteroid.
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respectively) is expression of the CYP171A gene product, CYP17. CYP17 is
the enzyme responsible for the production of the 11-deoxycortisol
precursors; 17-OH-pregnenolone and 17-OH-progesterone (see blue text in
Figure 1.5a). 11-deoxycortisol is then converted to cortisol by CYP11BI.
DNA methylation of Cyp17a prevents CYP17 production in the adrenal gland
of rodents (thus they cannot synthesis the cortisol precursor 11-
Deoxycortisol), and instead they utilise corticosterone as their primary
glucocorticoid (Martinez-Arguelles and Papadopoulos). This epigenetic
regulation of CYP17 in rodents can be chemically reversed, thus permitting

rodents to express CYP17 and synthesise cortisol (Missaghian et al., 2009).

The final step in cortisol synthesis, the conversion of 11-deoxycortisol to
cortisol, is catalysed by the enzyme 11B-hydroxylase (CYP11B1), while the
final three stages of aldosterone synthesis are catalysed by aldosterone
synthase (CYP11B2). There is a differential spatial expression of these two
enzymes in the cortex of the adrenal gland which is divided into three
distinct zones: zona glomerulosa, zona fasciculata, and zona reticularis.
Cortisol is synthesised primarily in the zona fasciculata, with a small amount
being produced by neighbouring cells in the zona reticularis. 11(3-
hydroxylase is present in both these zones. Aldosterone is produced in the
zona glomerulosa, where aldosterone synthase is exclusively expressed. The
final step in cortisol synthesis, the conversion of 11-deoxycortisol to cortisol,
is catalysed by the enzyme 11p-hydroxylase (CYP11B1), while the final three
stages of aldosterone synthesis are catalysed by aldosterone synthase
(CYP11B2).

There is a differential spatial expression of these two enzymes in the cortex of
the adrenal gland which is divided into three distinct zones: zona

glomerulosa, zona fasciculata, and zona reticularis. Cortisol is synthesised
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primarily in the zona fasciculata, with a small amount being produced by
neighbouring cells in the zona reticularis. 11(3-hydroxylase is present in both
these zones. Aldosterone is produced in the zona glomerulosa, where

aldosterone synthase is exclusively expressed.

1.2.2 Corticosteroid Regulation

1.2.2.1 Glucocorticoids

Glucocorticoid synthesis is regulated by the hypothalamic-pituitary-adrenal
(HPA) axis (Figure 1.6).  Adrenocorticotropic hormone (ACTH) is
synthesised by the posterior pituitary mainly in response to two synergistic
factors — Corticotropin-Releasing Hormone (CRH) and ADH, both of which
are produced in the paraventricular nucleus (PVN) of the hypothalamus in
response to a physiological stress. ACTH then acts to stimulate the synthesis
and release of cortisol from the adrenal gland. Cortisol itself exerts negative
feedback on the HPA axis by inhibiting both the release and the actions of
CRH. ACTH also exerts a short-loop negative feedback by inhibiting its own
secretion. Plasma cortisol levels fluctuate throughout the day as release
follows a circadian rhythm. Most secretion occurs from the third hour of
sleep to the early hours of wakefulness, and plasma cortisol is lower during
the rest of the day. The rhythm synchronizes, to an extent, with plasma
ACTH concentration and there is a peak in CRH preceding that of cortisol by
4-5 hours. There is a well-established circadian variation in cardiovascular
risk events, with an increase in events in the morning compared to other
times of day (Giles, 2006), coinciding with elevated glucocorticoid and

aldosterone levels.
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Figure 1.6. Hypothalamus Pituitary Adrenal (HPA) axis and regulation of cortisol release.
Stress causes a release of corticotrophin release factor (CRF) from the hypothalamus, which
in turn promotes the release of adrenocorticotropic hormone (ACTH) from the pituitary gland.
ACTH then acts upon the adrenal gland to increase the synthesis and release of cortisol
(corticosterone in rodents), which itself acts as a regulator of the HPA axis by inhibiting CRF
and ACTH release.

1.2.2.2 Aldosterone

The production of aldosterone from the zona glomerulosa is controlled by
the RAAS (Figure 1.7) and plasma potassium concentration. Angiotensin II
(Angll) and potassium have been shown to exert trophic effect on adrenal
gland structure, promoting both hypertrophy of the zona glomerulosa and

increased sensitivity of aldosterone secretion (Quinn and Williams, 1988).

42



Renin Angiotensin Aldosterone System

#____,, AldOSIENONe m— Blood Pressure Increases

Angiotensin I

)

LUNGS

Angiotensin I

Angiotensinogen
LIVER

Low Blood Pressure

Figure 1.7. Renin angiotensin aldosterone system (RAAS) in the control of blood pressure.
Signals that indicate reductions in blood pressure and/or the sodium concentration of renal
filtrate promote the release of renin from granular cells of the juxtaglomerular apparatus.
Renin cleaves inert angiotensinogen to produce angiotensin I, which is in turn cleaved by
angiotensin converting enzyme (ACE) into angiotensin Il. Angiotensin Il acts to increase
blood pressure either directly (vasoconstrictive actions) or by promoting the synthesis and
release of aldosterone from the adrenal gland. Aldosterone then exerts genomic effects to

increase sodium reabsorption and blood pressure.

Overall, the net secretion of aldosterone normally results from the
integration of both of these signals.

The RAAS begins with the cleavage of the inert peptide angiotensinogen
(AGT) (which is primarily synthesized in the liver) by the aspartyl protease
renin to produce angiotensin I (Angl). This is further cleaved by angiotensin
converting enzyme (ACE) to yield the octapeptide, Angll. Angll acts via

angiotensin type 1 and 2 receptors (AT: and AT respectively) to increase BP
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by increasing vascular resistance and renal sodium reabsorption. Due to its
effects upon the vasculature, Angll can be considered as an important
cardiovascular hormone in its own right, separately from its effects on
aldosterone synthesis. Angll also stimulates aldosterone production by
activation of both early and late stages of steroid biosynthesis (Kramer et al.,
1980), thus completing the RAAS-induced synthesis of aldosterone.
Classically, the RAAS operates at a systemic level. Recent evidence,
however, demonstrates that the RAAS can operate independently at the level
of the tissue and exert powerful cardiovascular effects quite independently of
the systemic system (Lazartigues et al., 2007).

The observation that aldosterone synthesis can occur even when the RAAS is
suppressed highlights the important regulatory role of plasma potassium
concentration. The regulation of aldosterone synthesis by potassium is very
sensitive, and changes of + 0.ImM can alter the rate of production
independently of either Angll or plasma sodium (Quinn and Williams, 1988).
This sensitivity is due to the high expression of specific potassium channels
in the glomerulosa cells of the adrenal; namely TWIK-related acid sensitive
potassium channels 1 and 3 (TASK1 and 3) (Bandulik et al., 2010). These
channels are active at negative membrane potentials, and as a result
relatively small changes in extracellular potassium concentration can activate
voltage-activated calcium channels leading to a calcium influx in these cells
(Lotshaw, 2001). This calcium influx, in turn, can induce and activate
CYP11B2 (see figure 1.5), as well as steroidogenic acute regulatory protein
(StAR), which is the transport protein that regulates cholesterol transfer
within mitochondria (the rate limiting step in the production of steroid
hormones, such as aldosterone) (Spat, 2004). This provides a feedback loop

of potassium plasma concentration whereby if plasma potassium rises, the
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increase in aldosterone synthesis promotes kaliuresis and a redistribution of
potassium from the extracellular fluid into the cytosol, thereby returning
plasma potassium levels to normal (Young, 1985). This feedback loop can
uncouple the secretion of aldosterone from control by Angll under
conditions of sodium depletion (Cowley and McCaa, 1976). The binding of
Angll to its type 1 receptor (ATi) also stimulates a variety of signalling
cascades that lead to an increase in intracellular calcium that increases
CYP11B2 and StAR expression (Nogueira et al., 2010)

Abnormal regulation of the RAAS is regularly implicated in hypertension
(Campese and Park, 2006; Mullins et al., 2006) and the beneficial effects of
ACE inhibitors and AT: receptor blockers in patients with cardiovascular
disease have been demonstrated many times in large scale clinical trials
(Stojiljkovic and Behnia, 2007). Similarly, the renin inhibitor, Aliskiren, is
effective in the treatment of moderate hypertension, although long-term
outcome data are not yet available (Van Tassell and Munger, 2007). In
addition, the use of transgenic animals has clearly demonstrated the major
role of the RAAS in cardiovascular homeostasis; for a detailed review of this

subject, see (Mullins et al., 2006).

1.2.3 Corticosteroid Receptors and Control of Ligand Access

1.2.3.1 Steroid Receptors

The glucocorticoid receptor (GR) and the MR are the intracellular hormone
receptors responsible for binding and mediating the “classic” effects of
cortisol and aldosterone, respectively. They belong to subfamily 3C of a
large and diverse family of transcription factors known as the nuclear

receptor family. Other members of subfamily 3C include the progesterone
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receptor (PR) and the androgen receptor (AR). GR and MR share a high
degree of structural homology, reflecting the structural similarities between
their corticosteroid ligands. The structural homology is highest at the DNA-
binding domains at 94%, and is 56% between the ligand-binding domains
(Lu et al., 2006). This high degree of homology suggests that the two
receptors are closely associated in evolutionary terms, and are most likely
descended from a common ancestral receptor (Baker et al., 2007). A polar
surface within the ligand-binding pocket of MR, absent in GR and other
receptors of the family, permits preferential binding of aldosterone.
Nevertheless, the cloning and expression of MR (Arriza et al., 1987) revealed
considerable ligand-promiscuity with receptor specificity being governed by

ligand access (to be discussed in more detail later in chapter).

Un-activated, GR and MR are sequestered in the cytoplasm by a heat shock
protein (HSP) complex which prevents the receptors entering the nucleus in
the absence of an appropriate activation signal. Cortisol and aldosterone
circulate in plasma bound to plasma proteins, and can easily diffuse through
the cell membrane into the cytoplasm. Here they displace the HSP from their
receptor to allow the formation of a hormone-receptor complex. This changes
the conformation of the receptor, allowing it to form a homodimer, which
can now readily enter the nucleus where it will recognise specific hormone
response elements (HREs) associated with target genes, and act as a ligand-
dependent transcription factor (Figure 1.8). A recent study has shown that
GR and MR can form heterodimers that successfully translocate into the
nucleus; however the downstream effects on DNA transcription of this
complex are as yet unknown (Nishi and Kawata, 2007). HREs are typically
located within a gene enhancer, which can be several kilobases (Kbs) away

from the gene promoter. GR and MR, along with PR and AR, recognise
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Figure 1.8. Schematic representation of the transcriptional activation of a sequestered GR
monomer. Upon ligand binding, the GR monomer is released from its associated heat-
shock protein inhibitory complex and forms a homodimer, which then translocates into the
nucleus where it instigates transcription of GR-target genes. MR monomers are regulated in

a similar manner, and there are recent reports in the literature of GR-MR heterodimers.

response elements whose HRE sequence consists of two hexameric half-sites
(TGTTCT). This allows the transcription of genes that mediate GR- and MR-
induced responses to be tightly regulated by appropriate ligand binding and

hormone-receptor complex conformation.

1.2.3.2 Control of Ligand Access

The enzymes 11B-hydroxysteroid dehydrogenase type 1 and 2 (11B8-HSD1
and 2) are key determinants of ligand access to the GR and MR, respectively.

The enzymes interconvert between cortisol (active) and cortisone (inactive),
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thereby controlling the local concentrations of active glucocorticoids (Figure

1.9).
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Figure 1.9. Diagrammatic representation of the in vivo interconversion between active
(cortisol/corticosterone) and inactive (cortisone/113-dehydrocorticosterone) glucocorticoids
by the enzymes 113-HSD1 and 2, in humans and rodents. 11B3-HSD1 and 2 have different
expression patterns that complement their physiologic roles, and require either NADP(H) or

NAD(H) co-factor for their enzymatic activity, respectively.

11p-HSD1 has a wide distribution, but its main areas of action, in terms of
both transcript expression and activity, are the liver, adipose tissue and brain
(Seckl and Walker, 2004). 11B-HSD1 can control the concentration of
available glucocorticoids at a more local, tissue-specific level, and an up-

regulation of 113-HSD1 canresult in increased generation of cortisone to
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cortisol at a local level. in vivo, 113-HSD1 governs the extent to which the GR
is activated by up-regulating active glucocorticoid signalling at a local level
(Paterson et al., 2005). Due to its widespread distribution and the lack of
specific inhibitors, functional dissection of the role of the enzyme in specific
tissues is difficult. However, significant adv